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SYNOPSIS 

Metal halide perovskites have emerged as prominent materials in the field of optoelectronics 

over the past few decades. Their exceptional optical and electronic properties, combined with 

tunable morphologies, have garnered significant interest, surpassing that of conventional 

semiconductors. Notably, the power conversion efficiency (PCE) of perovskite-based solar 

cells has exceeded 25% in recent years. Beyond photovoltaic applications, these materials are 

being actively investigated for use in light-emitting diodes (LEDs), sensors, photodetectors, 

and various electrochemical systems. However, despite their promising performance and 

adaptability for optoelectronic devices, the commercial scalability of halide perovskites 

remains limited due to concerns regarding their intrinsic toxicity and environmental instability. 

To address the challenges associated with toxicity and instability, the scientific community is 

actively exploring lead-free, non-toxic, and environmentally stable alternatives to conventional 

perovskites.  A promising approach to addressing the toxicity issue in lead-based perovskites 

involves the homovalent substitution of Pb2+ with Sn2+ ions. However, this strategy is hindered 

by the inherent instability of Sn2+, which readily oxidizes to Sn4+, leading to rapid degradation 

of device performance even under inert atmospheres. To circumvent this limitation, recent 

research has shifted towards heterovalent substitution, replacing Pb2+ with trivalent metal 

cations (M3+) in the conventional ABX3 perovskite framework. Among these, Bi3+ has garnered 

significant attention due to its low toxicity and electronic configuration analogous to Pb2+. 

Nevertheless, the incorporation of Bi3+ into the hybrid perovskite structure is nontrivial due to 

charge imbalance. In 2016, Volonakis et al. proposed a solution to this issue by suggesting the 

replacement of Pb2+ with a combination of monovalent (M+) and trivalent (M3+) cations, giving 

rise to a double perovskite (DP) or ‘elpasolite’ structure. While alkali metal-based double 

perovskites generally exhibit wide bandgaps (~3–4 eV), which limit their absorption in the 

visible spectrum, certain thallium (Tl)-based compounds offer narrower bandgaps (~2.1 eV). 

However, the high toxicity of thallium severely restricts its use as a viable alternative to lead. 

In this context, halide double perovskites have attracted considerable attention owing to their 

structural similarity and comparable optoelectronic properties to lead-based perovskites. 

Additionally, double perovskites exhibit intriguing optical characteristics and diverse 

morphological tunability, making them promising candidates for next-generation 

optoelectronic applications.  
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It is important to emphasize that not all halide double perovskite (HDP) candidates exhibit 

stable crystal structures. The formation and stability of a perovskite structure are primarily 

governed by two geometrical parameters: (1) the octahedral factor (μ) and (2) the tolerance 

factor (t). The Goldschmidt tolerance factor (GTF) is widely employed to assess the structural 

stability of HDPs using these parameters. For an HDP to form a stable perovskite structure, the 

tolerance factor must fall within the range 0.81 < t < 1.11, and the octahedral factor within 0.41 

< μ < 0.90. For instance, in the case of Cs2AgBiBr6, the calculated tolerance factor is t = 0.890, 

and the octahedral factor for the [AgBr6]5- octahedron is μ = 0.587, indicating structural 

feasibility. In addition to geometric factors, the thermodynamic stability of a perovskite is 

influenced by its decomposition energy (ΔH). A positive ΔH value suggests higher 

thermodynamic stability, while a negative value indicates instability. Notably, compounds such 

as CsBr, AgBr, Cs2AgBr3, CsAgBr2, and Cs3Bi2Br9 exhibit positive decomposition energies, 

exceeding that of MAPbI3, and thus imply enhanced stability. Specifically, in Cs2AgBiBr6, Pb2+ 

ions are substituted by Ag+ and Bi3+ ions, which increase the Coulombic interaction energy and 

result in a more positive decomposition energy of +0.38 eV. On the contrary, Cs2AgBiI6 is 

unstable due to a negative decomposition energy (ΔH = −0.41 eV).  

Among halide double perovskites (DPs), Cs2AgBiBr6 has emerged as the most extensively 

studied and synthesized material, primarily due to its favourable optoelectronic properties-

including a relatively narrow bandgap of approximately 2.19 eV, long charge carrier lifetimes 

on the order of hundreds of nanoseconds, and superior thermal and environmental stability. 

Cs2AgBiBr6 is closely followed by Cs2SnI6 in terms of research interest. Thin film deposition 

of DPs is typically achieved through two primary techniques: solution processing and vapor 

deposition. Solution-processed Cs2AgBiBr6 films often suffer from suboptimal film 

morphology, high surface roughness, and elevated defect densities. These issues stem from the 

high sensitivity of the process to several parameters, including annealing temperature, solvent 

selection, precursor ratios, and solution concentration. While sequential vapor deposition 

methods are more commonly employed for DP thin films, the high-vacuum evaporation of 

individual precursors, such as CsBr, AgBr, and BiBr3, is both technically challenging and 

complex. Moreover, achieving the correct stoichiometry in the final film is highly dependent 

on the deposition sequence and precise control of component ratios. Thus, an alternative route 

for the fabrication of high-quality, stoichiometrically controlled Cs2AgBiBr6 thin films is 

necessary. 
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Incorporating 2D materials with robust light absorption layers is an efficient way of enhancing 

the functionality of perovskite-based optoelectronic devices. Owing to their large surface-to-

volume ratio, ultrathin thickness, and quantum confinement effect, 2D-transition metal 

dichalcogenides (TMDs) exhibit exceptional properties in electronics and optoelectronics. In 

recent times, researchers have incorporated 2D materials with metal halide perovskite crystals 

to achieve enhanced optoelectronic properties. Some of the examples include CsPbBr3/black 

phosphorus nanosheet-based heterostructure for photodetector applications, CH3NH3PbI3/ 

black phosphorus/MoS2 composite photodiode, CH3NH3PbI3/ reduced graphene oxide for 

photocatalysis, etc. The heterostructure of DP with TMDs can enhance the durability and 

performance of the optoelectronic devices.  

Further, owing to the high charge carrier population and long diffusion lengths, Cs2AgBiBr6 

DPs are significantly employed in applications other than optoelectronics, like Surface-

enhanced Raman spectroscopy (SERS), electrochemical and Hydrogen evolution reactions 

(HER), chemical and biological sensing, environmental sensing, and memory devices. The 

large area growth of DP nanoflakes provides uniform adsorption of environmental pollutants. 

The self-trapped excitons (STE) play a vital role in supporting additional charge transfer 

pathways and enhancing the performance of the devices. These defects can be manipulated by 

post-growth annealing treatment of the DP. The in-depth analysis of photoluminescence (PL) 

and STE emission provides substantial evidence that STEs can directly affect the SERS 

performance of the DP substrate.  

This thesis presents a systematic study on the controlled growth of bulk and 2D Cs2AgBiBr6 

DPs. The study includes chemical vapor deposition (CVD) growth of DP thin films on various 

substrates, type-II heterojunction with the few-layer WS2 for improved photoconductive 

application. Furthermore, we delve into the STE-assisted charge transfer pathways for 

improved SERS enhancement using DP as a substrate. We believe that these studies are very 

significant to understand the fundamentals of light emission and pave the way to cope with the 

current challenges of energy and multifunctional optoelectronic applications of DP materials. 

The complete thesis work has been organized into six chapters as detailed below:  

Chapter 1 presents a brief introduction to the challenges of lead-based perovskites in the field 

of optoelectronics and the emergence of lead-free halide double perovskites (LFHDP) as an 

alternate solution. Geometrically and thermally stable alternatives for lead-based perovskites 

and the potential for future applications are discussed. This chapter covers the important aspects 
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of LFHDP required for different applications such as solar cells, photodetectors, LEDs, SERS, 

HER, and memory devices. We discuss the major challenges related to the synthesis processes 

and present a brief account of the experimental techniques used. Recent advancements in the 

fabrication of Cs2AgBiBr6 DP and hybrids for photodetection are presented. Then, the focus of 

the thesis is briefly outlined. The significant aspects of DP-based HSs and their possible 

applications are highlighted in this chapter. The problems and challenges of employing DP-

based HSs in the various hybrid systems and the key parameters to overcome them are 

addressed, and the motivation of the present work is presented at the end of the chapter.   

Chapter 2 presents a systematic study for the optimization of synthesis protocols for 

Cs2AgBiBr6 DP thin film on different substrates, as well as the phase change at higher 

temperature growth by chemical vapour deposition (CVD) technique. We have utilized the 

BiBr3 seed layer for the nucleation of larger grains inside the CVD setup. Our results 

demonstrate the formation of highly crystalline and uniform thin film growth over different 

substrates. We observed the phase change at higher substrate temperatures. In case of CVD 

grown DP, it is noted that by tuning factors such as the growth temperature, time, carrier gas 

flow, and thickness, the phase purity of the DP film can be controlled. The substrate temperature 

plays an important role in structural stability and phase composition. Further, low-temperature 

and power-dependent Raman studies were utilized to investigate the electron-phonon coupling 

of the CVD-grown DP thin film. We have estimated ultralow thermal conductivities as ∼1.97 

± 0.48 and ∼16.14 ± 1.58 W/m-K for suspended and supported films of Cs2AgBiBr6 DP, 

respectively, which are close to the theoretical predictions. The difference in thermal 

conductivity values for suspended and supported films is mainly because of the larger heat 

dissipation to the substrate in the latter case. Thermal and environmental stability experiments 

on the Cs2AgBiBr6 thin film are carried out utilizing high-temperature Raman and XRD 

measurements. Further, we have demonstrated the potential of a CVD-grown Cs2AgBiBr6 DP 

thin film for optoelectronic applications by fabricating a planar photodetector device using the 

DP thin film. 

Chapter 3 presents the in-situ growth of Cs2AgBiBr6-WS2 HS by using a planetary ball milling 

system. We have introduced a successful way to fabricate Cs2AgBiBr6/WS2 local 

heterostructures via a low-cost mechanochemical approach to improve the optoelectronic 

properties, including the photodetection performance of a planar photodetector device. In the 

Cs2AgBiBr6/WS2 heterostructure, the noticeable shift in the Raman A1g and E2g modes of WS2 

indicates the charge transfer and milling-induced strain, respectively. As compared to the bare 

TH-4013_196121024



 

 

15 
 

Cs2AgBiBr6, the heterostructure exhibits an improved current on/off ratio of 5.9 × 103, a high 

responsivity of 2.01 A W-1, and a high specific detectivity of 3.6 × 1013 Jones under 405 nm 

light illumination. The high light-to-dark current ratio and efficient charge transfer are credited 

to enhanced charge carrier generation and collection of the photocarriers within the 

Cs2AgBiBr6/WS2 heterostructure. This is supported by enhanced absorbance, 

photoluminescence (PL) quenching, and shortened photocarrier lifetime (from 3.65 ns to 0.82 

ns). The Cs2AgBiBr6/WS2 heterostructure is believed to form a local p-n junction at the 

interface, enhancing carrier separation. The resulting heterostructure exhibits a significant 

photocurrent even at 0 V bias, making the device self-powered in nature. The high linear 

dynamic range (LDR) (75 dB), fast photoresponse speed (80 ms/120 ms), and self-powered 

behavior signify promising prospects for low-power consumption optoelectronic devices in the 

future.  

Chapter 4 explored the SERS performance of Cs2AgBiBr6 DP nanoflakes grown by the space 

confinement method. The self-trapped exciton (STE) defects were controlled by post-growth 

annealing of the sample under an argon (Ar) atmosphere, minimizing the AgBi and BiAg anti-

site disorder. The sample with the highest STE defects demonstrates the highest SERS 

performance owing to the defect-assisted charge transfer process. We successfully identified 

methylene blue (MB) and rhodamine 6G (R6G) at concentrations as low as ∼10-10 M, achieving 

a remarkable SERS enhancement factor (EF) of 5.04 × 107 and 1.37 × 107, respectively, which 

is highly significant for a semiconductor-based SERS substrate. Additionally, notable 

amplification was observed for other cationic dyes, including crystal violet (CV), rhodamine 

B (RhB), and malachite green (MG). By varying the annealing temperature and the 

deconvolution of the photoluminescence spectra, we demonstrate a direct correlation between 

the defect density and the SERS signal intensity. To further understand the underlying 

enhancement mechanisms, we analyzed the individual contributions of chemical and 

electromagnetic enhancements to the overall SERS amplification. This analysis was conducted 

using finite element method (FEM) simulations and density functional theory (DFT) 

computations. These insights provide a foundational basis for designing highly efficient metal-

free SERS substrates, opening new possibilities for advanced detection technologies. 

Chapter 5 presents the heterostructure photodetector based on the Cs2AgBiBr6 single crystal 

(SC) and Cs3Bi2I9 nanocrystals (NCs) to enhance the matrices of the device. Cs2AgBiBr6 DP 

SC was grown using the inverse temperature crystallization process. The mm-sized SC were 

synthesized using the above method. Cs3Bi2I9 NCs were synthesized by a mechanical ball 
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milling system. The successful incorporation of Cs3Bi2I9 NCs on top of the DP SC results in 

the reduction of the dark current, as well as enhancing the photocurrent of the device. 

Compared to the pristine Cs2AgBiBr6 SC device, the heterojunction configuration yielded a 

~30-fold improvement in the on/off current ratio and an approximate six-fold enhancement in 

responsivity, reflecting superior photodetection performance. Ultraviolet photoelectron 

spectroscopy (UPS) revealed a type-II band alignment at the heterointerface, favouring charge 

separation and transport across the junction. Complementary density functional theory (DFT) 

calculations further corroborated significant electron transfer from the CBI NCs to the 

Cs2AgBiBr6 SC, in agreement with the observed device characteristics.  

Chapter 6 summarizes the work done in the thesis and highlights its contributions to the study 

of Cs2AgBiBr6 DP and their HSs with other materials for various optoelectronic applications. 

The future scope of the work on LFHDP is presented at the end. 
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List of Abbreviations 

 

Abbreviation  Description 

 

1-L    Monolayer 

2D    Two Dimensional 

CVD    Chemical Vapor Deposition 

CL    Cathodoluminescence 

DRS    Diffuse Reflectance Spectroscopy 

EDS    Energy Dispersive X-ray Spectroscopy 

ETL    Electron Transport Layer 

EQE    External Quantum Efficiency 

FESEM    Field Emission Scanning Electron Microscopy 

FETEM   Field Emission Transmission Electron Microscopy 

FWHM    Full Width at Half Maxima 

HRTEM   High Resolution Transmission Electron Microscopy 

HTL    Hole Transport Layer 

KPFM    Kelvin Probe Force Microscopy 

LED    Light Emitting Diode 

MACE    Metal-assisted Chemical Etching 

NC    Nanocrystal 

NIR    Near Infrared 

NP    Nanoparticle 

NW    Nanowire 

PD    Photodetector 

PCE    Power Conversion Efficiency 

PL    Photoluminescence 

QC    Quantum Confinement 

QD    Quantum Dot 

QY    Quantum Yield 

STEM    Scanning Transmission Electron Microscopy 

TEM    Transmission Electron Microscopy 
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TRPL    Time Resolved Photoluminescence 

  

UV-Vis    Ultraviolet Visible 

XPS    X-ray Photoelectron Spectroscopy 

XRD    X-ray Diffraction 

 

  

TH-4013_196121024



Chapter 1 

20 
 

Chapter 1 Introduction 

1.1 Introduction of Double Perovskites 

In recent decades, significant advancements have been made in the synthesis, processing, and 

characterization of semiconductor nanostructures and thin films. These developments are 

largely motivated by the wide range of potential technological applications. Such applications 

include energy conversion and storage devices, integrated optoelectronic and photonic systems, 

and biosensors, among others. Since 2009, metal-halide perovskites have garnered 

considerable attention as a promising class of semiconducting materials.1 This interest stems 

from their exceptional performance in solar cells and other optoelectronic devices. Key 

attributes contributing to their potential include a tunable optical bandgap, long electron-hole 

diffusion lengths, and high carrier mobility. Additionally, they offer the benefits of low-cost 

manufacturing and compatibility with low-temperature processing techniques.  

Despite promising advances in lead-based three-dimensional (3D) hybrid perovskites for 

photoelectronic applications, their practical commercialization is still limited by several 

drawbacks. One is that they contain lead in their chemical composition, leading to severe 

toxicity problems. The environmental concerns related to lead have created serious questions 

about the practical uses of such materials. Pervasive use of lead-based perovskites would cause 

substantial environmental pollution, limiting their potential contribution to large-scale 

applications. To address this problem, several types of designs have been proposed. Among 

them, the most highlighted strategy is replacing lead with less cytotoxic or nontoxic metals. 

This alternative approach to the replacement strategy aims to identify new, environmentally 

safe, lead-free perovskites that retain their optoelectronic properties while minimizing their 

impact on both health and the environment. Substituting lead with other Group IVA metals, 

such as tin (Sn) and germanium (Ge), is perhaps the simplest strategy for the removal of lead 

from hybrid perovskites. This approach has led to the discovery of new lead-free compounds, 

such as CH3NH3SnI3 and CH3NH3GeI3.2 The photovoltaic properties of these replacements, 

however, have not been equivalent to those of their lead-based analogues. One of the main 

drawbacks of these tin- and germanium-based perovskites is their poor resistance against 

oxidation. The 2+ oxidation states of Sn and Ge oxidize easily to the 4+ oxidation states, 

respectively. This oxidation process is responsible for the long-term phase instability observed 

in the material. Consequently, there is a growing research emphasis on identifying and 

developing novel lead-free perovskite alternatives. The goal is to resolve the toxicity challenges 
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while retaining the unique optoelectronic properties that make lead-based perovskites so 

promising for photovoltaic and related applications. 

1.2 Metal Halide Double Perovskites 

Metal Halide Perovskites (MHPs) generally follow the chemical formula ABX3, where A 

represents a monovalent cation (such as Cs+, MA+, FA+, etc.), B is a divalent cation (e.g., Pb2+, 

Sn2+, Eu2+, etc.), and X denotes a halide anion (Cl-, Br-, I-). Although extensive research has 

been devoted to mitigating the toxicity and stability issues associated with lead-based 

perovskite solar cells, alternative B-site substitutions often introduce new challenges. For 

instance, Sn-based perovskites exhibit limited stability due to rapid oxidation, and Bi-based 

counterparts suffer from dimensional instability. To address these limitations, Slavney et al. 

pioneered the synthesis of a lead-free double perovskite by substituting lead with a combination 

of Bi3+ and Ag+, resulting in a structurally stable elpasolite-type double perovskite with 

improved optoelectronic properties.3 The halide double perovskites are generally represented 

by the chemical formula A2BB’X6, where A denotes a monovalent heavy metal cation, B is a 

monovalent cation, B’ is a trivalent cation, and X is a halide anion. The tunability in 

composition through the selection of different A, B, B’, and X ions enables the synthesis of a 

wide range of double perovskite materials exhibiting diverse optical properties. These 

compositional variations play a crucial role in tailoring the materials for specific optoelectronic 

applications. Building on recent advancements, Cs2AgBiBr6 double perovskite (DP) has 

emerged as a promising candidate for optoelectronic applications, offering excellent stability 

along with performance metrics that are relatively comparable to those of conventional 

perovskite materials.3 

1.3 Crystal Structure of Double Perovskite 

The heterovalent substitution strategy commonly employed in double perovskites involves 

replacing lead (Pb) with a combination of monovalent and trivalent metal cations, while 

preserving the three-dimensional connectivity of the perovskite lattice. At room temperature, 

Cs2AgBiBr6 adopts a cubic double perovskite structure with a space group of 𝐹𝑚3̅𝑚 and a 

lattice parameter of 11.27 Å.4 This structure is characterized by a rock-salt-type ordering of 

corner-sharing [AgBr6]5- and [BiBr6]3- octahedra extending along all three crystallographic 

directions, with Cs+ ions occupying the interstitial cavities of the framework. The spatial 

arrangements of these octahedra, including factors such as volumetric variation and distortion 

or tilting (primarily governed by bond lengths and bond angles), play a crucial role in 
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influencing the electronic structure, thereby dictating the optoelectronic properties of the 

material. In the ordered structure of Cs2AgBiBr6, the Ag-Br and Bi-Br bonds within the 

[AgBr6]5- and [BiBr6]3- octahedra maintain ideal bond angles of 90° or 180°, and the 

corresponding bond lengths are relatively similar, ranging from 2.804 Å to 2.828 Å.5 Compared 

to MAPbI3, the Cs2AgBiBr6 framework exhibits shorter bond lengths, indicating strong metal 

halide bonding and greater lattice stiffness, as the bonding electrons are more tightly bound to 

the constituent elements. The volume and distortions of these octahedra are influenced by 

several factors, including the ionic radii of the metal cations (1.15 Å for Ag+ and 1.03 Å for 

Bi3+), their respective electronegativities (1.93 for Ag+ and 2.02 for Bi3+), and the interactions 

with neighbouring octahedra. These parameters collectively contribute to a complex structural 

behaviour involving octahedral expansion or contraction, ultimately affecting the overall 

structural dynamics of the material.5  

At room temperature, Cs2AgBiBr6 generally crystallizes in the 𝐹𝑚3̅𝑚  space group, adopting 

a face-centred cubic structure, as shown in Fig. 1.1. However, this high-symmetry phase is 

susceptible to phase transition under certain external conditions, such as temperature reduction, 

application of high pressure, or compositional modifications. Structural transformation into 

tetragonal, monoclinic, or triclinic phases has been observed under such perturbations. For 

instance, when the temperature is lowered to approximately 122K or a pressure of ~2.3 GPa is 

applied, the ambient cubic phase transitions to a tetragonal phase with the I4/m space group 

(Fig. 1.1).6–8 Similarly, substitution of Bi3+ with a specific fraction of Fe3+ induces a reduction 

in octahedral symmetry, thereby triggering a comparable phase transformation. 9 

 

Fig. 1.1: Crystal structure of Cs2AgBiBr6 at 300 K and 122 K. Adapted from ref. [7]. 
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The structural stability of these perovskites is often assessed using the octahedral factor and 

goldsmith tolerance factor, which provide theoretical guidelines for predicting the feasibility 

and robustness of the ABX3 perovskite framework. The octahedral factor (µ) and tolerance 

factor (τ), both of which offer high predictive accuracy for structural stability, are defined based 

on the ionic radii and oxidation states of the constituent ions.10  

𝜏 =  
𝑟𝐴

𝑟𝐵
− 𝑛𝐴 (𝑛𝐴 − 

𝑟𝐴
𝑟𝐵

ln (
𝑟𝐴
𝑟𝐵

)
)                                                                                                            (𝑖) 

𝜇 =  
𝑟𝐵

𝑟𝑋
                                                                                                                                                     (𝑖𝑖) 

Specifically, ri denotes the ionic radius of ion i, and ni represents its oxidation state, with the 

condition rA>rB. A perovskite structure is generally considered stable when τ<4.18 and 

0.44<µ>0.90. In the case of a double perovskite, such as Cs2AgBiX6 (X = Br, Cl), the effective 

radius rB is approximated as the average of the radii of Ag+ and Bi3+. Accordingly, the 

calculated values of (µ, τ) for Cs2AgBiX6 fall within the stability range of 0.56 to 0.60 for µ 

and 4.07 to 4.21 for τ.11 Additionally, the decomposition enthalpies (ΔH) for various possible 

degradation pathways, including CsBr, AgBr, Cs2AgBr3, CsAgBr2, and Cs3Bi2Br9, are found 

to be positive and notably higher than MAPbI3. This implies that Cs2AgBiBr6 exhibits superior 

thermodynamic stability, making it a promising candidate for long-term optoelectronic 

applications.12 

1.4 Band Structure of Double Perovskites 

Investigating the electronic properties of the Cs2AgBiBr6 double perovskite is crucial for its 

application in optoelectronics. Fig. 1.2(a) represents the crystal structure of ordered and 

disordered Cs2AgBiBr6 double perovskite. The double perovskite materials generally exhibit 

an indirect bandgap due to high electron-phonon coupling and spin-orbit coupling. However, 

the bandgap values may show a slight variation depending on the computational methods (e.g., 

DFT with HSE06, GGA, or GW corrections).13,14   To induce a direct bandgap in Cs2AgBiBr6, 

atomic substitutions were introduced within the supercell structure. Specifically, two face-

centred Ag atoms were exchanged with Bi atoms, while the body-centred Bi atoms in the 

ordered supercell were replaced by an Ag atom. In the ordered structure, the conduction band 

minimum (CBM) appears at the L-point above the Fermi level. In contrast, the valence band 

maximum (VBM) is located at the Г-point on the Fermi level, indicating an indirect band. The 
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calculated bandgap for the ordered Cs2AgBiBr6 double perovskite is found to be 2.04 eV. In 

the disordered Cs2AgBiBr6 structure, the Bi 6p orbitals notably influence the CBM from the L-

point to the Г-point. This transition converts the material from an indirect to a direct band gap 

semiconductor.15 Additionally, a substantial reduction in the bandgap is observed, decreasing 

from 2.04 eV in the ordered phase to 1.59 eV in the disordered phase, as shown in Fig. 1.2(b). 

This order-to-disorder transformation fundamentally alters the electronic band structure of 

Cs2AgbiBr6, thereby modifying its optoelectronic properties. A similar approach was used by 

Yang et al. to reduce the bandgap from 1.93 eV to 0.44 eV in a fully ordered Cs2AgBiBr6 double 

perovskite to a randomly oriented Cs2AgBiBr6 structure, respectively.16 

 

Fig. 1.2: (a) Ordered and disordered crystal structure of the Cs2AgBiBr6 double perovskite, respectively. 

(b) Corresponding band alignment of ordered and disordered Cs2AgBiBr6 Double perovskite. Adapted 

from ref. [14]. 

1.5 Key Features of Double Perovskites 

Some of the important key features of double perovskite materials for optoelectronic 

applications are summarized below.  
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1.5.1 Bandgap Engineering 

Owing to its relatively wide and suitable bandgap, Cs2AgBiBr6 double perovskite has emerged 

as a promising candidate for tandem solar cell applications. Recent developments in PSCs 

utilizing Cs2AgBiBr6-based double perovskites have achieved power conversion efficiencies 

(PSCs) exceeding 6%, underscoring the growing interest in further optimizing this material, 

particularly through bandgap engineering.17 The material’s light absorption ability, inherently 

linked to its electronic structure, is constrained by its bandgap, reported to be around 2.2 eV. 

Consequently, efforts to transform the material from an indirect to a direct bandgap 

semiconductor have shown promise in enhancing its optical absorption, thereby contributing 

to short circuit current density (Jsc) in solar cell performances.16,18–20   

To modify the structure of Cs2AgBiBr6 and enhance its potential for improved PSCs, both 

physical and chemical strategies are commonly employed. Among physical methods, thermal 

and pressure treatments are particularly effective. These treatments can induce an order-

disorder transition, leading to a narrowing of the bandgap in Cs2AgBiBr6-based double 

perovskites. Under high-pressure conditions, the applied pressure resulted in a significant 

bandgap reduction of 22.3%, shifting it from 2.2 eV to 1.7 eV. Notably, even after the pressure 

was released, the material retained a bandgap reduction of 8.2%, highlighting the partial 

reversibility and potential stability of the structural changes.21 Moreover, it has been 

demonstrated that the degree of cation ordering in Cs2AgBiBr6 double perovskite is dependent 

on the temperature. At temperatures below 1200 K, partially disordered Cs2AgBiBr6 phases 

begin to form, with the extent of disorder progressively increasing as the temperature rises. A 

fully disordered phase is achieved at temperatures exceeding 3000 K.16 These findings indicate 

that both temperature and pressure play critical roles in promoting structural disorder, which in 

turn leads to a reduction in the band gap of Cs2AgBiBr6.  

Through a crystal engineering strategy, Cs2AgBiBr6 double perovskites have achieved the 

narrowest reported band gap of 1.72 eV. Single crystals were synthesized by carefully 

controlling the evaporation rate of the precursor solution at varying temperatures. Notably, 

crystals grown at a higher evaporation temperature (150 °C) exhibited a significant band gap 

reduction of approximately 0.26 eV compared to those formed at lower temperatures (60 °C), 

despite the crystal structure remaining largely unchanged. Theoretical studies attribute this 

band gap narrowing at elevated temperatures to an increased degree of Ag‒Bi cation disorder, 

which introduces isolated defect states within the band structure, thereby reducing the effective 

band gap.22  
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Published studies have demonstrated that the band gap of Cs2AgBiBr6 crystals can be 

effectively tuned through functional doping, wherein partial substitution of Bi3+ with other 

trivalent cations such as In3+, Sb3+, and Ti3+ is employed to enhance the material's 

optoelectronic properties.23 Experimental results reveal that the band gap may either increase 

or decrease depending on the specific dopant introduced. For instance, Sb doping leads to band 

gap reduction, while In doping results in an increase. In particular, Cs2AgBi0.625Sb0.375Br6 

exhibits a reduced band gap of approximately 1.86 eV, whereas Cs2AgBi0.25In0.75Br6 shows an 

increased band gap of about 2.27 eV.24 This band gap modulation directly influences the 

material’s color, thereby enabling absorption across different spectral ranges and expanding its 

potential for application in optoelectronic devices. 

1.5.2 Charge Carrier Dynamics 

Key parameters such as carrier lifetime, mobility, and the rate of non-radiative electron–hole 

recombination play a crucial role in determining the photovoltaic efficiency of perovskite solar 

cells (PSCs). Time-resolved photoluminescence (TRPL) measurements on Cs2AgBiBr6 single 

crystals reveal an initial rapid decay followed by a slower tail, indicative of long-lived charge 

carriers. The room-temperature TRPL decay time reaches up to ~660 ns.25 Complementary 

transient absorption spectroscopy studies estimate the charge carrier lifetime to be 

approximately 1.4 μs, which is notably longer than that observed in conventional lead-based 

halide perovskites. This prolonged microsecond-scale lifetime enhances charge extraction and 

transport, making Cs2AgBiBr6 a highly promising lead-free light absorber for next-generation 

PSCs. Despite promising results, the charge carrier dynamics in Cs2AgBiBr6 remain under 

investigation and are subject to ongoing debate. Bartesaghi et al. employed time-resolved 

microwave conductance measurements to explore charge carrier generation and recombination 

mechanisms at both the bulk and surface levels.26 They proposed a comprehensive kinetic 

model for charge carrier recombination in Cs2AgBiBr6. Upon laser excitation (process 1), 

photoinduced electrons and holes are generated in the conduction band (CB) and valence band 

(VB), respectively. Recombination may occur via two primary pathways: band-to-band 

recombination (process 2) and surface-state-mediated recombination (process 3). Additionally, 

trap states present within the bulk can capture charge carriers (process 4), which may 

subsequently be thermally released back to the band edges (process 5). For convenience, the 

self-trapped exciton (STE) emission may be denoted as Process 5 (Fig. 1.3(a)). The 

recombination pathways associated with Processes 2, 3, and 5 collectively account for the 

experimentally observed photoluminescence (PL) spectra of Cs2AgBiBr6. Simultaneously, 
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competitive non-radiative recombination can occur through deep-level bandgap defects and 

surface or interface trap states and can be represented as Process 6.26 This model highlights the 

complex interplay between various recombination pathways and the role of trap states in 

influencing charge carrier behaviour in Cs2AgBiBr6.  

 

Fig. 1.3: (a) Band structure schematic of Cs2AgBiBr6 illustrating a comprehensive kinetic model for 

charge carrier recombination. (b) Schematic illustration of relaxation and recombination of charge 

carriers excited at resonant energy in Cs2AgBiBr6. (c) Energetic substructure of the resonant absorption 

feature at room temperature. Main panel: Absorbance (black), high-energy photoluminescence 

spectrum (red), and photoluminescence excitation spectrum (blue) recorded at an emission energy of 

2.0 eV at room temperature. Inset: High-energy photoluminescence spectrum (red) and 

photoluminescence excitation spectrum (blue) of the same sample at 8 K. Adopted from ref. [25, 26]. 

Bartesaghi et al. proposed that trap-assisted recombination at surface states occurs rapidly and 

dominates as the primary recombination mechanism in thin-film Cs2AgBiBr6, whereas in the 

bulk, electron and hole trap states are relatively shallow, leading to a slower recombination 

rate. In contrast, Kentsch et al. employed femtosecond UV–vis–NIR transient absorption 

spectroscopy to investigate the photophysical behaviour of Cs2AgBiBr6 and provided evidence 

for the presence of excitons, along with strong electron–phonon coupling mediated by Fröhlich 

interactions (Fig. 1.3(b)). This behaviour is similar to that observed in other Bi-based materials, 

such as Cs3Bi2Br9 and BiBr3. However, the study also indicated that these electron–phonon 

interactions, along with the presence of excitons, could contribute to unwanted charge carrier 

recombination, potentially affecting the overall photovoltaic performance of the material.27 A 
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temperature-dependent analysis of the emission line width revealed a Fröhlich coupling 

constant of approximately 230 meV for Cs2AgBiBr6, which is significantly higher than that of 

traditional lead-based halide perovskites (typically 40–60 meV).28 The pronounced absorption 

peak at 2.83 eV in Cs2AgBiBr6 consists of multiple electronic transitions (Fig. 1.3(c)), 

exhibiting a well-resolved energetic splitting exceeding 100 meV.29 Additionally, the material 

exhibits temperature-dependent charge carrier mobility, following a T-p relationship (p ≈ 1.5), 

and the mobility is comparatively lower than that observed in lead-based counterparts.30 This 

trend indicates that phonon scattering is the dominant factor limiting mobility, aligning with 

behaviours observed in Pb-based perovskites. Nonetheless, the extended charge carrier lifetime 

in Cs2AgBiBr6 compensates for the lower mobility, offering favourable conditions for efficient 

charge carrier transport. 

Nevertheless, several factors‒such as the formation of excitons and strong electron–phonon 

interactions‒facilitate charge carrier recombination in Cs2AgBiBr6. Despite recent 

advancements, the charge carrier dynamics of this material remain not fully understood and 

continue to be a subject of scientific debate, warranting further in-depth investigation to clarify 

the underlying mechanisms. 

1.5.3 Defect Tolerance 

Ideally, all atoms in a semiconductor crystal lattice should occupy their designated positions 

without any imperfections or impurities. However, in practice, various types of defects 

inevitably form during material synthesis and processing. These defects are generally 

categorized as point defects (e.g., vacancies, interstitials, and antisite defects), line defects (e.g., 

dislocations), plane defects (e.g., surfaces and grain boundaries), and bulk defects (e.g., voids 

and precipitates). A thorough understanding of such defects at the fundamental level is essential 

for the development of high-performance optoelectronic devices, as they play a critical role in 

influencing charge carrier transport and recombination dynamics within perovskite materials 

and device architectures. Lead-based perovskites are known for their exceptional defect 

tolerance, primarily because most of the defects introduced during synthesis are shallow-level 

states, located just above the valence band maximum (VBM) or just below the conduction band 

minimum (CBM).31–33 As a result, these defects exert only a minimal influence on key 

optoelectronic properties, such as charge carrier mobility and lifetime. This remarkable 

tolerance is attributed to several intrinsic features of lead-based perovskites, including the 

strong antibonding interactions involving Pb2+ lone-pair orbitals, crystallographic symmetry, 
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high ionic character, and a large lattice constant, all of which help mitigate the detrimental 

effects typically associated with structural defects.34 

In contrast to lead-free perovskites, Cs2AgBiBr6 exhibits a markedly different defect landscape, 

primarily due to the presence of two distinct B-site cations (Ag+ and Bi3+).35–37 Fig. 1.4 (a, b) 

illustrate the formation enthalpies of common point defects in Cs2AgBiBr6 under Br-rich and 

Br-poor conditions, respectively, while Fig. 1.4 (c, d) summarize the thermodynamic transition 

energy levels of these defects. To obtain these insights, density functional theory (DFT) 

calculations were performed using the Heyd-Scuseria-Ernzerhof (HSE) hybrid functional with 

spin–orbit coupling (SOC), based on Perdew-Burke-Ernzerhof (PBE) optimized 

geometries.35,38–40 A comprehensive set of twenty distinct point defects was analyzed, including 

vacancies, interstitials, cation-on-anion antisites, and anion-on-cation antisites, to understand 

their energetic behavior and impact on the material’s defect chemistry. Based on the 

computational analysis of Cs2AgBiBr6, several key conclusions can be drawn regarding its 

defect chemistry: (i) Among all point defects, Ag vacancies (VAg) are the most readily formed, 

even under Ag-rich conditions, due to their lowest formation enthalpy. These defects act as 

shallow acceptors, contributing to the material’s intrinsic p-type conductivity without 

significantly degrading its optoelectronic properties.40 (ii) In contrast, certain defects‒such as 

Br vacancies (VBr), Bi vacancies (VBi), Bi-on-Ag (BiAg), and Ag-on-Bi (AgBi) antisites‒are 

identified as deep-level acceptor defects, typically located within the middle third of the 

bandgap. Although they may also have relatively low formation energies, these deep traps are 

not thermally ionized; instead, they serve as non-radiative recombination centers, governed by 

Shockley-Read-Hall (SRH) recombination. These centers critically reduce carrier lifetimes and 

ultimately degrade device performance by eliminating photogenerated charge carriers.41 (iii) 

Unlike lead-based perovskites, Cs2AgBiBr6 demonstrates a relatively low defect tolerance, 

primarily due to the presence of a greater number of deep-level defects. However, this does not 

necessarily indicate a higher density of trap states. Reported trap densities for Cs2AgBiBr6 are 

moderate, with values around 1.7 × 109 cm-3 for single crystals and approximately 1016‒1017 

cm-3 in thin films or devices.42–44 Beyond isolated point defects, many of these deep-level states 

are associated with higher-dimensional defects, such as those located at surfaces or grain 

boundaries. Therefore, careful control over the crystal growth conditions is essential to 

suppress the formation of such detrimental deep-level traps. Moreover, discrepancies in the 

reported literature may stem from the fact that defect formation energies and types are highly 
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sensitive to variations in the chemical environment and the computational methodologies 

employed. 

 

Fig. 1.4: The formation enthalpies (ΔH) of intrinsic defects in Cs2AgBiBr6 calculated under (a) Br-poor 

and (b) Br-rich conditions as a function of the Fermi level (EF), with dashed lines representing defects 

exhibiting exceptionally high ΔH values. The transition energy levels E(eV) calculated for (c) intrinsic 

donor and (d) intrinsic acceptor defects. Adapted from ref. [34]. 

1.6 Fabrication of Double Perovskite Thin Films 

The synthesis of Cs2AgBiBr6 in various morphologies‒including single crystals, thin films, 

nanocrystals, and quantum dots‒can be achieved through relatively straightforward methods. 

Bulk single crystals of this double perovskite have been successfully grown using several 

techniques, such as cooling-induced crystallization, inverse temperature crystallization, 

antisolvent vapor crystallization, and delayed solvent evaporation.25,45,46 High-quality 

Cs2AgBiBr6 thin films can also be fabricated through one-step solution-based deposition 

methods like spin-coating or spray-coating, provided that the precursor stoichiometry is 

carefully optimized. However, thin films prepared via vacuum evaporation may suffer from 

halogen deficiencies, potentially leading to the formation of additional point defects. 

Furthermore, nanocrystals and quantum dots of Cs2AgBiBr6 with high phase purity, uniform 

morphology, and excellent crystallinity have been synthesized using hot-injection and ligand-

assisted reprecipitation approaches. Here, we summarize some of the commonly used synthesis 

approaches for Cs2AgBiBr6 double perovskite.  
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1.6.1 Solution Process 

Chemical solution deposition is a widely employed technique for fabricating thin films, 

wherein electrochemical or chemical reactions facilitate the formation of a uniform layer on 

the substrate surface. This method is characterized by its efficient material utilization, low 

energy requirements, and the capability to produce films with excellent compositional 

homogeneity and controlled stoichiometry. Additionally, it offers advantages in tailoring the 

particle size, morphology, and crystallographic orientation of the resulting materials.47–49 The 

technique has been extensively adapted for the fabrication of hybrid perovskite films. Common 

approaches under this category include the scraping method, soaking method, two-step, and 

one-step deposition processes. Among these, the one-step method is predominantly used for 

synthesizing A2BB’X6-type double perovskites, primarily due to its simplicity and 

compatibility with diverse precursor solubilities.49 Nevertheless, the exploration and 

refinement of alternative methods remain an important area of ongoing research. 

The fabrication and integration of Cs2AgBiBr6 thin films into functional devices was first 

reported in 2017.50 In this pioneering study, a heated precursor solution was spin-coated onto 

the electron transport layer at 2000 rpm, followed by thermal annealing at 285 °C for five 

minutes to achieve a pure-phase film. Motivated by the promising outcomes of earlier efforts, 

researchers have continued to explore and optimize thin film preparation techniques. For 

instance, Wang et al. prepared a perovskite precursor solution by dissolving CsBr, AgBr, and 

BiBr3 in dimethyl sulfoxide (DMSO). Using a one-step spin-coating process, the precursor was 

uniformly deposited onto the electron transport layer, and subsequent annealing yielded films 

with well-defined morphology and phase purity.51 In another approach, films were also formed 

by soaking the substrate in an indole dye solution, followed by a drying step. 

Recent studies have highlighted anti-solvent-assisted crystallization as an effective strategy for 

synthesizing high-quality double perovskite crystals with significantly reduced root mean 

square (RMS) surface roughness (Fig. 1.5(a)).52 However, the fabrication of such crystals 

remains challenging due to the relatively high processing temperatures required—

approximately 500 °C for solid-state reactions and 110 °C for solution-based preparations. 

Furthermore, thermal annealing at around 285 °C is generally necessary to achieve optimal 

crystallinity and film quality. Lei et al. developed a one-step spin-coating technique combined 

with low-pressure drying to deposit Cs2AgBiBr6 thin films on Au electrodes (Fig. 1.5(b)).53 In 

this method, precursor salts—CsBr, AgBr, and BiBr3—were dissolved in dimethyl sulfoxide 

TH-4013_196121024



Chapter 1 

32 
 

(DMSO) at a concentration of 0.5 mol/L. The resulting films exhibited an average particle size 

of approximately 100 nm but also showed relatively high surface roughness.54 

 

Fig. 1.5: (a) Schematic of the antisolvent-assisted crystallization spin coating process for deposition of 

Cs2AgBiBr6 double perovskite thin film. (b) Schematic of the low-pressure assisted vacuum drying spin 

coating, thin film deposition process. (c) Schematic representation of the blade coating technique for 

the thin film deposition of Cs2AgBiBr6 double perovskite. (d, e) Low and high-magnification SEM 

images of the thin film deposited by the blade coating technique. Adapted from ref. [52], [53] and [54]. 
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Scanning electron microscopy (SEM) images revealed the presence of pinholes, indicating 

suboptimal film quality, which was attributed to the rapid solvent evaporation induced by the 

low-pressure drying process.  

To enhance device performance and ensure reproducibility, the focus was placed on deposition 

techniques capable of producing uniform perovskite layers. In this context, blade coating was 

identified as a promising alternative to conventional spin-coating, offering advantages such as 

material efficiency and scalability.55 Although spin-coating remains the most employed method 

for fabricating thin perovskite films, it is not without limitations—many of which arise 

inherently from the technique itself. In the blade-coating deposition method, reported by 

Barichello et al., a wet thin film is formed by uniformly spreading the precursor solution across 

the substrate using a blade. Several parameters critically influence the resulting film thickness, 

including the blade-to-substrate distance, substrate temperature, air-jet presence and intensity, 

and the velocity of the blade movement.56 Notably, unlike certain other techniques, blade-

coating does not require the use of an anti-solvent (Fig. 1.5 (c)); instead, film formation is 

facilitated through the combined effects of substrate heating and air-jet-assisted drying. Fig. 

1.5(d, e) displays the SEM images of the compact thin films fabricated using the blade-coating 

technique. 

1.6.2 Vacuum Deposition 

Vapor deposition is a widely adopted method for thin film fabrication; however, it necessitates 

operation under vacuum conditions, thereby increasing equipment complexity and cost.57 

While effective, the development of double perovskite thin films via vapor deposition has 

progressed slowly, primarily due to the involvement of multiple material components and the 

technological challenges associated with the process.58 

In 2018, Wang et al. reported the first successful fabrication of Cs2AgBiBr6 thin films using a 

successive vapor deposition approach.59 The sequential deposition order of AgBr, BiBr3, and 

CsBr onto the substrate plays a critical role, as the post-deposition annealing step facilitates the 

necessary diffusion-driven reactions. Notably, BiBr3 contributes significantly to crystal growth 

and the suppression of impurity phases. To achieve high-quality films, the molar ratio of 

BiBr3:AgBr:CsBr is carefully optimized within the range of 1:1:2 to 1.5:1:2. During the 

vacuum-assisted process, the substrate is positioned approximately 27 cm above the 

evaporation source and is rotated at a speed of 9 r/min to ensure uniform film formation (Fig. 

1.6(a)). As reported by Wang et al., sequential vapor deposition of Cs2AgBiCl6 involves the 
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successive layering of CsCl, BiCl3, and AgCl under high-vacuum conditions, specifically at 

pressures below 1 × 10-3 Pa.60 This method can yield film thicknesses of up to 110 nm in a 

single deposition cycle. Upon annealing at 180 °C, a phase-pure Cs2AgBiCl6 film with well-

oriented crystallization was obtained. Although the process is more complex and time-intensive 

compared to spin-coating, it results in superior crystallinity and phase purity. 

 

Fig. 1.6: (a) Schematic illustration of the sequential vapor deposition technique for the growth of 

Cs2AgBiBr6 double perovskite thin film. (b) Schematic illustration of the thin film deposition route of 

Cs2AgBiBr6 double perovskite by pulsed laser deposition technique. (c) Schematic representation of 

one-step vapor deposition growth of Cs2AgBiBr6 double perovskite thin film. Adapted from ref. [59], 

[61], and [62].  

In 2021, researchers employed a ball milling method to synthesize Cs2AgBiBr6 powder and 

proposed pulsed laser deposition (PLD) as a viable approach for thin film fabrication.61 The 

milled powder was compacted into a disk-shaped target under a uniaxial pressure of 600 MPa 

and subsequently subjected to laser ablation in an argon atmosphere (Fig. 1.6(b)). Film 
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deposition at 200 °C resulted in the formation of a continuous coating with a thickness ranging 

from 200 to 300 nm. This technique is particularly advantageous for multicomponent systems, 

as it enables near-stoichiometric material transfer—an essential factor in promoting high-

quality thin film growth. 

Fan et al. successfully fabricated high-quality Cs2AgBiBr6 double perovskite thin films using 

the single-source vapor deposition method. Initially, Cs2AgBiBr6 crystals were synthesized 

through a modified crystallization process in which a 2:1:1 molar ratio of CsBr, AgBr, and 

BiBr3 was sequentially dissolved in 12 mL of 48% hydrobromic acid (HBr) within a clear glass 

vial. The resulting crystals were subsequently ground into fine powder to serve as the 

deposition source. For film deposition, the Cs2AgBiBr6 powder was placed in a tungsten boat, 

while pre-cleaned fluorine-doped tin oxide (FTO) substrates were mounted on a movable 

holder positioned above the evaporation source.62 In the single-source vapor deposition setup 

shown in Fig. 1.6(c), the distance between the evaporation source and the substrate was 

maintained at approximately 20 cm. The perovskite powder was gradually evaporated by 

increasing the heating current from 0 A to 120 A at a controlled rate of 20 A/min, once the 

vacuum chamber pressure reached 5.0 × 10-4 Pa. During the deposition process, the substrate 

holder was continuously rotated at 20 rpm to ensure uniform film coverage. Complete 

evaporation of the Cs2AgBiBr6 powder occurred within a few minutes, resulting in film 

formation. The performance of the resulting perovskite solar cells (PSCs) was optimized by 

systematically varying the post-annealing temperature (150 °C, 250 °C, 300 °C, and 350 °C), 

annealing duration (5, 15, 30, and 65 minutes), and film thickness (167 nm, 238 nm, and 

297 nm). Post-annealing at 300 °C was found to yield high-quality Cs2AgBiBr6 thin films with 

optimal crystallinity and phase purity.62 However, annealing at temperatures above 300 °C led 

to the emergence of impurity phases. Within this optimal temperature, the ideal annealing 

duration was identified to be between 15 and 30 minutes. Extended annealing beyond this time 

frame resulted in the appearance of secondary diffraction peaks, indicating the onset of phase 

decomposition or the formation of secondary phases. 

1.7 Fabrication of Cs2AgBiBr6 Nanostructures 

The commonly used techniques for synthesizing nanostructures of Cs2AgBiBr6 double 

perovskite are hot injection and the antisolvent method.63–70 Fig. 1.7(a) illustrates the colloidal 

synthesis of lead-free halide double perovskite nanocrystals (NCs). Cs2AgBiBr6 NCs were 

synthesized under inert conditions using the hot-injection method with a standard Schlenk line 
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apparatus. Initially, 1 mmol of AgNO3 was dissolved in 1 mL of trioctylphosphine (TOP) inside 

a nitrogen-filled glove box by stirring overnight at room temperature, resulting in a clear and 

transparent solution. The strong coordination between silver ions and TOP leads to the 

formation of a stable Ag–TOP complex, accounting for the high solubility of AgNO3 in TOP—

an interaction similar to that previously observed with indium and lead precursors. In the next 

step, a mixture containing bismuth neodecanoate and caesium carbonate, along with oleic acid, 

oleylamine, and octadecene, was degassed at 110 °C under continuous argon flow to ensure an 

oxygen- and moisture-free environment for subsequent reactions. Once the bismuth and 

caesium precursors were fully dissolved in the reaction mixture, the pre-prepared Ag–TOP 

complex was swiftly injected into the heated solution. Subsequently, benzoyl bromide was 

rapidly introduced into the reaction mixture, triggering an immediate colour change from pale 

yellow to orange. This distinct colour transition indicated the successful formation of 

Cs2AgBiBr6 NCs.71 

 

Fig. 1.7: (a) Schematic illustration of colloidal synthesis of Cs2AgBiBr6 double perovskite NCs using 

the hot-injection technique. (b) Schematic illustration of Cs2AgBiBr6 double perovskite nanoplatelets 

using the hot-injection technique. Adopted from ref. [71] and [72].  
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Fig. 1.7(b) illustrates the synthetic pathway for lead-free Cs2AgBiX6 double perovskite 

nanoplatelets (NPLs). In a typical synthesis of Cs2AgBiBr6 NPLs, BiBr3, AgNO3, HBr, oleic 

acid, oleylamine, and 1-octadecene were combined in a reaction flask, followed by degassing 

at 120 °C. The mixture was then heated to 200 °C under a nitrogen atmosphere to form a 

homogeneous solution. After allowing the reaction mixture to cool to room temperature, a pre-

prepared Cs-oleate precursor solution was injected to initiate the nucleation of Cs2AgBiBr6 

cluster-based nanosheets. Subsequent heating of the mixture to 230 °C for 10 minutes led to 

the formation of multilayer NPLs.72 The second approach, recrystallization, entails dissolving 

the precursor in DMSO, followed by the addition of isopropanol under vigorous stirring. The 

resulting mixture is then subjected to centrifugation to isolate Cs2AgBiBr6 NCs. In contrast to 

the products obtained via previous synthesis methods, this technique yields quasi-spherical 

NCs. However, the underlying mechanism governing the morphological evolution of these 

nanocrystals remains unclear.  

1.8 Optoelectronic Applications of Cs2AgBiBr6 Double Perovskites 

Cs2AgBiBr6 has emerged as a promising lead-free double perovskite material due to its 

exceptional stability, non-toxic nature, notable optoelectronic properties, and multifunctional 

applicability, positioning it as a viable alternative to conventional lead-based perovskites.73 Fig. 

1.8 shows the multidisciplinary applications of Cs2AgBiBr6 double perovskites.  

 

Fig. 1.8: Schematic illustration of the multifunctional applications of double perovskites. Adopted from 

ref. [73]. 
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Some of the important optoelectronic applications of Cs2AgBiBr6 double perovskites are 

summarized below. 

1.8.1 Solar Cell 

The initial synthesis of Cs2AgBiBr6 showcased its potential for photovoltaic applications, 

highlighted by an electron–hole pair lifetime of approximately 660 ns and an optical bandgap 

of around 1.95 eV.3 In the realm of lead-free photovoltaics, theoretical studies have predicted a 

power conversion efficiency (PCE) of nearly 16% for solar cells based on Cs2AgBiBr6 double 

halide perovskites.74–76 Early research efforts primarily centered on Ag–Bi-based double 

perovskites, such as Cs2AgBiX6 (X= Br, Cl), due to their distinct excitonic behavior and 

indirect bandgap in the range of 2.0–2.3 eV. Furthermore, Islam et al. explored a non-toxic, 

fully inorganic photovoltaic device architecture through simulation studies, employing 

Cs2AgBiBr6 as the active layer and Cu2O as the hole transport layer (HTL). At an optimized 

perovskite layer thickness of 600 nm, a maximum power conversion efficiency (PCE) of 7.25% 

was achieved74, corresponding to an open-circuit voltage (VOC) of 1.5 V, short-circuit current 

density (JSC) of 11.45 mA/cm2, and a fill factor (FF) of 42.1%. Further performance 

enhancement was demonstrated through numerical simulations using the Solar Cell 

Capacitance Simulator in one dimension (SCAPS-1D), applied to the lead-free double 

perovskite composition Cs2AgBi0.75Sb0.25Br6, a mixed bismuth–antimony halide system. By 

optimizing the perovskite absorber layer thickness along with the hole and electron transport 

layers (HTL and ETL), a theoretical PCE of 18% was reported.77 The simulated optimal 

photovoltaic parameters were VOC = 1.39 V, JSC = 16.04 mA/cm2, and FF = 78.34%, 

indicating that Cs2AgBi0.75Sb0.25Br6 is an auspicious absorber material for the development of 

efficient lead-free double halide perovskite solar cells. 

Greul et al. conducted the first investigation into Cs2AgBiBr6-based double halide PSCs 

employing a mesostructured architecture, where large agglomerates were observed within the 

perovskite film.48 Fig. 1.9(a) represents the I-V curve and the corresponding band alignment 

of the resulting device. Their study reported abnormal hysteresis behaviour in the device. Upon 

optimization, an inverted planar heterojunction solar cell incorporating Cs2AgBiBr6 achieved 

a power conversion efficiency (PCE) of 2.23%, with a VOC of 1.01 V, JSC of 3.19 mA/cm², and 

a fill factor (FF) of 69.2%.50 Fig. 1.9(b) shows the I-V curve and the corresponding device 

architecture of Cs2AgBiBr6 double perovskite with the ETL and HTL. Notably, the device 

demonstrated excellent operational stability and minimal hysteresis. The enhanced 

performance observed in planar-structured Cs2AgBiBr6-based PSCs is largely attributed to the 
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significantly longer electron diffusion length relative to that of holes. To further investigate the 

photovoltaic performance of Cs2AgBiBr6 double perovskites, a planar n–i–p structured solar 

cell was fabricated using SnO2 and poly(3-hexylthiophene-2,5-diyl) (P3HT) as the electron 

transport layer (ETL) and hole transport material (HTM), respectively, with the device 

configuration ITO/SnO2/Cs2AgBiBr6/P3HT/Au. An increase in the annealing temperature from 

150°C to 250°C resulted in a corresponding enhancement in device performance.  

 

Fig. 1.9: (a) I-V curve of the Cs2AgBiBr6 double perovskite solar cell device in forward and reverse 

direction and the corresponding band alignment. The inset shows the table highlighting the PCE of the 

device. (b) I-V curve of the Cs2AgBiBr6 double perovskite with the corresponding device architecture. 

The inset shows the device image and the PCE table. (c) I-V curve of the hydrogenated Cs2AgBiBr6 

device and the corresponding band alignment. The inset shows the PCE table.  Adopted from ref. [48], 

[50] and [17]. 

Specifically, the PCE improved from 0.57% to 1.37%, the fill factor (FF) increased from 0.67 

to 0.72, the JSC rose from 0.78 to 1.78 mA/cm2, and the VOC increased from 1.03 V to 1.07 V.52 

Furthermore, additional strategies—such as incorporating dye interlayers or utilizing photo-
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sensitive ETL/HTL materials—have been explored to enhance the efficiency of double 

perovskite solar cells.78 Zhang et al. achieved the highest reported PCE for Cs2AgBiBr6-based 

double perovskite solar cells through interstitial hydrogen doping.17 This hydrogenation 

strategy effectively reduced the material’s bandgap from 2.18 eV to 1.64 eV, thereby extending 

the absorption range to cover the entire visible spectrum. The corresponding current–voltage 

(I–V) characteristics, along with the device architecture, are illustrated in Fig. 1.9(c). 

Nevertheless, the experimentally achieved PCEs remain below the theoretically predicted 

values, indicating significant scope for further optimization and the exploration of new 

strategies to enhance device efficiency. 

1.8.2 X-ray Detection 

Recently, solution-processed Cs2AgBiBr6 single crystals have been employed in the fabrication 

of highly sensitive X-ray detectors. X-ray detection is of significant interest across a broad 

range of applications, including scientific research, medical diagnostics, safety protection, 

industrial material inspection, security screening, and environmental monitoring.79–83 Solid-

state detectors operate by utilizing semiconductor materials to directly register incoming X-ray 

photons. In direct digital detectors, the X-ray photons are converted directly into electrical 

charges, which are then processed into a digital image. In contrast, indirect detection systems 

first convert the X-ray photons into ultraviolet or visible light, which is subsequently 

transformed into an electrical signal. Cs2AgBiBr6 perovskites have emerged as promising 

candidates for X-ray detection applications, primarily due to their high stopping power.84 An 

essential requirement for effective X-ray detection is a large μτ product, which governs charge 

carrier transport efficiency. Alongside this, key performance metrics include sensitivity—

reflecting the detector’s response speed—and the X-ray detectivity limit. Cs2AgBiBr6 

perovskite films demonstrate excellent detector characteristics, attributed to their high μτ 

product and intrinsic resistivity. The material exhibits a low detection limit of 59.7 nGy air and 

a minimal dark current density of 0.1 nA/cm2 at an applied bias of 5 V.85 For an X-ray detector 

to function efficiently, it must exhibit both high sensitivity and long-term stability. Additional 

critical parameters influencing detector performance include low noise current, a low detection 

limit, and a rapid response time. Although Cs2AgBiBr6-based X-ray detectors demonstrate 

favourable attributes such as a low detection threshold, good stability, and fast response, their 

sensitivity and detection limits still fall short compared to those of lead-halide 

perovskites.43,86,87 To enhance the X-ray detection capabilities of Cs2AgBiBr6 perovskite 

systems, it is essential to increase the μτ product, reduce trap state density, and suppress ion 
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migration. Moreover, surface and interface passivation play a crucial role in enhancing both 

the sensitivity and detection limit of Cs2AgBiBr6-based X-ray detectors. Considering these 

critical parameters—such as μτ product, trap state density, ion migration, and interfacial 

quality—continued research and development are necessary to further advance the 

performance of Cs2AgBiBr6 as a next-generation, lead-free X-ray detection material. 

1.8.3 Photodetection 

Photodetectors, in their simplest form, are photosensors designed to detect electromagnetic 

radiation, most commonly light.88 They are typically classified based on their detection 

mechanisms or key performance metrics. In semiconductor-based photodetectors, a p–n 

junction is employed to convert incident sunlight into electrical energy. Among the most widely 

used technologies today are photodetectors such as photodiodes and phototransistors, 

fabricated from conventional bulk semiconductors including silicon, III–V, and II–VI 

compounds; however, their manufacturing costs remain relatively high.89 Owing to its 

exceptional stability and high resistivity, Cs2AgBiBr6 has emerged as one of the most promising 

double halide perovskites for optoelectronic applications.90–92 Furthermore, these perovskites 

display notable optoelectronic characteristics, including low to moderate exciton binding 

energies and a tunable bandgap.93–96 To evaluate and compare photodetector performance, a 

range of critical parameters is commonly employed. Key optoelectronic properties of a 

photodetector include its spectral sensitivity and specific detectivity, both of which are critical 

for determining its application range. Equally important are device stability and response time, 

which directly influence operational reliability and performance. Broadly, photodetector 

architectures can be classified into three primary types: photodiodes, photoconductors, and 

phototransistors. In 2018, Cs2AgBiBr6 double perovskite films fabricated via a one-step spin-

coating method were first utilized in photoconductive photodetectors, demonstrating promising 

optoelectronic performance. The devices exhibited a high responsivity of 7.01 A/W, a specific 

detectivity of 5.66 × 1011 Jones, an on/off photocurrent ratio of 2.16 × 104, and rapid response 

and recovery times of 956 µs and 995 µs, respectively.51 These findings highlight the potential 

of Cs2AgBiBr6 as a lead-free perovskite material for photoelectric detection applications. To 

further enhance device performance—particularly in achieving broader spectral response, 

higher responsivity, and improved detectivity—it is essential to precisely tailor the perovskite 

bandgap and optimize the interface between the perovskite absorber and the electron/hole 

transport layers (ETL/HTL). In 2020, Mai et al.97 successfully developed ultrathin metal oxide 

(MOx) interlayers via atomic layer deposition (ALD), including ALD-TiO2, ALD-Al2O3, and 
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ALD-NiOx, by sequentially depositing titanium tetrachloride (TiCl4), trimethylaluminum, and 

nickelene on fluorine-doped tin oxide (FTO) glass substrates. Water vapor was used as the 

oxygen source, while high-purity nitrogen served as the carrier gas. These ALD-fabricated 

layers were then employed as HTLs in the construction of weak-light photodetectors with the 

device architecture FTO/ALD-MOx interlayer/Cs2AgBiBr6/ETL/Au. A schematic 

representation of the interfacial Bi–O bond formation between the Cs2AgBiBr6 film and the 

ALD-Al2O3-modified substrate is illustrated in Fig. 1.10(a). Compared to the unmodified 

photodetector devices, those incorporating ALD-MOx interlayers exhibited a tenfold 

enhancement in the switching ratio, with the detectivity increasing from 3.3 × 1011 Jones to 

1.2 × 1013 Jones, and the minimum detectable radiation decreasing from 9.7 × 10-8 W cm-2 to 

1.9 × 10-9 W cm-2 (Fig 1.10(b, c)). These performance improvements are attributed to the 

formation of Bi–O or Ag–O bonds at the interface between the MOx substrate and the 

Cs2AgBiBr6 perovskite layer. This interfacial bonding promotes the formation of high-quality 

perovskite films with larger grain sizes and reduced pinhole density. Furthermore, it is well 

established that the selection of suitable ETL and HTL plays a vital role in enhancing 

photocarrier transport efficiency and refining perovskite film morphology, both of which are 

essential for realizing high-performance photodetectors. 

Inorganic copper thiocyanate (CuSCN) has attracted significant attention as a hole transport 

layer (HTL) in perovskite-based devices due to its intrinsic p-type semiconducting nature, high 

hole mobility (1.2 × 10-3 cm2 V-1s-1), favourable energy level alignment, and excellent thermal 

stability.98–100 In 2020, CuSCN was introduced as the HTL in a self-powered Cs2AgBiBr6 

photodetector system. The device architecture is shown in Fig. 1.10(d). Incorporation of the 

CuSCN layer significantly improved the photodetector's weak-light imaging capability, as 

evidenced by the reduction in the light detection limit from approximately 7 × 10-9 W cm-2 to 

1 × 10-2 W cm-2 compared to devices lacking the CuSCN HTL.99 In the device operation, photo-

generated carriers are separated into electrons and holes, with electrons migrating toward the 

FTO layer and holes moving toward the Au electrode. This directional transport reduces carrier 

recombination and facilitates efficient electrical signal generation. However, the work function 

of the Au electrode lies between the valence band maximum and the conduction band minimum 

of Cs2AgBiBr6. This energy level alignment enables both electrons and holes to flow toward 

the Au electrode, resulting in unwanted carrier recombination and consequent energy losses.  

The work function of the Au electrode lies between the valence band maximum and conduction 

band minimum of Cs2AgBiBr6, enabling both electrons and holes to migrate toward the Au 
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electrode, thereby inducing energy losses through unwanted recombination (Fig. 1.10(e, f)). 

The introduction of a CuSCN HTL significantly enhances device performance by effectively 

blocking electron transport to the Au electrode, while simultaneously facilitating more efficient 

hole collection. 

 

Fig. 1.10: (a) Schematic illustration of the Bi–O interfacial interaction at the interface between 

Cs2AgBiBr6 and the ALD-MOx layer-modified substrate. (b, c) Typical photoresponse curves of PD–

NiOx and PD–Bare devices at their lowest measured irradiation levels. (d) Schematic diagram of a 

photodetector based on Cs2AgBiBr6. (e) and (f) Device energy band diagrams for configurations with 

and without the CuSCN hole transport layer (HTL). Adapted from ref. [97]. 

In 2022, Shen et al. enhanced the performance of Cs2AgBiBr6-based photodetectors by 

incorporating a ZnO/SnO2 double ETL. The device fabrication process comprised five key 

steps. First, a ZnO seed layer was spin-coated onto the fluorine-doped tin oxide (FTO) substrate 

and annealed at 300 °C for 10 minutes; this deposition cycle was repeated three times. Second, 

ZnO nanorods were grown by immersing the FTO substrates in a zinc nitrate hydrate solution 
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for three hours. Third, a SnO2 layer was deposited via spin-coating, followed by annealing at 

150 °C for 30 minutes. Fourth, the Cs2AgBiBr6 absorber layer was deposited using a low-

pressure-assisted technique. Finally, an Au electrode was deposited via thermal evaporation to 

complete the device structure. At a wavelength of 450 nm, the response rate and specific 

detectivity of the SnO2/ZnO double-ETL-based photodetector were 12.7 and 16.5 times higher, 

respectively, compared to devices employing only a ZnO ETL.101 This substantial improvement 

is attributed to the introduction of the SnO2 layer, which reduces interfacial energy losses, 

enhances electron transport and extraction, and effectively mitigates the energy-level mismatch 

between the ZnO ETL and the Cs2AgBiBr6 perovskite absorber.102,103 Additionally, the 

inherently hydrophobic surface of ZnO often hinders the formation of high-quality perovskite 

films.104,105 The incorporation of the SnO2/ZnO double ETL improves interfacial wettability, 

enabling the growth of smooth, pinhole-free perovskite films with superior morphological 

quality.106 An additional strategy to improve photodetection performance is ultraviolet (UV) 

irradiation treatment. In 2022, Yuan et al. applied UV immersion to a series of Cs2AgBiBr6-

based photodetectors with different device architectures. A xenon lamp (365 nm, 250 W) served 

as the UV light source, positioned directly in front of the photodetector samples.107 To mitigate 

potential heating effects from UV exposure, the samples were allowed to equilibrate under 

ambient conditions before subsequent measurements. The results revealed that UV treatment 

significantly enhanced device performance, reducing the response time from 30.1 s to 340 ns 

and increasing the photocurrent from approximately 1.0 × 10-5 A to 1.5 × 10-4 A. To elucidate 

the mechanism underlying the observed performance enhancement, space-charge-limited 

current (SCLC) measurements were performed. The analysis revealed that the defect density 

in UV-treated devices was significantly reduced to 3.33 × 1016 cm-3, compared to 8.97 × 1016 

cm-3 in untreated devices. These results suggest that continuous UV irradiation effectively 

passivates both bulk and interfacial defects in the perovskite layer, thereby improving carrier 

concentration and/or mobility.108–112 Such defect passivation strategies provide a compelling 

pathway for advancing the performance of double perovskite-based photodetectors. 

1.9 Other Applications of Double Perovskites 

Double perovskites have been widely utilized in various other applications, such as light-

emitting diodes (LEDs)113,114 and artificial synapses115,116. LED applications of double 

perovskites are limited due to the indirect band gap nature of these materials. However, the use 

of vacancy-ordered double perovskites resolves this issue. It is reported that vacancy-ordered 

perovskites (A2M4+X6) exhibit high photoluminescence quantum yield (PLQY) and much 
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higher stability than lead-based perovskites.117 It was observed that 2.75% Bi doping exhibits 

the highest PLQY compared to other lead-free perovskite materials, which is 78.9%. To 

demonstrate the potential application of Bi-doped Cs2SnCl6 perovskites in solid-state lighting, 

a W-LED was fabricated by combining Cs2SnCl6:2.75%Bi, which exhibits blue emission, with 

yellow phosphors—namely Ba2Sr2SiO4:Eu2+ and GaAlSiN3:Eu2+. The blue-emitting 

perovskite and yellow phosphors were mixed with a curable resin, applied onto a commercially 

available 365 nm LED chip, and subsequently cured to form a uniform composite layer.  

 

Fig. 1.11: (a) Electroluminescent spectra from Cs2SnCl6:2.75%Bi-based LEDs with warm white 

emission. (b) CIE colour coordinates corresponding to the white-LED device and (inset) photo of 

operating LED. (c, d) EL spectra and CIE chromaticity diagram of Rb2KAlF6:Mn4+ (LED1), 

Cs2KAlF6:Mn4+ (LED2), and Cs2RbAlF6:Mn4+ (LED3), respectively. (e) Schematic illustration of 

biological neurons and Cs2AgBiBr6-based synaptic device. (f) The potentiation and depression 

mimicking behaviour of the device triggered by 50 positive and negative pulses, respectively. (g) 

Conductance evolution of potentiation and depression in 7 continuous cycles. Adapted from ref. [117], 

[118], and [119]. 

The electroluminescent (EL) spectrum of the fabricated W-LED, shown in Fig. 1.11(a), 

exhibits a broad and balanced emission across the visible range. The CIE chromaticity 

coordinates of the device were determined to be (0.36, 0.37), corresponding to a warm white 
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light with a correlated colour temperature (CCT) of 4486 K, as illustrated in Fig. 1.11(b). The 

inset image displays the operational LED device, which emitted bright white light under UV 

excitation. Additionally, Deng et. al. tailored the PL stability in A2BAlF6:Mn4+ double 

perovskites (A= Rb, Cs; B= K, Rb) via neighbouring-cation modulation. To regulate the 

structural rigidity and PL stability of Mn4+-doped double perovskite phosphors, the study 

introduced the innovative concept of “neighbouring-cation modulation,” wherein the A-site 

and B-site cations (Rb/Cs and K/Rb) were selectively substituted. The incorporation of smaller 

A-site or larger B-site cations led to a chemical pressure effect, compressing the [AlF6] 

octahedra, thereby enhancing the crystal field strength and reinforcing the Mn4+–F bonding, 

which collectively resulted in tunable PL emission characteristics.118 Among the synthesized 

compounds, Cs2KAlF6:Mn4+ exhibited excellent moisture resistance, maintaining 65% of its 

initial emission intensity after 72 hours under conditions of 85% relative humidity and 85 °C. 

However, it demonstrated relatively poor thermal stability, retaining only 59.8% emission 

intensity at 423 K. In contrast, Rb2KAlF6:Mn4+ and Cs2RbAlF6:Mn4+ displayed slightly 

reduced moisture tolerance but significantly improved thermal stability, with emission losses 

of merely 3.2% and 27.9%, respectively, at 423 K. Fig. 1.11(c, d) shows the EL spectra and 

CIE chromaticity diagram of the warm W-LEDs. These findings indicate that while water 

resistance primarily depends on the structural stability of the host matrix, the thermal stability 

is strongly correlated with the rigidity of the Mn⁴⁺ coordination environment. Furthermore, 

these optimized phosphors were successfully employed as red-emitting components in the 

fabrication of warm W-LEDs, demonstrating their practical potential for high-efficiency and 

thermally stable solid-state lighting applications.  

A double perovskite Cs2AgBiBr6 thin film with a vertical Ag/PMMA/Cs2AgBiBr6/ITO 

structure was utilized to demonstrate an artificial synapse.119 The device effectively exhibited 

typical synaptic behaviours, where the bipolar I–V response and synaptic simulation originated 

from the formation and rupture of conductive filaments in the Cs2AgBiBr6 layer due to Br⁻ and 

Ag⁺ ion migration. The synaptic device also showed excellent environmental stability, 

maintaining consistent performance after 20 days of exposure. Based on LTP/LTD 

experimental data using the MNIST handwritten digit dataset, the device achieved a 

recognition accuracy of 91.3%, confirming its reliable synaptic functionality. Learning and 

memory rely on biological synapses, which serve as the pathways for information transmission 

between neurons.119 A biological synapse consists of a pre-synaptic neuron, a post-synaptic 

neuron, and a synaptic cleft (Fig. 1.11(e)). In the present system, the top Ag electrode, the 
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PMMA/Cs2AgBiBr6 layers, and the grounded bottom ITO glass electrode correspond to the 

pre-synaptic neuron, synaptic cleft, and post-synaptic neuron, respectively (Fig. 1.11(e)). To 

evaluate tunable synaptic plasticity, the device was subjected to 50 consecutive positive voltage 

pulses (+0.5 V, 300 ms) for potentiation and 50 consecutive negative voltage pulses (−0.5 V, 

300 ms) for depression (Fig. 1.11(f)). The application of positive pulses increased the excitatory 

postsynaptic current (EPSC), while negative pulses led to its reduction. These behaviours are 

analogous to the LTP and LTD characteristics of biological synapses. The conductance values, 

measured at 0.1 V over seven consecutive cycles of potentiation and depression, are presented 

in Fig. 1.11(g), clearly demonstrating the excellent reproducibility and stability of the device’s 

response to repeated voltage pulse stimuli. 

1.10 Challenges in Fabrication and Application of Double Perovskites 

The widespread application of Cs2AgBiBr6 double perovskites is hindered by several 

interconnected challenges in their synthesis and processing. A major limitation arises from the 

poor solubility of precursor salts in conventional solvents, which complicates the fabrication 

of homogeneous, phase-pure thin films. Large-scale production is further constrained by the 

need for specialized solvents—such as hot dimethyl sulfoxide (DMSO)—and high annealing 

temperatures, typically exceeding 250 °C. Additionally, the material often exhibits high defect 

densities, originating both from extrinsic impurities introduced during fabrication and from 

intrinsic structural characteristics, such as antisite disorder between Ag and Bi cations. These 

structural imperfections critically impair device performance by inducing short carrier 

diffusion lengths and elevated non-radiative recombination rates. Achieving precise control 

over film morphology remains a significant challenge; while dense, high-quality crystalline 

structures are essential for optimal optoelectronic properties, conventional fabrication 

approaches often yield incomplete phase conversion and pronounced grain boundary 

formation. Furthermore, the intrinsically wide indirect bandgap of Cs2AgBiBr6 (1.9–2.2 eV) 

limits its light-harvesting efficiency in photovoltaic applications. Although alloying and doping 

strategies offer potential pathways to enhance carrier mobility and tailor the bandgap, their 

successful implementation demands meticulous process optimization and precise 

compositional control. Despite exhibiting excellent stability against moisture, heat, and light, 

along with non-toxicity, Cs2AgBiBr6 suffers from limited light absorption and suboptimal 

charge transport, resulting in substantially lower power conversion efficiencies in solar cells 

compared to lead-based perovskites. While its high atomic number renders it a promising 

candidate for X-ray detection, its sensitivity remains inferior to that of lead-containing 
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materials, underscoring the need for further device optimization. Realizing the full potential of 

this stable and environmentally benign perovskite will depend on progress in defect 

passivation, interface engineering, innovative fabrication techniques, and the design of 

advanced device architectures. 

1.11 Focus of the Present Thesis 

Although substantial progress has been made in the fabrication and application of lead-free 

Cs2AgBiBr6 double perovskites, several challenges remain. These include the development of 

high-quality thin films, the design of heterostructures with other materials to enhance light 

absorption, and the exploration of their potential for surface-enhanced Raman spectroscopy 

(SERS). In this thesis, we have focused on the controlled growth of Cs2AgBiBr6 double 

perovskites in diverse morphologies—from single crystals to nanoflakes—and explored their 

functional applications. 

The main objectives of the present work are: 

• Optimization of Cs2AgBiBr6 thin film growth via chemical vapor deposition (CVD), 

including investigation of phase transitions at elevated growth temperatures and 

evaluation of the device’s fast photoresponse. 

• Determination of the ultra-low thermal conductivity of Cs2AgBiBr6 using low-

temperature and power-dependent Raman spectroscopy. 

• Fabrication and characterization of a solvent-free, in situ Cs2AgBiBr6/WS2 nanosheet 

heterostructure, aimed at improving the specific responsivity and detectivity of the 

Cs2AgBiBr6/WS2-based photodetector. 

• Investigation of the SERS mechanism in Cs2AgBiBr6 nanoflakes for the detection of 

trace organic pollutants. 

• Development of an all-inorganic, lead-free Cs2AgBiBr6/Cs3Bi2I9 3D/0D heterostructure 

for enhanced photodetection performance. 

1.12 Organization of the Thesis 

This thesis is systematically organized into six chapters, each addressing a critical aspect of the 

design, synthesis, characterization, and application of lead-free Cs2AgBiBr6 double perovskites 

and their heterostructures for advanced optoelectronic and photonic devices. 

Chapter 1 provides a comprehensive overview of growth techniques employed for 

Cs2AgBiBr6 double perovskites and related halide materials. It discusses in detail their crystal 
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chemistry, electronic band structures, and optical properties, along with strategies for bandgap 

tuning through compositional and dimensional modifications. The chapter also reviews recent 

research developments in the field, highlighting the growing significance of lead-free double 

perovskites as sustainable alternatives to lead-based systems. Furthermore, it outlines their 

potential applications in photodetectors, light-emitting diodes (LEDs), solar cells, and X-ray 

detectors, establishing the motivation and scope of the present work. 

Chapter 2 focuses on the growth mechanism and structural optimization of high-quality 

Cs2AgBiBr6 thin films. It details the chemical vapor deposition (CVD) process parameters and 

the role of substrate temperature in achieving phase-pure and uniform thin films. Using low-

temperature and power-dependent Raman spectroscopy, the ultralow thermal conductivity of 

these films is quantitatively analyzed, revealing their phonon transport characteristics. The 

optimized films are subsequently integrated into planar photodetector devices, which 

demonstrate rapid photoresponse, low dark current, and excellent operational stability, 

underscoring their potential for practical optoelectronic applications. 

Chapter 3 presents a surfactant- and solvent-free mechanochemical synthesis approach for the 

fabrication of Cs2AgBiBr6/WS2 heterostructures. The chapter investigates their structural 

integrity, interfacial coupling, and enhanced ultraviolet photodetection performance. The 

synergistic combination of the perovskite’s strong absorption and WS2’s high carrier mobility 

is shown to significantly improve responsivity, detectivity, and response speed. These findings 

highlight the importance of perovskite-2D material hybridization in tailoring interfacial charge 

dynamics for high-performance photodetectors. 

Chapter 4 explores the space-confined growth of Cs2AgBiBr6 nanoflakes and their application 

in the surface-enhanced Raman scattering (SERS) detection of trace organic pollutants. 

Through systematic experimental and density functional theory (DFT) analyses, the study 

elucidates the chemical enhancement mechanism driven by self-trapped excitons (STEs) and 

interfacial charge transfer between the analyte molecules and the perovskite surface. The 

results establish Cs2AgBiBr6 as a robust and reusable SERS substrate, combining high 

sensitivity with environmental stability. 

Chapter 5 discusses the growth of Cs2AgBiBr6 single crystals and Cs3Bi2I9 nanocrystals, 

followed by the fabrication of a heterojunction photodetector based on these materials. The 

heterostructure exhibits type-II band alignment, enabling efficient carrier separation and drift-

assisted charge transport across the interface. The resulting Au/Cs2AgBiBr6 SC/Cs3Bi2I9 
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NC/Au device demonstrates enhanced photoresponsivity, high specific detectivity, and fast 

temporal response, confirming the effectiveness of the heterojunction design for broad-

spectrum photodetection. 

Chapter 6 summarizes the major findings and scientific contributions of the research, 

highlighting the interplay between material design, structural modulation, and device 

functionality. It also outlines the future perspectives of this work, including the integration of 

Cs2AgBiBr6-based materials into large-area optoelectronic systems, neuromorphic devices, 

and sustainable energy technologies. The chapter concludes by emphasizing the broader impact 

of this study in advancing the field of lead-free double perovskites, paving the way for 

environmentally benign, stable, and multifunctional materials for next-generation electronic 

and photonic applications. 
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Chapter 2  Chemical Vapor Deposition Growth of Highly Stable 

Cs2AgBiBr6 Double Perovskite Thin Films and Their Ultralow Thermal 

Conductivity and Fast Photoresponse 

The lead-free double perovskite Cs2AgBiBr6 is a promising alternative to toxic lead-based 

perovskites due to its high stability and excellent optoelectronic properties. We report the direct 

growth of uniform, highly crystalline Cs2AgBiBr6 thin films via chemical vapor deposition 

(CVD). Structural and compositional uniformity was confirmed by XRD, Raman, and XPS 

analyses, while temperature- and power-dependent Raman studies revealed a temperature 

coefficient of −0.01431 ± 0.0039 cm-1K-1 and thermal conductivity of ∼1.97 ± 0.48 W/m-K. The 

films, when integrated into a self-powered planar photodetector, exhibited ultrafast response 

times of ∼170/177 μs, surpassing previously reported Cs2AgBiBr6 devices. These results 

highlight CVD-grown Cs2AgBiBr6 as a highly stable and efficient candidate for next-generation 

lead-free optoelectronic applications. 

2.1 Introduction 

In recent years, the perovskite family of materials has garnered considerable attention for its 

optoelectronic applications. In less than a decade, lead-based perovskite solar cells (PSCs) have 

achieved > 25% power conversion efficiencies (PCEs) for planar solar cells and more than 

32.5% PCE for monolithic tandem solar cells1. Besides solar cells, lead-based perovskites also 

show excellent potential for other optoelectronic applications like light-emitting diodes 

(LEDs)2,3, photodetectors [PDs]4–7, X-ray detectors8,9, etc. However, various practical 

challenges hinder the commercialization of lead-based perovskite devices. Further, the 

pronounced toxicity of lead and poor stability of lead-based devices create issues for practical 

applications. Therefore, the search for lead-free perovskites has become a prime goal for 

researchers worldwide. Various combinations of Tin (Sn2+), Silver (Ag+), and Bismuth (Bi) 

based perovskites have been attempted to replace lead (Pb2+). Nevertheless, due to the facile 

oxidation of Sn2+ to Sn4+ in air, its feasibility for photovoltaic applications has been 

hindered10,11. Bi3+ is a promising substitute due to its non-toxicity and isoelectronic nature with 

Pb2+, but the charge inequality and resulting low-dimensional structures are less feasible for 

optoelectronic applications than their Pb2+-based counterparts12-16. 

Among the DPs, Cs2AgBiBr6 has shown great potential, both theoretically and experimentally, 

towards optoelectronic applications owing to its exceptional properties of non-toxicity, 

environmental stability, long carrier lifetime (of the order of hundreds of nanoseconds), long 
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diffusion lengths, and high carrier mobility17–19. However, synthesizing the highly pure and 

crystalline thin film of these perovskites is challenging for optoelectronic applications. Because 

of low precursor solubility and the quaternary nature of this double perovskite, it is much more 

complex to synthesize this material than Pb-based perovskites. Solution processing and vapor 

deposition are the most widely used synthesis approaches for double perovskite thin films. 

Solution-aided synthesis routes widely use one- or two-step spin coating processes. Greul et al. 

developed mesostructured Cs2AgBiBr6 solar cells using a straightforward one-step spin coating 

technique.20 Bismuth bromide (BiBr3), silver bromide (AgBr), and cesium bromide (CsBr) 

precursors were simply spin-coated on the porous TiO2 to create the absorber layer. The surface 

morphology of the resulting Cs2AgBiBr6 films seemed to be poor, with significant roughness 

and defect density.20 In particular, pinhole defect-containing perovskite films resulted in direct 

contact between electron and hole transport layers, causing losses due to photogenerated carrier 

recombination. This is primarily because the solution-processed perovskite films are extremely 

sensitive to several conditions, including annealing temperature, solution concentration, 

precursor composition, and solvent choice.21 By using anti-solvent and low-pressure assisted 

techniques, Gao et al. and Wu et al. obtained flat Cs2AgBiBr6 films. However, the low solubility 

(less than 0.6 mol/L) of DP precursors in typical solvents restricts the preparation of high-

quality films as well as their commercial applications.22,23 Furthermore, Cs2AgBiBr6 solar cells 

were made by successive vapor deposition by Wang et al.24 However, ensuring the sequential 

evaporation of AgBr, BiBr3, and CsBr powders under high vacuum and determining their 

suitable composition ratio posed complications. The composition ratios of the as-prepared 

Cs2AgBiBr6 films deviated significantly from the ideal stoichiometry, which proved 

detrimental to the fabrication of high-efficiency solar cells.24 Thus, we believe that chemical 

vapor deposition (CVD) would be the alternative solution to the challenges faced in solution-

processed synthesis techniques. To our knowledge, there is no report on the CVD growth of 

DP thin films with large grain size and high stability, despite their crucial application in cutting-

edge areas of optoelectronics. 

Additionally, the thermal conductivity of materials has a direct impact on the performance of 

electronic systems. It is a unique tool for interpreting complex systems and planning heat 

transfer in a wide range of technical applications. Thermal wall coverings, thermoelectric 

energy harvesting, and solid-state cooling are just a few of the applications that need materials 

with extremely low thermal conductivity.25 Likewise, a material with excellent thermal 

conductivity may disperse heat quickly, preventing gadget damage.26 Owing to their lattice 
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dynamical instability and extraordinarily high anharmonicity, Pb-free halide DP is predicted to 

have ultralow thermal conductivity, which is important for thermoelectric applications.27,28 

Klarbring et al. reported an ultralow thermal conductivity of ~0.33 W/(m-K) for Cs2AgBiBr6 

DP29, and Haque et al. predicted an ultralow lattice thermal conductivity of 0.0065 W/m-K at 

300 K for Cs2BiAgCl6, attributed to its low phonon group velocity and large phonon 

scattering.30 However, to the best of our knowledge, there are no reports that have proved these 

theoretical estimations experimentally. Biswas et al. reported a low lattice thermal conductivity 

of 0.37-0.22 W/m-K in various halide perovskites.31–33 Sajjad et al. predicted ultra-low thermal 

conductivity (0.15 W/m-K at 300 K) of Cs2PtI6 double perovskite.34 Raman spectroscopy is a 

non-destructive method that allows us to understand the electron-phonon and phonon-phonon 

interactions in complex and highly anharmonic systems such as Cs2AgBiBr6 DPs, and is a 

powerful tool to determine attributes like thermal conductivity of these systems.  

Here, we have successfully synthesized a highly crystalline and smooth thin film of 

Cs2AgBiBr6 DP by a CVD method on different substrates, Silicon (Si), quartz, and Silicon 

dioxide (SiO2). We observed high-quality film growth on SiO2 substrates with minimal pinhole 

defects and minimum film roughness. We discuss the growth mechanism of the DP film with 

the help of controlled experiments on the intermediate products. By analyzing the low 

temperature and power-dependent Raman spectra, we have measured a low thermal 

conductivity of ~1.97 W/(m-K) for lead-free Cs2AgBiBr6 DP thin film for the first time. High-

temperature Raman study is utilized to understand the thermal stability of the Cs2AgBiBr6 DP 

thin film, which is stable up to 220 °C. X-ray diffraction pattern confirmed the phase stability 

of Cs2AgBiBr6 DP thin film for more than three months. We utilized the as-grown Cs2AgBiBr6 

film on a SiO2 substrate to fabricate a photodetector that exhibited a fast photoresponse of 

~170/177 µs, which is far improved as compared to previously reported Cs2AgBiBr6-based 

photodetectors. Furthermore, the device exhibited photoconduction at zero bias as well, making 

it self-powered in nature. Note that no charge-transporting layer was used in the Cs2AgBiBr6 

photodetector device reported here. 

2.2 Experimental Details 

2.2.1 Chemicals 

Cesium bromide (CsBr, 99.99%, Sigma Aldrich), silver bromide (AgBr, 99.99%, Sigma 

Aldrich), bismuth bromide (BiBr3, >99%, Alfa Asar), and toluene (>99%, Merck) were used 

for the synthesis of Cs2AgBiBr6 DP thin film without any further purification. 
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2.2.2 Seed Layer Preparation 

0.125 mmol of bismuth bromide was dissolved in 5mL of toluene at 75°C for 15 minutes with 

continuous stirring at 800 rpm. All the substrates (SiO2, quartz, and Si) were cleaned by bath 

ultrasonication in acetone and propanol for 30 minutes, followed by nitrogen treatment, and 

dried for 20 minutes at 90°C. Then, 30 µL of the BiBr3 solution was drop-cast on each substrate 

and dried for 10 minutes at 75°C. All substrates were then transferred to the furnace for the 

CVD process. The schematic illustration of seed layer preparation is shown in Fig. 2.1(a). 

 

Fig. 2.1: (a) Schematic illustration of the preparation of the BiBr3 seed layer. (b) Chemical vapor 

deposition setup used for the deposition of the Cs2AgBiBr6 DP thin film. 

2.2.3 CVD Deposition of Cs2AgBiBr6 DP Thin Film 

We used a homemade CVD system consisting of a two-zone muffle furnace and controlled gas 

flow to grow Cs2AgBiBr6 DP thin film. A mixture of 0.5 mmol of CsBr and 0.25 mmol of AgBr 

was placed in a quartz boat and heated to 800°C in zone 1 within a 2-inch quartz tube. The 

substrates were kept downstream in the second zone at a distance of 23 cm from the source 

materials (Fig. 2.1(b)). The detailed temperature profile and growth parameters for Zone 1 and 
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Zone 2 are shown in Fig. 2.2. At first, 200 sccm Ar was purged into the quartz tube for 20 

minutes to remove any gaseous residues or surface-adsorbed impurities. Subsequently, a 

constant flow rate of 100 sccm of Ar gas was maintained throughout the experiment. A ramping 

rate of 17°/minute was set for the first zone. The growth time and substrate temperature for 

deposition were optimized to be 30 minutes and 130°C, respectively. After deposition, the 

system was allowed to cool down naturally. We successfully synthesized high-quality 

Cs2AgBiBr6 DP thin film on various substrates following this procedure. 

 

Fig. 2.2: Growth parameters and temperature profile of zone-1 and zone-2 of the CVD system for the 

growth of Cs2AgBiBr6 DP thin film. 

2.3. Measurement and Characterizations 

X-ray diffraction (XRD) (Rigaku RINT 2500 TTRAX-III, Cu K radiation) has been used to 

determine the crystal structure of the Cs2AgBiBr6 DP thin film. By using high-resolution micro-

Raman spectroscopy (LabRam HR800, Jobin Yvon) with an excitation wavelength (λex) of 532 

nm (Ar ion laser), the crystalline phase of the Cs2AgBiBr6 DP thin film has been investigated. 

The laser was focused with a 100x objective lens to a spot size of 1 µm, and an excitation 

power of 140 µW was used. The generated signal was then collected by a charge-coupled 

device (CCD) in a backscattering geometry and transmitted through a multimode fibre grating 

with 1800-mm-1 grooves. Raman spectra were acquired for a fixed constant acquisition time. 

A field emission scanning electron microscope (FESEM, SIGMA 300, Ziess) running at 200 

kV was used to examine the surface morphology, thickness, and elemental mapping of the as-
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grown Cs2AgBiBr6 DP thin film. The average film roughness of the Cs2AgBiBr6 DP thin film 

was studied using atomic force microscopy (AFM) (Cypher, Oxford Instruments). To 

investigate the chemical composition, X-ray photoelectron spectroscopy (XPS) measurements 

were carried out using a PHI 5000 VersaProbe III photoelectron spectrometer (ULVAC-PHI, 

INC.) with an Al Kα X-ray beam (1486.6 eV) at a beam current of 20 mA. The absorption 

spectra in the UV-Vis range were recorded using a PerkinElmer Lambda 950 commercial 

spectrometer. Additionally, the steady-state photoluminescence spectra were recorded at room 

temperature utilizing a Horiba Jobin Yvon Fluromax-4 commercial fluorimeter with a 405 nm 

excitation laser source. Time-resolved PL measurements were carried out at room temperature 

using a 405 nm pulsed laser excitation source with <50 ps instrument response time (Lifespec 

II, Edinburgh Instruments). The temperature-dependent Raman spectra were acquired using 

liquid nitrogen as the coolant and a temperature stage with a remote operating span of 50x 

objective. By using different powers of a 532 nm laser power source and a 50x objective with 

NA = 0.9, power-dependent Raman spectra were obtained at ambient temperature. The I-V 

measurements and photoresponse of the device were measured using a homemade setup with 

a source meter (Keithley 2400, Germany), a Xenon lamp with a monochromator (Newport, 

USA), and a probe station (Ecopia, S. Korea). All the measurements were done in an ambient 

environment (without a glovebox) with relatively high humidity. 

2.4 Results and discussion 

2.4.1 Growth Mechanism of Cs2AgBiBr6 DP Thin Film 

CVD is a relatively new yet versatile technique for producing high-quality, uniform two-

dimensional crystalline films. Characteristics such as growth temperature, carrier gas, 

precursors, and substrate position play a dynamic role in film growth. We synthesized highly 

crystalline Cs2AgBiBr6 DP thin films on different substrates by varying the substrate 

temperature and keeping all other parameters constant. We used a two-step approach to deposit 

the Cs2AgBiBr6 DP thin film: (i) the creation of a BiBr3 seed layer on the growth substrates, 

aiding nucleation, and (ii) chemical reaction of the seed layer with CsBr and AgBr for the 

growth of the Cs2AgBiBr6 DP thin film. The XRD pattern of the BiBr3 seed layer drop-cast on 

the SiO2 substrate is collected and shown in Fig. 2.3(a) to understand the growth mechanism. 

The obtained diffraction pattern matches the standard diffraction pattern of BiBr3 (JCPDS: 01-

083-1427). The quality of the Cs2AgBiBr6 DP thin film depends upon the quality of the seed 

layer, as this is the primary source of the Bi content and nucleation. We have obtained very 
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large grains of BiBr3, as confirmed by the FESEM image in Fig. 2.3(b), which will act as the 

nucleation sites for the growth of high-quality Cs2AgBiBr6 DP thin film with larger grain size. 

Note that the larger grain size particles of the seed layers are not compact, but at the time of 

growth, the higher substrate temperature helps in the formation of a highly compact 

Cs2AgBiBr6 DP thin film. The AFM image estimated the thickness of the seed layer as ~55 nm 

(Fig. 2.3(c)), which is kept constant for all further experiments.  

 

Fig. 2.3: (a) XRD pattern of BiBr3 seed layer drop cast on SiO2 substrate (above) and JCPDS data 

(below). (b) Top view FESEM image of BiBr3 seed layer. (c) AFM image of the BiBr3 layer. The inset 

image shows the height profile of the seed layer. (d) XRD pattern of the intermediate phase formed 

without the seed layer, confirming the formation of the Cs2AgBr3 phase. 

There are four possible pathways for the nucleation, followed by the reaction of the precursors: 

(i) Independent evaporation of CsBr and AgBr and reaction with the BiBr3 layer to form 

Cs2AgBiBr6 DP. (ii) Primary evaporation of AgBr owing to its low melting point (~430 °C) 

and formation of AgBiBr4, followed by further reaction with CsBr to form Cs2AgBiBr6 DP. (iii-

iv) Simultaneous evaporation of AgBr and CsBr leading to the formation of the Cs2AgBr3 

and/or CsAgBr2 phases, which can then react with AgBr and Cs3Bi2Br9 to form Cs2AgBiBr6 

DP. The chemical reactions for the above different pathways are as follows: 

Pathway 1:   2CsBr + AgBr + BiBr3 → Cs2AgBiBr6                                                           (2.1) 

Pathway 2:   2CsBr + AgBiBr4 → Cs2AgBiBr6                                      (2.2) 

Pathway 3:   2CsBr + AgBr → Cs2AgBr3 
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                    3CsBr + 2BiBr3 → Cs3Bi2Br9 

           Cs2AgBr3 + 3AgBr + 2Cs3Bi2Br9 → 4Cs2AgBiBr6                                              (2.3) 

Pathway 4:  CsBr + AgBr → CsAgBr2 

               CsAgBr2 + 2AgBr + 2Cs3Bi2Br9 → 4Cs2AgBiBr6                                                (2.4) 

As a mixture of CsBr and AgBr was used, the possibility of reaction pathways (3) and (4) is 

assumed to be higher than (1) or (2). The enthalpy of the formation of Cs2AgBr3 is more 

negative than the enthalpy of the formation of CsAgBr2
35. To further confirm the growth 

reaction, we monitored the intermediate growth phases by evaporating CsBr and AgBr together 

on a bare SiO2 substrate (without the seed layer), keeping all the parameters unchanged. The 

XRD pattern confirmed the formation of the Cs2AgBr3 phase, as shown in Fig. 2.3(d), which 

matches well with the JCPDS data shown in Figure S2. It may be noted that some of the peaks 

of the Cs2AgBr3 phase coincide with the peaks of CsAgBr2, and the corresponding peak 

intensities are higher. Due to the larger number of peaks for Cs2AgBr3 in the XRD pattern, we 

believe that equation (3) is more probable than equation (4) in our experiment. Thus, the 

formation of Cs2AgBiBr6 film primarily follows the equation (3). As there is no seed layer over 

the substrate, most of the precursors reacted together to form the Cs2AgBr3 phase. However, a 

few peaks of unreacted CsBr were also observed in the XRD pattern (Fig. 2.3(d)), which further 

confirms that pathway (3) is mainly responsible for the growth of Cs2AgBiBr6 DP thin film. 

We have carried out the growth of Cs2AgBiBr6 DP thin film using three different substrate 

temperatures: 130 °C, 150 °C, and 180 °C. The ramping rate of the second zone is adjusted 

such that the growth temperature is attained in 15 minutes. Further analysis of temperature and 

substrate-dependent growth is discussed in later sections.  

2.4.2 Structural and Crystalline Properties of Cs2AgBiBr6 DP Thin Film 

2.4.2.1 XRD Analysis:  

Cs2AgBiBr6 DP has a fundamental perovskite structure of a 3D framework with a corner-

sharing octahedral, as depicted in Fig. 2.4. Ag and Bi alternately occupy the centers of the 

octahedron in all three directions, whereas Cs+ occupies the middle position of the 

cuboctahedral cavity. XRD measurements were carried out to study the phase purity of the 

Cs2AgBiBr6 thin film. Fig. 2.5(a) displays the indexed XRD patterns of our films, which 

demonstrate the formation of a pure DP phase for a 130 °C substrate temperature.  
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Fig. 2.4: Cubic crystal structure of Cs2AgBiBr6 DP. 

 

Fig. 2.5: (a) XRD pattern of Cs2AgBiBr6 DP powder and thin film over Si, quartz, and SiO2 substrates. 

(b,d) The substrate-dependent shift in the 2 of (004) peak in Cs2AgBiBr6 DP with respect to the powder 

sample. (c)  The variation of FWHM of the (004) peak of Cs2AgBiBr6 DP powder and thin film 

deposited on different substrates, and (e) the corresponding compressive strain of Cs2AgBiBr6 DP thin 

film deposited on different substrates. 

The lattice constant of the Cs2AgBiBr6 DP is around 11.25 Å with space group Fm3̅m, 

revealing a cubic structure. The diffraction peaks situated at 13.6, 15.7, 22.3, 27.4, 31.8, 35.6, 

39.2, and 45.5° correspond to (111), (002), (022), (222), (004), (024), (244), and (044) planes 

of Cs2AgBiBr6 DP phase, respectively.22 We have recorded the XRD patterns for samples 

grown at 150 and 180 °C substrate temperatures, as shown in Fig. 2.6(a).  
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Fig. 2.6: (a) XRD pattern of Cs2AgBiBr6 DP thin film on SiO2 substrate for growth temperatures 130°C, 

150°C, and 180°C, respectively. Symbol ♣ indicated the peak positions corresponding to the secondary 

phase Cs3Bi2Br9. (b) Comparison of the (222) peak for different substrate temperatures. A downshift in 

the XRD peak position at higher temperatures is obvious. 

We have observed some extra diffraction peaks at 18.1° and 44.5°, which are attributed to the 

most common secondary phase of DP, Cs3Bi2Br9.36 Furthermore, we observed that there is a 

clear shift in the peak positions corresponding to (222) and (224) planes, indicating the 

formation of Cs3Bi2Br9 at higher substrate temperatures (Fig. 2.6(b)).36 These peaks matched 

well with standard JCPDS data (JCPDS:  00-044-0714) (Fig. 2.7). Rodkey et al. observed 

similar growth at low pressure and high substrate temperatures.37  The group reported the 

migration of Ag particles on the surface of the thin film at high substrate temperatures. Due to 

the use of relatively high temperatures during the growth, there is a possibility of migration of 

Ag atoms from the film lattice to the surface, which may favor the formation of the secondary 

phase. We believe this leads to a resultant vacancy of Ag atoms in the film lattice, which might 

act as a catalyst for the phase change of Cs2AgBiBr6 DP to Cs3Bi2Br9. Fig. 2.5(a) shows the 

XRD patterns of Cs2AgBiBr6 DP powder and thin films deposited on Si, quartz, and SiO2 

substrates. The XRD patterns confirmed highly crystalline growth over all substrates. However, 

the film deposited on the Si substrate shows some peaks of the secondary phase as well. These 

peaks are associated with the secondary phase Cs3Bi2Br9, as confirmed by the JCPDs file in 
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Fig. 2.7. Since Si is a better thermal conductor than SiO2 or quartz, secondary phases may be 

forming on the Si substrate due to higher heat flow. 

 

Fig. 2.7: XRD pattern of Cs3Bi2Br9 DP deposited at a substrate temperature of 180 ºC and the 

corresponding JCPDS data. 

Perovskites typically have two distinct sources of strain: local lattice strain and external 

condition-induced strain. Local lattice strain is mainly caused by the ionic size mismatch or 

local lattice mismatch38. The external factor-induced strain arises primarily from two types of 

mismatches: the lattice mismatch between the perovskite and substrate, categorized as biaxial 

strain39, and the thermal expansion mismatch40. Perovskites usually possess high thermal 

expansion coefficients (α) in the range of 3.3 to 8.4×10-5 K-1.41 A significant difference in α 

between the perovskite film and the growth substrate, thus, leads to thermally induced strain in 

perovskite films. In particular, a perovskite film grown at a high temperature would compress 

as it cooled down to room temperature because of the positive thermal expansion coefficient. 

Moreover, to obtain a high-quality Cs2AgBiBr6 thin film, we need to anneal the film at 

temperatures of around 250 °C.21 Therefore, during the growth or annealing process, the 

contact made between the perovskite and a growth substrate with a lower α prevents the 

perovskite from contracting naturally when it cools back to room temperature, causing tensile 

strain in the in-plane direction. Simultaneously, there is a compressive strain in the out-of-plane 

direction.  

The strain calculations for different substrates are discussed below.  
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𝜀 =  
(𝑑𝑝𝑜𝑤𝑑𝑒𝑟(004) −  𝑑𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑(004))

𝑑𝑝𝑜𝑤𝑑𝑒𝑟(004)
 

Where 𝑑𝑠𝑡𝑟𝑎𝑖𝑛𝑒𝑑(004) and 𝑑𝑝𝑜𝑤𝑑𝑒𝑟(004) are the plane spacing of the (004) plane of Cs2AgBiBr6 

DP thin film with or without strain, respectively. Then, the corresponding lattice constant was 

calculated.  

𝜀 =
ǀ𝑎′ − 𝑎ǀ

𝑎ʹ
  

Where a is the lattice constant of the (004) plane calculated from the (004) plane diffraction of 

the XRD pattern, and a is the lattice constant calculated from the powder Cs2AgBiBr6 DP. The 

respective strain induced in the perovskite film for different substrates is listed in Table 2.1.  

Table 2.1 Strain calculation of the (004) plane of Cs2AgBiBr6 DP film deposited on different substrates. 

Substrate  aʹ (Å) 

(Powder) 

a (Å) 

(Calculated) 

∆a 

(a-aʹ) 

(Å) 

Strain 

[∆a/aʹ] 

(%) 

Strain type 

Si 11.2710 11.2702 -0.0008 -0.007 compressive 

SiO2 11.2710 11.2468 -0.0242 -0.214 compressive 

quartz 11.2710 11.2588 -0.0122 -0.108 compressive 

 

As the thermal expansion coefficient of Si is larger than that of quartz and SiO2 substrates, the 

corresponding strain is less in Cs2AgBiBr6 DP thin film over a Si substrate (Fig. 2.5(e), Table 

2.1).  

Table 2.2. XRD peak position and corresponding FWHM of (004) plane of Cs2AgBiBr6 DP film 

deposited on different substrates. 

Substrate 2θ (degree) Std. Error 

(degree) 

FWHM 

(degree) 

Std. Error 

(degree) 

Powder 31.7300 0.002 0.3262 0.006 

Silicon 31.7324 0.003 0.4055 0.005 

SiO2 31.7746 0.002 0.3628 0.006 

Quartz 31.7652 0.002 0.3672 0.004 

 

The corresponding shift in the (004) plane towards a higher angle for the SiO2 substrate further 

confirms the larger compressive strain in the as-grown Cs2AgBiBr6 DP film (see Fig. 2.5(b,d)). 

The dashed line in Fig. 2.5(d) shows the peak position of the strain-free powder DP phase, 

which matches well with the JCPDS: 01-084-9972 data file.  
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Table 2.3 Mean crystallite sizes of Cs2AgBiBr6 DP films for different substrates. 

Substrate 2θ 

(degree) 

Crystallite size 

(nm) 

Average crystallite size 

(nm) 

 

 

Si 

15.7 32  

 

 

36 

22.3 40 

27.3 33 

31.7 38 

39.1 38 

 45.5 36  

 

 

 

Quartz 

15.7 38  

 

 

45 

22.3 43 

27.4 49 

31.8 45 

39.2 49 

 45.5 48  

 

 

SiO2 

15.7 43  

 

 

47 

22.3 42 

27.4 47 

31.8 42 

39.2 67 

 45.5 43  

 

The full width at half maximum (FWHM) measures the film's quality and crystallinity. We 

have extracted the FWHM by fitting all the major diffraction peaks using Gaussian 

deconvolution. We observed that we get the best quality Cs2AgBiBr6 DP thin film over SiO2 

substrate with a minimum FWHM of 0.36° corresponding to (004) plane (Fig. 2.5(c) and Table 

2.1). We calculated the average crystallite size for all substrates using Scherrer’s equation (2.5). 

We have calculated the average crystallite size of Cs2AgBiBr6 DP thin film deposited on Si, 

Quartz, and SiO2 substrates by using Scherrer’s equation, as follows: 
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𝐷 =
𝐾𝜆

𝛽 cos𝜃
                                                                                                                               (2.5) 

Where 𝐷 is the crystallite size and 𝐾 is the Scherrer’s constant. 𝐾 is a variable Scherr’s constant 

that relies on the crystal’s form. For a cubic structure, 𝐾 is 0.94. 𝜆 = 1.5406 Å is the 

wavelength of the X-ray used. 𝜃 is the Bragg angle of the diffraction peak. 𝛽 is the line 

broadening at full-width half maximum (FWHM). We estimated the average crystallite sizes 

of the deposited Cs2AgBiBr6 DP thin films to be ~36 nm, 45 nm, and 47 nm on Si, quartz, and 

SiO2 substrates, respectively (Table 2.3). 

2.4.2.2 Raman Analysis:  

Fig. 2.8(a-c) depicts the micro-Raman spectrum of as-grown DP thin film on Si, quartz, and 

SiO2 substrates, respectively. A laser excitation of 532 nm was used for the measurement. Fig. 

2.9 depicts a pictorial representation of various Raman modes in Cs2AgBiBr6. The primary 

mode (A1g) is a breathing mode in which the six Br atoms move towards and away from the 

central Ag atom. The Eg mode is similar, but with three Br atoms traveling towards and three 

away from the Ag atom at the same time. The T2g
(1) vibrational mode corresponds to the 

vibration of the Cs atoms in addition to Br, whereas, in the case of the T2g
(2) mode, all the atoms 

participate in the vibration. The major Raman modes of the cubic phase have been determined 

to be approximately 73 cm-1, 133 cm-1, and 177 cm-1, and they are Tg (anharmonic breathing) 

and Eg and Ag (both stretching) modes of either (BiBr6)3- or (AgBr6)5- octahedra.36 The Raman 

spectra of thin films at various growth temperatures are shown in Fig. 2.10. We have observed 

a systematic phase change of Cs2AgBiBr6 DP to Cs3Bi2Br9 as the substrate temperature 

increased. These results are in good correlation with our XRD results. The crystal symmetries 

also permit Raman scattering of low-frequency lattice modes of Cs2AgBiBr6 DP, as was 

discovered in elpasolites, in addition to the three characteristic Raman modes of the BiBr6 

octahedra.42,43 We have fitted the Raman spectra for all three substrates with a Lorentzian line 

shape, which reveals the FWHM of the A1g mode as 10.74 cm-1, 10.23 cm-1, and 9.80 cm-1 for 

Si, quartz, and SiO2 substrates, respectively. This suggests that the highly crystalline growth 

of Cs2AgBiBr6 DP is deposited on the SiO2 substrate. Raman shifts of all the modes with 

respective FWHM are tabulated in Table 2.4. The change in vibrational frequency brought 

about by the variation in chemical bond length caused by compressive or tensile strain may be 

easily identified by Raman spectral analysis.  

TH-4013_196121024



Chapter 2 

72 
 

 

Fig. 2.8: (a-c) Raman spectra of Cs2AgBiBr6 DP thin film on different substrates (Si, quartz, and SiO2) 

using a 532 nm laser excitation source. (d) Variation of FWHM and peak shift in the A1g Raman mode 

of double perovskite thin films for different substrates. 

Table 2.4 Raman shifts and corresponding FWHM of all Raman active modes of Cs2AgBiBr6 DP film 

deposited on different substrates. 

 

 

Substrate 

  T2g                    Eg                           A1g 

Raman 

Shift 

(cm-1) 

FWHM 

(cm-1) 

Std. 

Error 

(cm-1) 

Raman 

shift 

(cm-1) 

FWHM 

(cm-1) 

Std. 

Error 

(cm-1) 

Raman 

Shift 

(cm-1) 

FWHM 

(cm-1) 

Std. 

Error 

(cm-1) 

Si 73.5 12.3 0.07 132.2 5.8 0.19 177.1 10.7 0.02 

Quartz 73.3 12.6 0.07 132.7 6.4 0.16 177.3 10.2 0.02 

SiO2 73.4 11.0 0.06 133.4 6.3 0.15 177.5 9.8 0.02 

 

Spectroscopic methods may also be used to identify strain in the case of perovskites since 

various perovskite phases have varying Raman activity. Strain can result in a blue shift of 

Raman modes as well as changes in peak broadening, splitting, and bond stiffness.39 Figure 3d 

shows the variation of Raman peak shift as well as FWHM for different substrates. The blue 

shift in the A1g mode of Cs2AgBiBr6 DP thin film on SiO2 substrate, concerning the Si substrate, 

indicated larger compressive strain in the former case. 

TH-4013_196121024



CVD growth of double perovskite and its ultralow thermal conductivity and fast 
photoresponse  

73 
 

 

Fig. 2.9: Schematic of the Raman active modes of Cs2AgBiBr6 DP. 

 

 

Fig. 2.10: Comparison of the Raman spectra of Cs2AgBiBr6 DP thin film synthesized at different 

substrate temperatures. 

2.4.2.3 XPS Analysis 

X-ray Photoelectron Spectroscopy (XPS) analysis was performed to examine both the 

crystallinity and the elemental composition of the Cs2AgBiBr6 double perovskite (DP) thin 
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films synthesized via the chemical vapor deposition (CVD) technique. XPS is a powerful 

characterization tool that provides insight into the chemical environment and electronic states 

of the constituent elements, thereby enabling a precise evaluation of the film’s phase purity and 

stoichiometry. Fig. 2.11(a) illustrates the wide survey scan obtained from the as-grown 

Cs2AgBiBr6 thin film. This scan clearly reveals the characteristic peaks corresponding to 

cesium (Cs), silver (Ag), bismuth (Bi), and bromine (Br), thus confirming the successful 

incorporation of all the required elements in the expected stoichiometric ratios. Furthermore, 

Fig. 2.11(b–f) depicts the high-resolution core-level spectra of individual elements, including 

C 1s, Cs 3d, Ag 3d, Bi 4f, and Br 3d. These spectra provide detailed information regarding the 

binding energies and electronic states of the constituent atoms, which is essential for 

understanding the film’s chemical composition and bonding nature. The corresponding binding 

energy values for the identified states are summarized in Table 2.5. Notably, the observed peak 

positions align closely with those reported in previously published studies, which serves as 

strong evidence that the film exhibits the correct crystalline phase and chemical configuration. 

This agreement with literature values further validates the high quality and phase purity of the 

Cs2AgBiBr6 double perovskite thin film synthesized through the CVD method. Such 

confirmation is crucial because even minor deviations in chemical states or stoichiometry could 

lead to significant changes in the film’s optoelectronic performance.  

 

Fig. 2.11: (a) Survey scan XPS spectrum of Cs2AgBiBr6 DP thin film deposited on SiO2 substrate. (b-

f) High-resolution XPS spectra with fitting for C, Cs, Ag, Bi, and Br core levels, respectively. 
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Table 2.5. Summary of the binding energies of different elements present in CVD-grown 

Cs2AgBiBr6 DP thin film. 

Elements Binding energy (eV) 

 

Cs 

3d3/2 738.22 

 
3d5/2 724.26 

 

Ag  

3d3/2 373.85 

 
3d5/2 367.85 

 

Bi  

4f5/2 164.46 

 
4f7/2 159.04 

 

Br  

3d3/2 69.28 

 
3d5/2 68.24 

 

2.4.3 Morphology and Compositional Analysis of Cs2AgBiBr6 Thin Film 

The morphology of the as-synthesized Cs2AgBiBr6 DP thin film (substrate temperature~130 

°C) was investigated by FESEM imaging. A highly compact, uniform, and smooth film was 

grown (Fig. 2.12). In the case of higher substrate temperatures, we have observed a non-smooth 

film because of grain agglomeration over the film surface. This is most likely caused by the 

fast crystallization process during CVD growth. The increased substrate temperature enhances 

the nucleation growth of the perovskite film, which results in nucleation at random sites, 

causing fast crystallization and growth of a non-uniform thin film. We believe that this fast 

crystallization process impedes homogeneous crystal growth, leading to agglomerates on the 

film surface. Fig. 2.12(a-c) shows FESEM images of Cs2AgBiBr6 DP thin film on SiO2, Si, 

and quartz substrates, respectively. A dense and smooth film of Cs2AgBiBr6 DP is deposited 

on the SiO2 substrate without any noticeable pinhole defects. The grain size was measured to 

be ~300 nm. The larger grain size of Cs2AgBiBr6 DP is attributed to the larger grain size of the 

seed layer, which acts as a nucleation site for the DP. The inset shows the magnified view of 

Fig. 2.13(a).  In contrast, many pinhole and line defects can be seen clearly on the films over 

Si and quartz substrates, suggesting an inferior film on these substrates.  
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Fig. 2.12: Top-view FESEM image of Cs2AgBiBr6 DP thin film deposited at substrate temperatures (a) 

130, (b) 150, and (c) 180°C. The inset in (a) shows the cross-section FESEM image of the DP film on 

the SiO2 substrate. (d) Magnified image of Cs2AgBiBr6 DP deposited at 130°C substrate temperature. 

  

Fig. 2.13: Top-view FESEM images of Cs2AgBiBr6 films deposited on (a) SiO2, (b) Si, and (c) quartz 

substrates. The inset of (a) shows the magnified view of the film with a large grain size. (d-f) Grain size 

distribution of Cs2AgBiBr6 films deposited on SiO2, Si, and quartz substrates, respectively. (g-i) AFM 

images of Cs2AgBiBr6 films deposited on SiO2, Si, and quartz substrates, respectively. 
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Grain size distribution for all substrates is shown in Fig. 2.13(d-f). The variation in the grain 

size over different substrates can be explained by the hydrophilic or hydrophobic nature of the 

substrate. The slow and fast diffusion of the atoms over the specific substrates can affect the 

nucleation of the film.45 To analyse the surface roughness of Cs2AgBiBr6 DP thin film, AFM 

imaging was carried out. The as-grown Cs2AgBiBr6 shows a minimum root-mean-square 

(RMS) roughness of 21.9 nm on the SiO2 substrate, as shown in Fig. 2.13(g). The film 

roughness that we have acquired by the CVD method is significantly lower than most solution-

processed as well as vapor-deposited thin films of Cs2AgBiBr6 DP.20,46 Films on Si and quartz 

substrates exhibit high surface roughness of ~ 32.4 nm and ~50.4 nm, respectively (Fig. 2.13(h, 

i)). Isolated gaps and pinhole defects cause higher film roughness, as confirmed by the FESEM 

images. The roughness of the substrate itself plays a vital role in the growth of the film, as it 

can affect the nucleation and growth of the thin film during deposition. The roughness can 

influence the distribution of defects in the thin film, which can, in turn, affect its mechanical 

and electrical properties. The roughness of all the substrates is studied using AFM (see Fig. 

2.14). The surface roughness of SiO2, Si, and quartz substrates is 0.96 nm, 1.43 nm, and 1.87 

nm, respectively. We have observed a minimum roughness of the film deposited on the SiO2 

substrate due to the minimum substrate roughness. 

 

Fig. 2.14: (a-c) AFM images of SiO2, Si, and quartz substrates, respectively. The scale of the images 

is 30 × 30 µm. 

Next, energy-dispersive spectroscopy (EDS) measurements were done to look into the 

distribution and chemical composition of the Cs2AgBiBr6 DP thin film deposited on the SiO2 

substrate. The elements Cs, Ag, Bi, and Br were evenly distributed across the chosen region 

(depicted in Fig. 2.15). No other chemical impurities were found in the sample besides the 

known compositions. The incorporated Cs, Ag, Bi, and Br elements have an atomic percentage 

that is very close to the nominal ratio predicted by the stoichiometry of the precursor solutions. 

Fig. 2.15(f) displays the corresponding EDS spectrum with the atomic percentage. However, a 
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small peak near 2 keV emerges, which corresponds to Au from the top coating, which is 

essential for the measurement. 

 

Fig. 2.15: (a) SEM image of Cs2AgBiBr6 film on SiO2 substrate showing the elemental distribution of 

all elements over a large thin film area. (b-e) Elemental mapping of Cs, Br, Bi, and Ag, respectively, is 

present in the film. The scale bar in all images is 250 µm. (f) EDS spectrum of Cs2AgBiBr6 film showing 

the atomic percentage of different elements.  

2.4.4 Optoelectronic Properties of Cs2AgBiBr6 DP Thin Film 

The optical analysis of Cs2AgBiBr6 DP thin film was carried out using steady-state PL and 

absorption spectroscopy. Fig. 2.16(a) displays the absorption spectra of the thin film, exhibiting 

a strong absorption peak at ~422 nm, which is attributed to the Bi direct s-p transition47. 

However, the broad absorption tail indicates the indirect nature of the Cs2AgBiBr6 DP thin film. 

The Tauc plot was employed to determine the optical band gap of the DP thin films on different 

substrates (Fig. 2.17). Considering the indirect nature, we estimated optical band gaps of ~ 2.15 

eV, 2.03 eV, and 1.80 eV for films on quartz, SiO2, and Si substrates (Table 2.6), respectively, 

which are similar to the values reported for the bulk Cs2AgBiBr6 DP thin films.21,22 The strain 

on the perovskite lattice significantly impacts the electronic band structure, particularly the 
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bandgap and the electronic states of the conduction band (CB) and valence band (VB) edges. 

This is because the electronic configuration of the crystal is strongly related to its lattice 

structure.48 Generally, VB appears to be more sensitive to lattice strain than CB in the electrical 

band structure of perovskite materials. Chen et43 showed the dependence of the bandgap on the 

strain induced in the system during growth. In the presence of compressive strain, the bandgap 

decreased in perovskite films, whereas in the presence of tensile strain, the bandgap showed an 

increasing trend. This correlates well with our results.  

 

Fig. 2.16: (a) K-M plot of Cs2AgBiBr6 DP film deposited on different substrates. (b) PL emission 

spectra of Cs2AgBiBr6 DP film deposited on different substrates. (c) The Gaussian fit of the PL emission 

spectrum of Cs2AgBiBr6 film deposited on SiO2 substrate. (d) Time-resolved PL decay profile of 

Cs2AgBiBr6 film deposited on different substrates. 

Indirect bandgap and electron-phonon coupling are considered to be the causes of the relatively 

weak, broad, and Stokes-shifted PL peak of Cs2AgBiBr6 DP at room temperature. The nature 

of the PL emission of Cs2AgBiBr6 is still under debate. A broad red PL emission (typically 

between 600 and 700 nm) is observed at RT (Fig. 2.16(b)). Two PL peaks are revealed when 

deconvoluted with Gaussian fitting (Fig. 2.16(c)). The higher energy peak (Pex) is attributed to 

band edge emission from the indirect bandgap, and the other lower energy emission (Pd) is 
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attributed to defect states in the band structure or self-trapped excitons (STEs).49,50 Several 

studies contend that the PL emission is due to spatially localized color centers, which may 

represent defects or inherent self-trapping of excitons or carriers.51,52 Conversely, Lei et53 

recently it was shown that band-to-band emission is primarily responsible for the PL emission 

of Cs2AgBiBr6 DP. The PL deconvolution parameters are tabulated in Table 2.6.  

 

Fig. 2.17: Tauc plot of Cs2AgBiBr6 DP thin film deposited on Si (blue), quartz (purple), and SiO2 (pink) 

substrates. The respective band gaps are calculated from the extrapolated lines (fitted).  

 

Fig. 2.18: Gaussian fitted PL spectra of Cs2AgBiBr6 DP thin film deposited on (a) quartz, and (b) Si 

substrates. (c) Variation of the intensity ratio of defect to excitonic peak in Cs2AgBiBr6 DP thin film 

deposited on different substrates. (d) Variation of decay components of Cs2AgBiBr6 DP thin film 

deposited on SiO2, Si, and Quartz substrates. 
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To quantify the defects present in Cs2AgBiBr6 DP thin film for different substrates, we have 

calculated the ratio of the intensity of the defect peaks (Id) to the intensity of the excitonic 

emission peak (Iex) (see Fig. 2.18 (a-c)). We observed that the film deposited over the SiO2 

substrate has a minimum Id/Iex ratio, indicating the formation of a high-quality thin film with 

fewer defects. We found that Si creates a less strained sample. However, from FESEM images, 

we have observed a large number of pinholes in the thin film deposited on the Si substrate, 

which can act as the trapping sites for the charge carriers. In contrast, such pinholes are far 

fewer in the case of the SiO2 substrate, leading to fewer trap states and thus relatively lower 

intensity of defect peak contribution. The apparent mismatch of the PL peak position with the 

bandgap data is due to the interference of the defect peak (Pd) with the excitonic peak (Pex). 

Due to the higher contribution of the defect-related peak in the quartz, the mean position of the 

peak is right-shifted in the PL spectra. However, the excitonic peak positions are consistent 

with the bandgap data shown in Table 2.6.  

Table 2.6. Bandgap, excitonic and defect peak positions, and the ratio of the intensities of defect peak 

to excitonic peak (Id/Iex) of Cs2AgBiBr6 DP for different substrates. 

Substrate Eg (eV) Pex (nm) Pd (nm) Id/Iex 

Si 1.80±0.03 595.7 663 0.18 

SiO2 2.03±0.03 598.8 684 0.24 

Quartz 2.15±0.02 603.2 688 0.27 

 

The time-resolved PL measurement was performed to get a deeper understanding of the carrier 

recombination kinetics of the Cs2AgBiBr6 thin films. A bi-exponential fitting was used to fit 

the PL decay curve, as depicted in Fig. 2.16(d). The first and second components are 

recombination lifetimes due to the defect component (τd) and excitonic component (τex), 

respectively. A low concentration of trap states at the surface and/or interior of the Cs2AgBiBr6 

thin films is implied by their comparatively long radiative lifetime54, allowing the 

photodetector to capture and transfer photogenerated carriers. Using time-correlated single-

photon counting (TCSPC), we looked into the PL decay periods of the DP films. The variation 

of τex and τd for different substrates is depicted in Fig. 2.18(d). The fitted parameters are listed 

in Table 2.7, where τ1 and τ2 correspond to τd and τex, respectively. A long carrier lifetime of 

τex~79 ns was observed for Cs2AgBiBr6 DP thin film over the SiO2 substrate, which points 
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towards the growth of a film with negligible defects. The variation of the τd for different 

substrates is essentially due to the involvement of more trap or surface state emissions, which 

concurs with the reported literature.55   

Table 2.7: Details of the fitting parameters of TRPL data of Cs2AgBiBr6 DP film deposited on 

different substrates. 

 

 

 

 

 

The change in the decay time follows the same trend as that of the PL emission due to defect 

states. The increased Id/Iex ratio of Cs2AgBiBr6 DP thin film over quartz substrate indicates 

more trap states, resulting in a shorter decay time. The film deposited by the CVD method 

exhibits extended PL decay periods in the range of hundreds of nanoseconds, suggesting the 

possibility of fabricating a device with superior performance. 

2.4.6 Low-temperature Raman Studies 

2.4.6.1 Spectral Shift 

To examine the variation of the dominant Raman modes with temperature, we carried out a 

low-temperature Raman study of the CVD-grown Cs2AgBiBr6 DP thin film on SiO2 substrate 

over temperatures ranging from 153 K to 294 K. Fig. 2.19(a) displays the temperature-

dependent Raman spectra. At room temperature, all three characteristic Raman modes are 

apparent: 𝑇2𝑔 ~74 cm-1, 𝐸𝑔 ~132 cm-1, and 𝐴1𝑔 ~ 178 cm-1 of Cs2AgBiBr6 DP thin film. We 

observe a clear blue shift in the Eg and A1g modes from 132.1 to 138.4 cm-1 and 178 to 180 cm-

1, respectively, whereas there is a red shift in the T2g mode of Cs2AgBiBr6 DP with decreasing 

temperature. The T2g mode exhibits mode softening (~74 cm-1 to ~71.8 cm-1) with a decrease 

in temperature, contrasting with the mode stiffening exhibited by Eg and A1g modes, which 

arises from the shortening of lattice constants following cooling.56 Due to the symmetric 

shrinking of the lattice parameters, an overall increase in the total energy of the symmetric 

octahedral vibrational modes is expected. The anomalous mode softening behavior exhibited 

by T2g is in accordance with previous literature.56 The change in the Raman spectra with 

temperature is due to the highly anharmonic nature of the Cs2AgBiBr6 DP lattice.29 

Substrate A1(%) τ1 (ns) Δτ (ns) A2 (%) τ2 (ns) Δτ (ns) 

SiO2 5.054 1.089 0.04 94.94 79.05 0.0003 

Si 31.848 0.82 0.03 68.152 48.82 0.0009 

quartz 34.95 0.68 0.03 65.04 46.03 0.0005 
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Fig. 2.19: (a) Low-temperature Raman spectra of Cs2AgBiBr6 double perovskite film at different 

temperatures, and (b, c) corresponding Raman shift in the A1g and T2g modes as a function of 

temperature. (d) Change in FWHM with the measurement temperature of Cs2AgBiBr6 double 

perovskite film. The symbols indicate the experimental data, and solid lines represent the fitted data. 

Parameters such as the Raman peak's temperature coefficient and FWHM were extracted by 

fitting the Raman spectra with a Lorentzian line shape. To estimate the temperature coefficient 

(α), we have used the following equation, 

                                                   𝜔 =  𝜔0 +  𝛼𝑇                                                               (2.5) 

Here, 𝜔0 represents the frequency of the Raman mode of Cs2AgBiBr6 DP at T= 0K, and α 

stands for its first-order temperature coefficient. Hence, the value of the temperature coefficient 

is determined from the slope obtained from the linear fitting of the experimental data points 

(Fig. 2.19(b, c) and Fig. 2.20 (a). We have estimated the values of the first-order temperature 

coefficient (α) as -0.01431 ± 0.0039 cm-1 K-1, -0.029 ± 0.001 cm-1 K-1, and +0.0117 ± 0.001 

cm-1 K-1 for A1g, Eg, and T2g modes of Cs2AgBiBr6 DP, respectively. Notably, we have neglected 
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the effect of higher-order temperature coefficients since these factors are significant only at 

high temperatures. The variation of Raman modes with temperature is listed in Table 2.8. 

 

Fig. 2.20: (a) Variation of Eg Raman mode in Cs2AgBiBr6 DP as a function of temperature. (b) The 

intensity variation of the A1g mode in Cs2AgBiBr6 DP with temperature change. 

Table 2.8. Temperature-dependent Raman peak shift of all Raman active modes of Cs2AgBiBr6 

DP thin film. 

 
 Temperature 

(K) 

  A1g 

 

  Eg    T2g 

Raman 

shift(cm-1) 

Std. 

Error  

(cm-1) 

Raman 

Shift(cm-1) 

Std. 

Error 

(cm-1) 

Raman 

shift(cm-1) 

Std. 

Error 

(cm-1) 

294 178.0 0.03 132.1 0.74 73.9 0.12 

273 178.2 0.03 134.5 0.14 73.6 0.09 

263 178.4 0.02 135.1 0.13 73.4 0.06 

253 178.5 0.02 135.7 0.09 73.5 0.05 

243 178.7 0.02 135.9 0.11 73.5 0.06 

233 178.9 0.02 135.8 0.13 73.4 0.08 

223 179.0 0.01 136.3 0.07 73.2 0.04 

213 179.1 0.01 136.7 0.06 73.0 0.04 

203 179.3 0.01 136.8 0.07 72.8 0.05 

193 179.4 0.01 137.1 0.06 72.9 0.04 

183 179.6 0.01 137.5 0.05 72.8 0.04 

173 179.8 0.01 137.8 0.06 72.6 0.05 

163 179.9 0.02 138.1 0.07 72.4 0.06 

153 180.0 0.02 138.4 0.07 71.8 0.08 

TH-4013_196121024



CVD growth of double perovskite and its ultralow thermal conductivity and fast 
photoresponse  

85 
 

 

2.4.6.2 Raman Linewidth  

Fig. 2.19(d) depicts the variation of linewidth (FWHM) of the A1g mode of Cs2AgBiBr6 DP 

with temperature. The linewidth of the A1g mode monotonically decreased from ~9.4 cm-1 to 

~6.0 cm-1 (Table 2.9). The narrowing of the A1g mode with a decrease in the temperature is 

attributed to the reduced contribution of the thermal bath. We have carried out an in-depth 

analysis of the A1g mode to understand the broadening of the linewidth with temperature. The 

contribution of the pure temperature effect primarily considers the anharmonic effects of three- 

and four-phonon processes.57  

Table 2.9. Variation of FWHM of A1g mode in Cs2AgBiBr6 DP with temperature. 

   Temperature 

(K) 

FWHM of  

A1g mode 

(cm-1) 

Standard  

Error 

(cm-1) 

 

294 9.4 0.08 
273 8.6 0.01 
263 8.3 0.06 
253 8.5 0.05 
243 7.9 0.05 
233 7.2 0.06 
223 7.6 0.04 
213 7.4 0.04 
203 7.0 0.04 
193 6.7 0.03 
183 6.8 0.04 
173 6.4 0.04 
163 6.4 0.04 
153 6 0.05 

 

The light scattering process may be seen as involving the absorption of a photon, the emission 

of a photon, and the generation of an optical phonon, which subsequently decays 

anharmonically into two phonons, three phonons, etc.57 Three-phonon and four-phonon 

processes are used to describe the creation of two and three phonons, respectively. A semi-

quantitative simple model may adequately capture the pure temperature effect, including three- 

and four-phonon processes, given by the following equation58 
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Г(𝑇) =  Г0 + 𝑎 [1 +
2

exp (
2𝑐
𝑇 ) − 1

] + 𝑏 [1 +
3

exp (
3𝑐
𝑇 ) − 1

+
3

(exp (
3𝑐
𝑇 ) − 1)

2]            (2.6) 

where 𝑐 =
ℏ𝜔

𝑘𝐵
, Г0 represents the FWHM of the A1g mode of Cs2AgBiBr6 DP at absolute zero 

temperature, and a and b represent second-order and third-order anharmonic constants, 

respectively. The variation in the FWHM as a function of temperature for a three-phonon decay 

is well explained by the aforementioned equation (2.6). From the fitting, the FWHM of the A1g 

Raman signal obtained at absolute zero temperature is 2.70 ± 0.15 cm-1, indicating that 

Cs2AgBiBr6 DP crystallinity rises and phonon dispersion reduces at low temperatures. From 

the best fit of our data, we obtain a=2.00 and b=0.163. The relationship between Raman FWHM 

(Γ0) and the phonon lifetime (T) is given by T = 1/π* Γ0, where the Г0 is in cm-1.59 Thus, the 

phonon lifespan is estimated as ~ 0.12 ps at absolute zero temperature.  

2.4.6.3 Raman Intensity 

Fig. 2.20(b) depicts the temperature-dependent change in the Raman intensity of the A1g mode. 

The intensity of the A1g mode gradually increases as the temperature drops. According to Su et 

al., the Bose-Einstein distribution function determines the temperature-dependent hot-

stimulated phonon population of the vibrational state60, given by 

                                                    𝜂(𝜔 , 𝑇) =
1

[e𝑥−1]
                                                                (2.7) 

where 𝑥 =
ℏ𝜔

𝑘𝐵𝑇
 . As mentioned before, the core phonon splits into two, three, or more phonons 

as the temperature drops. The temperature-dependent Raman spectra show that as the 

temperature drops, there is a blueshift of the A1g mode, which causes the value of "x" in the 

above equation to rise. This further suggests that the value of the Bose-Einstein distribution 

function will drop, along with the number of stimulated phonons of the vibrational state in 

Cs2AgBiBr6 DP. Reduced phonon stimulation at lower temperatures results in larger 

cumulative scattered photons of the same frequency, particularly over longer periods, and 

higher Raman signal strength.61 Similarly, when the temperature rises, stimulated phonon 

intensifies, and the total number of scattered photons with the same frequency in a defined time 

decreases. At lower temperatures, the molecules in the sample have lower thermal energy. So, 

if the photon interacts with a molecule, the interaction time may be longer, leading to a larger 

Raman scattering cross section and, therefore, a higher Raman intensity. However, as the 
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temperature is further lowered, the vibration of atoms is constricted, leading to a decrease in 

the intensity (T<180 K).  

2.4.7 Thermal Conductivity 

As we have discussed, the dominant A1g mode of Cs2AgBiBr6 DP is extremely sensitive to 

temperature change. Additionally, the power-dependent analysis suggests that long-term laser 

exposure contributes to generating a large amount of heat locally on the sample. As a result, it 

is critical to employ optimum laser power throughout the micro-Raman investigations. The 

schematic illustration for power-dependent Raman measurements is shown in Fig. 2.21 (a). 

For power-dependent analysis of the Raman spectra of the DP, using a supported Cs2AgBiBr6 

DP film is futile since a change in laser power has a negligible effect on the Raman spectra due 

to the rapid dissipation of local heat energy to the substrate. We suspended our as-grown DP 

thin film by transferring it to a Cu grid to reduce heat loss through the substrate. The optical 

microscope picture of the suspended Cs2AgBiBr6 DP film on the Cu grid is shown in Fig. 

2.21(b). To compare the power dependence of Cs2AgBiBr6 DP film with or without substrate 

effect, we have carried out the power-dependent measurement in both cases.  

 

Fig. 2.21: (a) Schematic Illustration of the power-dependent measurements setup for the suspended 

Cs2AgBiBr6 DP thin film. (b) Optical image of the Cs2AgBiBr6 DP on a copper grid.  

Fig. 2.22(a) displays a stacked plot of the power-dependent Raman spectra of Cs2AgBiBr6 DP 

on a Cu grid. In an attempt to quantify the change in thermal transport upon optical irradiation, 

we estimate the change in thermal conductivity based on our results from Raman thermometry. 

The equation 
𝜕𝑄

𝜕𝑡
= −𝐾∮ (∇𝑇. 𝑑𝑆) may be used to calculate the heat conduction over a surface 

with the cross-sectional area 𝑆, where 𝑄 is the amount of heat transmitted during the period 𝑡 

and 𝑇 is the absolute temperature. The thermal conductivity is given by 𝐾 =  𝛾. (
𝑄

∇𝑇
),62 where 
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𝛾 =
1

2𝜋𝑑
. A circular heat front moving radially outward in a circular geometry is considered. 

The thermal conductivity is given by 𝐾 = (
1

2𝜋𝑑
)(

∇𝑃

∇𝑇
) , for uniform radial heat flow from the 

two laser excitation powers P1 and P2, which correspond to the two hot spot temperatures T1 

and T2, respectively. Here, 𝑑 denotes the thickness. Thus, ∇𝑇 denotes the local temperature rise 

caused by the difference in heating power ∇𝑃 = 𝑃2 − 𝑃1 . The peak shifts linearly with sample 

temperature at low excitation powers given by the equation: 𝜔 =  𝜔0 +  𝛼𝑇. In the radial heat 

wave example, the thermal conductivity can be expressed as  

                                                            𝐾 =  𝛼 (
1

2𝜋𝑑
) (

𝑑𝜔

𝑑𝑃
)

−1

                                                          (2.8) 

Where 𝑑𝜔 is the shift in the Raman peak position of the A1g mode concerning the change in 

incident laser power 𝑑𝑃 on the material surface, α is the first-order temperature coefficient, and 

𝑑 is the thickness of the material. Shen et al. and many other researchers demonstrated that the 

thermal conductivity of perovskite materials is independent of the thickness (𝑑) in the range of 

90 to 400 nm.62,63 As a result, the influence of thickness " 𝑑 " on thermal conductivity (K) may 

be considered to be insignificant. Thus, the only quantities to examine are α and (dω/dP). 

 

 Fig. 2.22: (a) Incident laser power-dependent Raman spectra of the A1g mode of Cs2AgBiBr6 film 

suspended on a Cu grid, and (b) the corresponding Raman shift of the A1g mode with the laser power. 

The symbols represent experimental data, and the solid line indicates a linear fit.  

The fitting parameters of the A1g mode of Cs2AgBiBr6 DP film for various incident laser powers 

are shown in Fig. 2.23. We observed a gradual redshift in the distinctive A1g Raman peak 

TH-4013_196121024



CVD growth of double perovskite and its ultralow thermal conductivity and fast 
photoresponse  

89 
 

location, accompanied by linewidth broadening, when the laser power was increased. The 

broadening of the Raman peak suggests that the laser beam causes localized heating. The 

increase in the excitation power results in an increase in the intensity and a redshift of the A1g 

mode. 

 

Fig. 2.23: Power-dependent Raman spectra of the A1g mode of Cs2AgBiBr6 DP film suspended over a 

Cu grid with different incident laser powers. The symbol represents the experimental data, and the solid 

line represents the Lorentzian fit. 

The increased intensity of the first-order Raman mode is due to the increased number of 

incoming photons associated with the increased laser power, which results in more phonons 

participating in the scattering. Fig. 2.22(b) depicts the change in the Raman peak position with 

incident laser power. The consistent red shift in peak location with the increase in the power 

points toward an increase in the local temperature of the suspended Cs2AgBiBr6 DP film.  

The slope,
𝑑𝜔

𝑑𝑃
 of the corresponding plot, is estimated as -3.8432 ± 0.122 cm-1 (mW)-1 for the 

suspended Cs2AgBiBr6 DP film. Power-dependent Raman measurements were also carried out 

on the supported Cs2AgBiBr6 DP film, as shown in Fig. 2.24(a). We have observed the same 

behavior of A1g mode for the supported film as expected, but the shift in the Raman peak 

position is less severe compared to the suspended film. This is mainly due to heat dissipation 

through the film to the substrate. The variation of the Raman spectra, particularly the A1g mode 
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with incident laser power, is presented in Fig. 2.24 (b). It is noted that for incident power less 

than 0.006mW, we do not observe this mode for the supported Cs2AgBiBr6 DP film, whereas 

we observe the significant intensity of the A1g mode for the suspended film. The linear fitting 

of the data yields the slope, 
𝑑𝜔

𝑑𝑃
, to be -0.4704 ± 0.083 cm-1 (mW)-1 for the supported 

Cs2AgBiBr6 DP film. It is important to note that at high powers (>1.13 mW), we observed 

substantial sample damage (Fig. 2.25). 

 

Fig. 2.24: (a) Power-dependent Raman spectra of the A1g mode of Cs2AgBiBr6 DP thin film supported 

on SiO2 substrate. (b) The corresponding Raman peak position as a function of incident laser power. 

By using equation (2.8), we can estimate the value of thermal conductivity (K) for the supported 

and suspended Cs2AgBiBr6 DP thin film. Now, ‘d’ is the thickness of the Cs2AgBiBr6 DP thin 

film, which we have estimated as ~300 nm. The first-order temperature coefficient α is -

0.01431 ± 0.0039 cm-1 K-1. The value of dω/dp is estimated as -3.8432 ± 0.122 cm-1 (mW)-1 

and -0.4704 ± 0.083 cm-1 (mW)-1 for suspended and supported Cs2AgBiBr6 DP thin film, 

respectively. Thus, the thermal conductivity of Cs2AgBiBr6 DP thin film for supported and 

suspended film is estimated as ~16.14 ± 1.58 W/m-K and ~1.97 ± 0.48 W/m-K, respectively. 

Note that our estimated value of thermal conductivity K for the suspended film is about 6 times 

that of the theoretically predicted value (0.3 W/m-K) for Cs2AgBiBr6 DP.29 The higher thermal 

conductivity may be primarily due to the higher value of the Raman temperature coefficient 

(α) of the film grown on the SiO2 substrate. Note that the calculation of K involves the use of 

α of the film, which was not suspended for the α measurement, and thus, it is on the higher 
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side. Further, the film is grown at elevated temperatures, and it induces compressive strain in 

the film, which can lead to increased thermal conductivity. 

 

Fig. 2.25: Laser-induced damage on suspended Cs2AgBiBr6 DP film with laser power >1.13 mW. 

To the best of our knowledge, there have been no reports on the experimental determination of 

the thermal conductivity of Cs2AgBiBr6 DP. Few studies have estimated the thermal 

conductivity of this material by theoretical simulations. However, theory estimates vary in a 

wide range of 0.065 W/m-K for Cs2BiAgCl6
30 to 0.3 W/m-K for Cs2AgBiBr6.29 Due to the 

highly anharmonic nature of Cs2AgBiBr6 DP, approximating its thermal conductivity and 

thermal coefficient would be immensely important to describe the nature of the anharmonic 

lattice vibrations in these systems. It is worth mentioning that we used a simpler method to 

calculate the K value in Cs2AgBiBr6 DP thin film here. CVD is a highly advantageous synthesis 

technique for industrial applications since it is easy, inexpensive, and environmentally benign. 

CVD is a powerful tool to produce high-quality crystals of large domain sizes, exhibiting 

chemical homogeneity and structural uniformity. As a result, CVD-grown Cs2AgBiBr6 DP thin 

film opens the door to be used as one of the low thermally conductive and highly crystalline 

materials for thermoelectric and optoelectronic applications. 

2.4.8 Thermal and Environmental Stability 

The Raman spectra obtained at various temperatures may be used to directly infer the thermal 

stability of the Cs2AgBiBr6 DP thin film and laser-induced impacts on the structure. The Raman 

spectra for different temperatures were recorded with a 633 nm laser excitation source. The 

Raman modes observable at all temperatures indicate the strong structural stability of 

Cs2AgBiBr6 DP thin film. There is a dramatic increase in the broadening of the vibrational 

modes with an increase in temperature due to higher anharmonicities in the atomic vibrations 
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at elevated temperatures. Most importantly, the fact that the cubic structure of the Cs2AgBiBr6 

is preserved at high temperatures shows that the compound is highly stable and does not 

experience thermal deterioration. This is in agreement with the findings published by 

Dakshinamurthy et al.64, who used XRD and Raman measurements to show that the cubic 

polymorph of the Cs2AgBiBr6 structure is identifiable and stable up to 300 °C. Fig. 2.26(a) 

shows the recorded Raman spectra for a temperature range of 25 °C to 220 °C. The Cs2AgBiBr6 

DP thin film exhibits excellent thermal stability up to 220 °C, and it shows no disintegration 

up to 220°C. There is no evidence of the presence of any other phases.  

 

Fig. 2.26: (a) High-temperature Raman spectra of Cs2AgBiBr6 film in the range 25-220 C. (b) XRD 

patterns of Cs2AgBiBr6 double perovskite film of freshly prepared sample and after 1, 2, 3, and 4 

months, respectively. 

Moreover, environmental stability is a key factor when considering the possible usage of 

perovskite materials for optoelectronic applications. We employed XRD measurements to look 

into the environmental stability of the Cs2AgBiBr6 DP thin film. The XRD tests (Fig. 2.26(b)) 

reveal that freshly manufactured Cs2AgBiBr6 DP thin film shows no evidence of decomposition 

in the ambient environment for up to 3 months. However, we observed extra peaks at ~33.1° 

and 44.6°. Also, the intensity of the peak corresponding to the (004) plane decreased 

significantly, indicating the degradation of the as-grown thin film after four months of exposure 

to the ambient environment. Moreover, the increased intensity of the peak located at ~10.8° is 

ascribed to the BiOBr side phase, which suggests that after long exposure of the Cs2AgBiBr6 
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DP thin film to the environment, oxygen reacts with Bi and hydrolyses into BiOBr in the 

presence of humidity.21 The extra peaks at 33.1° and 44.6° and the splitting of the (022) plane 

indicate further decomposition of Cs2AgBiBr6 DP into a more stable secondary phase- 

Cs3Bi2Br9. These results further substantiate the origin of extra peaks and justify the assignment 

to the decomposition by-products.  

2.4.9 Application as a Photodetector 

We have fabricated a C2AgBiBr6 DP thin film in optoelectronic device applications to verify 

the potential of CVD-grown Cs2AgBiBr6 DP photodetectors with planar geometry. The 

schematic of the device is shown in Fig. 2.27(a). The device was fabricated using a simple 

silver paste as electrodes on top of the as-synthesized Cs2AgBiBr6 DP thin film on a SiO2 

substrate. A laser source of 405 nm was used to illuminate the device, as it had a high absorption 

at this wavelength. The I-V characteristics of the device under dark and light conditions are 

shown in Fig. 2.27(b).  

 

Fig. 2.27: (a) The schematic of photodetection measurement on CVD-grown Cs2AgBiBr6 DP thin film. 

(b) I-V characteristics of Cs2AgBiBr6 DP photodetector under light and dark conditions. (c) Temporal 

response of the photocurrent on Cs2AgBiBr6 DP photodetector at a bias voltage of -2 V. (d) The rise 

and fall time of the Cs2AgBiBr6 DP thin film photodetector under pulsed light. 
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The device, under an incident laser power of 5.21 mW/cm2, showed a reasonably high on/off 

(I light/I dark) ratio of ~ 44 and a high photocurrent of 10.1 µA under the negative bias of 2 V 

(Fig. 2.27(c)). However, the obtained ION/IOFF ratio is relatively low in our case compared to 

the reported literature65, primarily due to the use of Silver (Ag) paste as a contact electrode in 

ambient conditions (without the use of any glovebox) for demonstration purposes. Here, the 

interface between the Ag and perovskite film may not be sufficiently clean, and it may contain 

defects, which trap the charge carriers and reduce the overall ION/IOFF ratio. Note that Fang et 

al.65 have used the Au/2D Cs2AgBiBr6 DP Schottky heterojunction for photodetection. They 

reported the highest ION/IOFF ratio for 505 nm wavelength, which suggested the contribution of 

both Au and 2D Cs2AgBiBr6 DP in obtaining the higher ION/IOFF ratio. We believe that vacuum 

deposition of Au electrodes on Cs2AgBiBr6 DP thin film may improve the ION/IOFF ratio.  

Nevertheless, our device exhibited fast rise and fall times of ~ 170 µs and ~ 177 µs, respectively 

(see Fig. 2.27(d)), which is almost three orders of magnitude faster than the solution-processed 

Cs2AgBiBr6 DP thin film photodetector66. Our device also showed photoresponse at 0 V bias 

(Fig. 2.28), thus, behaving as a self-powered device with significant photocurrent without any 

electron/hole transport layers, which authenticates our CVD method to grow a high-quality thin 

film of Cs2AgBiBr6 DP for practical optoelectronic device applications. 

 

Fig. 2.28: Photoresponse of CVD-grown DP thin film device at 0V bias. 

2.5 Conclusions 

Herein, we successfully synthesized Cs2AgBiBr6 double perovskite thin film using a CVD 

technique for the first time. We have used the BiBr3 seed layer to grow highly crystalline and 
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uniform thin films on various substrates. The optimization of thin film quality is achieved 

simply by varying the substrate temperature. Raman and XRD results indicated the phase 

change of Cs2AgBiBr6 DP to Cs3Bi2Br9 at higher substrate temperatures, suggesting the growth 

of the pure phase of Cs2AgBiBr6 at a substrate temperature of 130°C. With the help of 

controlled experiments on the intermediate products, we discussed the growth mechanism of 

the DP film. It is important to note that the thin film quality deteriorates at higher substrate 

temperatures because of grain accumulation on the film's top surface. We have optimized the 

growth over different substrates to study the strain-induced effect on different properties of 

Cs2AgBiBr6 DP thin film. Based on our findings, the optimized Cs2AgBiBr6 DP thin film on 

the SiO2 substrate showed high crystallinity, fewer pinhole defects, surface uniformity, and 

minimum film roughness. Low-temperature and power-dependent Raman studies were carried 

out on a SiO2 substrate to estimate the thermal conductivity of the suspended Cs2AgBiBr6 DP 

thin film. We have estimated ultralow thermal conductivity as ~1.97 ± 0.48 W/m-K and ~16.14 

± 1.58 W/m-K for suspended and supported film of Cs2AgBiBr6 DP, respectively, which are 

close to the theoretical predictions. The difference in thermal conductivity values for suspended 

and supported film is mainly because of the larger heat dissipation to the substrate in the latter 

case. Thermal and environmental stability experiments on the Cs2AgBiBr6 thin film are carried 

out utilizing high-temperature Raman and XRD measurements. Our results show that the 

Cs2AgBiBr6 film is thermally stable up to 220°C. The as-grown Cs2AgBiBr6 DP maintains its 

phase purity for up to 3 months in the ambient environment with high humidity, which proves 

its high stability. Further, we have demonstrated the potential of CVD-grown Cs2AgBiBr6 DP 

thin film for optoelectronic applications. A planar photodetector device showed a high on/off 

ratio of ~44 and a high photocurrent of 10.1 µA even at a low bias (2 V). Our device also 

exhibited self-powered behavior and fast rise and fall times of 170 µs and 177 µs, respectively. 

We believe such a study on this novel compound is the first of its kind and will be of great 

utility to effectively integrate Cs2AgBiBr6 into various optoelectronic devices.  
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Chapter 3 Facile In-situ Synthesis of Double Perovskite 

Cs2AgBiBr6/WS2 Heterostructure and Interfacial Charge Transfer 

Mediated High-Performance Ultraviolet Photodetection 

Lead-free halide perovskites have emerged as promising alternatives to toxic Pb-based 

counterparts, offering high stability and strong UV–visible absorption. Meanwhile, 2D 

transition metal dichalcogenides (TMDCs) such as WS₂ provide exceptional light detection 

capability. In this work, Cs2AgBiBr6/WS2 local heterostructures were fabricated via a simple 

mechanochemical route to enhance optoelectronic performance. Raman, XPS, and UPS 

analyses confirmed charge transfer and strain effects at the interface, suggesting the formation 

of a local p–n junction. The heterostructure-based photodetector shows remarkable 

improvements over pristine Cs2AgBiBr6, achieving a current on/off ratio of ~5.9 × 103, 

responsivity of 2.01 A W-1, detectivity of 3.6 × 1013 Jones, and a reduced carrier lifetime (0.82 

ns). The device also exhibits self-powered operation, with a significant photocurrent at 0 V, a 

fast response (80/120 ms), and a wide linear dynamic range (75 dB). These results demonstrate 

the potential of Cs2AgBiBr6/WS2 heterostructures for efficient, low-power optoelectronic 

applications. 

3.1 Introduction 

The emergence of the perovskite family of materials, particularly those with lead composition 

APbX3, has positioned them as promising candidates in cutting-edge areas of optoelectronics 

owing to their high absorption ability, long diffusion lengths, and good stability.1,2 However, 

the extensively researched 3D metal halide perovskites, such as Ch3NH3PBI3 (MAPBI3), often 

exhibit poor stability and contain hazardous lead (Pb) atoms, significantly limiting their 

commercialization.3 2D-Ruddlesden-Popper perovskites recently gained much attention 

towards encrypted light communication devices.4–6 Lead-free Cs3Cu2I5 flexible fibrous 

photodetectors with a high on/off ratio and high responsivity provide new insights into flexible 

optoelectronic devices.7 Recent studies suggest that metal halide double perovskites with a 

general formula A2BB’X6 (A = Cs+; B = Ag+, Na+, K+; B’ = Bi3+, Sb3+, In3+), could be the 

solution to these stability and toxicity concerns. These materials, being environmentally 

friendly and lead-free, hold significant potential in addressing the above challenges.8,9 

Cs2AgBiBr6 DP demonstrates relatively good air stability10 and holds promise for various 

applications, such as solar cells11, photodetectors12, and X-ray detectors13. However, due to 

indirect bandgap14 and significant electron-phonon coupling15, Cs2AgBiBr6 DP exhibits poor 
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efficiency in light emission and charge transport. To address these limitations and expand its 

potential applications, Cs2AgBiBr6 DP has been integrated with other functional materials. 16 

Two-dimensional transition metal dichalcogenides (2D-TMDCs) have garnered significant 

interest in the field of optoelectronics due to their unique optical and electrical characteristics 

emanating from their 2D confinement.17,18 However, the performance of these atomically thin 

layered devices in optoelectronics is hampered by the limited light absorption by the sub-

nanometre films, thus restricting photocarrier generation.19  As such, considerable research 

has been dedicated to improving the light-harvesting capabilities of TMDC-based 

optoelectronic devices. Incorporating TMDCs with robust light absorption layers is an 

efficient way of enhancing the functionality of perovskite-based optoelectronic devices.20 

Owing to their large surface-to-volume ratio, ultrathin thickness, and quantum confinement 

effect, 2D-TMDCs exhibit exceptional properties in electronics and optoelectronics.21  In recent 

times, researchers have incorporated 2D materials with metal halide perovskite crystals to 

achieve enhanced optoelectronic properties.22 Some of the examples include CsPbBr3/black 

phosphorus nanosheet-based heterostructure for photodetector applications23, CH3NH3PbI3/ 

black phosphorus/MoS2 composite photodiode24, CH3NH3PbI3/reduced graphene oxide for 

photocatalysis,25 etc. Compared to Pb-based halide perovskites, Cs2AgBiBr6 DP exhibits 

higher resistivity, resulting in reduced dark current and high detectivity (D*).26,27 For example, 

photodetectors based on Cs2AgBiBr6 DP thin films demonstrated a high D value of 5.66 × 1011 

Jones and responsivity of 7.01 A/W.28 Additionally, it was found that reduced dimensionality 

with optimized thickness of highly crystalline Cs2AgBiBr6 DP can enhance the detectivity and 

responsivity of an optoelectronic device.27 A similar improvement in optoelectronic device 

performance was observed with another 2D perovskite-based device, where the ultrathin 2D 

structure reduced carrier recombination probability.29,30 Moreover, due to the strong interface 

contact between their ultra-flat surfaces, the nanostructure facilitated the integration of 

perovskites with TMDC materials, further enhancing their utility.31 

In this study, we have successfully synthesized Cs2AgBiBr6 DP nanosheets and their 

heterostructure with few-layer WS2 by a surfactant-free mechanochemical ball milling method. 

XRD measurements validate the pure phase growth of Cs2AgBiBr6 DP, which was intact after 

the heterostructure formation. Field Emission Transmission Electron Microscopy (FETEM) 

and Selected Area Electron Diffraction (SAED) measurements indicated the successful in-situ 

growth of Cs2AgBiBr6 DP over larger-size WS2 nanosheets. From the shift in Raman mode 
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accompanied by photoluminescence (PL) quenching, we show that there is a fast and 

effective charge transfer from Cs2AgBiBr6 DP to WS2. Our claim is supported by the 

careful examination of XPS spectra of the resultant heterostructure (HS) as well . We 

demonstrate that the Cs2AgBiBr6/WS2 heterostructure photodetector device possesses a high 

on/off ratio, a relatively high responsivity, and a high specific detectivity. Our device exhibits 

photoresponse even at 0V, making it a self-powered device.  Our findings lay the groundwork 

for in-situ and surfactant/ligand-free growth of highly crystalline perovskite-TMDC 

heterostructures, potentially applicable across various fields of optoelectronics.    

3.2 Experimental Details 

3.2.1 Materials Used 

Cesium bromide (>99.99%, Sigma Aldrich), Silver bromide (>99.99%, Sigma Aldrich), 

Bismuth bromide (>99%, Sigma Aldrich), IPA (>98%, Sigma Aldrich), Tungsten (>99.99%, 

Sigma Aldrich), Sulphur (>99.99%, Sigma Aldrich), Ethanol (>99%, Merck), NMP (>99.99%, 

Merck). All chemicals were used without any further purification or alteration.  

3.2.2 Cs2AgBiBr6 Double Perovskite Nanosheets Synthesis 

Cs2AgBiBr6 double perovskite nanosheets were synthesized using a surfactant/ligand-free ball 

milling technique. A mixture containing 0.5 mmol of CsBr, 0.25 mmol of AgBr, and 0.25 mmol 

of BiBr3 was placed in a 50 mL zirconium vial along with 90 zirconium spherical balls, each 

with a diameter of 5 mm. This setup was then placed in a ball mill system (PM100, Retch, 

Germany) and milled for 1 hour at 500 rpm under gas-tight conditions. These parameters were 

found to be optimal for achieving well-crystallized nanosheets without any sintering. The 

resulting DP nanosheets were collected in isopropanol and stored under an inert environment.    

3.2.3 WS2 Nanosheets Synthesis 

WS2 nanosheets were synthesized separately using a simple top-down chemical exfoliation 

method, as previously reported by our group. In brief, bulk WS2 powder was dissolved in 50 

mL of NMP at a concentration of 1 mg mL-1. The solution in a glass beaker underwent 

sonication in an ice-cooled environment using an ultrasonic homogenizer (Sonic Ruptor 250, 

Omni International) set to 40% output power and a frequency of 20,000 cycles per second for 

5 hours. The resulting solution was then heated to 120ºC using a magnetic stirrer at 400 rpm 

until the solvent completely evaporated. The resultant product, with a known mass, was 
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centrifuged at 12000 rpm in ethanol at 4ºC for 30 minutes to separate the WS2 nanosheets from 

the WS2 quantum dots. The upper portion was discarded, and this process was repeated two 

times to get a few-layer WS2 nanosheet.  

3.2.4 Cs2AgBiBr6/WS2 Heterostructure Synthesis 

The in-situ growth of highly crystalline Cs2AgBiBr6/WS2 heterostructure was carried out by 

simply milling 10 mg of WS2 nanosheets (prepared by the method mentioned above) along 

with the precursor chemicals used for Cs2AgBiBr6 DP nanosheets. During the milling process, 

the kinetic energy of the balls is transferred to Cs, Ag, and Bi bromide precursors on WS2 

nanosheets to form Cs2AgBiBr6 double perovskite.  This transfer facilitates the collision 

between the reactant molecules to form the Cs2AgBiBr6/WS2 heterostructure. The Cs2AgBiBr6 

is abbreviated as DP, and the Cs2AgBiBr6/WS2 heterostructure as HS in this work.  

3.2.5 Device Fabrication 

The Cs2AgBiBr6/WS2 heterojunction device was fabricated using interdigitated electrodes 

(IDEs) prepared by a conventional photolithography technique. Gold electrodes were deposited 

using electron beam evaporation. Each IDE featured 6 fingers, each with a channel width of ~6 

µm and a channel length of 50 µm. The elimination of access metal from undesired areas was 

achieved through a lift-off process involving immersion of the device in acetone for 20 minutes. 

Subsequently, the device underwent a thermal treatment at 130ºC for 30 minutes to minimize 

contact resistance. After completion, the solution containing WS2, Cs2AgBiBr6 DP, and 

Cs2AgBiBr6/WS2 was drop-casted onto the device and dried before further measurements.    

3.3 Characterization Techniques 

The structural characterizations of the as-prepared samples were conducted using a Rigaku 

RINT 2500 TRAX-III diffractometer with Cu Kα radiation (λ= 1.5418 Å), employing the X-

ray powder diffraction (XRD) technique within a 2θ range from 5º to 50º. Morphological and 

structural analysis of as-synthesized materials was conducted using field emission transmission 

electron microscopy (FETEM) and selected area electron diffraction (SAED) analysis utilizing 

(FETEM, JEOL-2100F). Raman measurements were performed using a high-resolution micro-

Raman spectrometer (LabRam HR800, Jobin Yvon) with a 633 nm laser with a spot size of 

~1µm with 1800 cm-1 grooves. A field scanning electron microscope (FESEM, SIGMA 300, 

Ziess runs at 200 kV) was utilized for elemental mapping analysis. Furthermore, steady-state 

PL measurements were conducted at room temperature utilizing a Horiba Jobin Yvon 

Fluoromax-4 fluorometer using a 405 nm excitation laser (external). Time-resolved PL 
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measurements were performed using time-correlated single photon counting (TCSPC), having 

an instrument response time ˂ 10 ps (Lifespec II, Edinburgh Instruments) with a 405 nm pulsed 

laser excitation. Elemental composition and chemical states of different elements were studied 

using a photoelectron spectrometer (PHI 5000 VersaProbe III, ULVAC-PHI, Inc.) using an Al 

Kα X-ray beam of current 20 mA operating at 1486.6 eV.  The electrical characterization was 

conducted using a shielded DC probe station, which was equipped with an external laser source 

and function generator, in conjunction with a Keithley 4200 SCS system.  

3.4 Results and Discussion 

3.4.1 Morphology, Structure, and Phase Analysis 

The Cs2AgBiBr6 DP nanosheets were successfully synthesized by surfactant/ligand-free 

mechanical ball milling of the precursor chemicals (Fig. 3.1). During milling, the high kinetic 

energy of the zirconium balls aids the initiation of the reaction process between the precursor 

chemicals of Cs, Ag, and Bi bromides, allowing them to produce Cs2AgBiBr6 nanosheets. The 

reaction process is shown below32  

2𝐶𝑠𝐵𝑟 + 𝐴𝑔𝐵𝑟 + 𝐵𝑖𝐵𝑟3  → 𝐶𝑠2𝐴𝑔𝐵𝑖𝐵𝑟6                                                                        (3.1) 

 

Fig. 3.1: Schematic illustration of the mechanochemical synthesis of Cs2AgBiBr6 DP nanosheets and 

in-situ growth of Cs2AgBiBr6/WS2 heterostructure. 

FETEM and HRTEM imaging were utilized to analyze the morphology and crystal structure 

of the as-prepared Cs2AgBiBr6 DP. The obtained Cs2AgBiBr6 DP nanosheets have lateral sizes 

ranging from a few hundred nm (Fig. 3.2(a)). HRTEM lattice fringes have an interplanar 

spacing of 0.38 nm, corresponding to the (220) plane of the Cs2AgBiBr6 phase (Fig. 3.2(b)).33 
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WS2 nanosheets were prepared using the tip-sonication method reported previously by our 

group.34 The lateral size of the WS2 nanosheets is larger than Cs2AgBiBr6 DP (Fig. 3.3(a)).  

 

Fig. 3.2: (a-b) Low-resolution and high-resolution FETEM images of Cs2AgBiBr6 DP nanosheets 

synthesized mechanochemically. (c) FETEM image of Cs2AgBiBr6/WS2 heterostructure. Three squares 

of different colours indicate the position of the SAED pattern. Blue square indicates the pure DP phase, 

red indicates pure WS2, and violet indicates the presence of both DP and WS2 in the heterostructure. (d-

f) The SAED patterns of DP, WS2, and DP/WS2 heterostructure, respectively. 

The high-resolution SAED pattern confirmed the synthesis of highly crystalline WS2 

nanosheets (Fig. 3.3(b)). The in-situ Cs2AgBiBr6/WS2 heterostructure was formed by adding 

10 mg of WS2 nanosheets along with the precursor chemicals of DP before milling. After the 
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heterostructure formation, Cs2AgBiBr6 DP nanosheets appeared to be partially dispersed over 

large WS2 nanosheets (Fig. 3.2(c)).  

 

Fig. 3.3: (a) FETEM image of multi-layer WS2 nanosheets prepared by the ultrasonication method. 

(b) The corresponding selected area electron diffraction pattern of WS2 nanosheets. 

 

Fig. 3.4: (a) FETEM image of the Cs2AgBiBr6/WS2 heterostructure. (b-g) Elemental mapping of Cs, 

Ag, Bi, Br, W, and S elements in Cs2AgBiBr6/WS2 heterostructure, respectively. The scale bar in each 

image is 100 nm. 
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SAED measurement was conducted across multiple regions of the heterostructure demarcated 

by squares to differentiate between distinct phases. The SAED pattern is the Fourier-space 

projection of the real structure. The SAED pattern of the (004) plane of the highly crystalline 

Cs2AgBiBr6 DP is represented by the blue square (Fig. 3.2(d)).  The red marking indicates the 

presence of the WS2 nanosheets (Fig. 3.2(e)), and the purple marking highlights the formation 

of the heterostructure (Fig. 3.2(f)). Despite the presence of WS2 planes in the heterostructure, 

their intensity appears diminished due to partial encapsulation by Cs2AgBiBr6 DP nanosheets. 

Field Emission Transmission Electron Microscopy with Energy Dispersive X-ray spectroscopy 

(FETEM-EDX) mapping confirms the homogeneous integration of WS2 with DP within the 

resultant heterostructure (Fig. 3.4). The corresponding EDX spectra confirmed that the 

stoichiometry ratio of the elements matched the DP pure phase. However, less sulphur is 

observed than the ideal composition of WS2, which suggests the formation of sulphur vacancies 

after heterostructure formation (Fig. 3.5).    

 

Fig. 3.5: The corresponding TEM-EDX spectra of the DP/WS2 heterostructure. 

XRD analyses were conducted to elucidate the structure of the Cs2AgBiBr6 DP samples, both 

before and after heterojunction formation (Fig. 3.6(a)). The XRD pattern reveals distinct peaks 

corresponding to (002), (022), (222), (004), (024), (224), and (044) planes, with 2θ values at 

15.69º, 22.30º, 27.41º, 31.76º, 35.58º, 39.15º, and 45.53º respectively. The cubic structure of 

Cs2AgBiBr6 DP is confirmed, detailing the Bi/Ag arrangement resembling rock salt, with a 

lattice constant of a = 11.2811 Å and Fm3̅m space group symmetry, which is in agreement with 

our previous work.35 The XRD pattern of both Cs2AgBiBr6 DP and heterostructure exhibits 

identical cubic crystal phases.  
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Fig. 3.6: (a) XRD pattern of pure Cs2AgBiBr6 DP (orange) and Cs2AgBiBr6/WS2 heterostructure (blue) 

on the glass substrate. (b) Raman spectra of Cs2AgBiBr6 DP, few-layer WS2 nanosheets, and 

Cs2AgBiBr6/WS2 heterostructure.  

 

Fig. 3.7: Comparison of the Raman spectra of WS2 (red) and Cs2AgBiBr6/WS2 (blue) heterostructure. 

This similarity indicates that including WS2 does not modify the phase composition under the 

specific synthesis conditions employed. Additionally, Raman spectroscopy was used to 

determine the chemical structure and the number of layers in the WS2 nanosheet. In Fig. 3.6(b), 

the A1g (peak at ~418.2 cm-1) mode of WS2 is stronger than the 2LA(M) (peak at ~347.5 cm-1) 

mode. The frequency difference between the A1g mode and E2g mode (~352.4 cm-1) of WS2 is 

~66 cm-1. All these findings align well with the characteristics of the multilayer formation of 

WS2.36 Three distinct peaks at 73.5 cm-1, 134.3 cm-1, and 177.6 cm-1 correspond to T2g, Eg, and 

A1g modes of Cs2AgBiBr6 DP, respectively.37 Importantly, the unique Raman signal of WS2 
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remains intact in the heterostructure formation, indicating minimal structural damage to WS2 

during milling. However, we have observed a redshift of 1.9 cm-1 in the A1g mode and 2.2 cm-

1 in the E2g mode of WS2 in the heterostructure (Fig. 3.7). These observations suggest an 

electron-doping effect on multilayer WS2 and the induction of strain during heterostructure 

formation.38  

 

Fig. 3.8: (a) XPS survey scan spectra of Cs2AgBiBr6 DP (black) and Cs2AgBiBr6/WS2 heterostructure 

(red). (b-e) High-resolution XPS spectra of Cs, Ag, Bi, and Br elements in Cs2AgBiBr6 DP and 

Cs2AgBiBr6/WS2 heterostructure, respectively. The symbols display experimental data points, and the 

solid blue line represents cumulative fitting. (f) Comparison of high-resolution XPS spectra of tungsten 

(W) in WS2 nanosheets and Cs2AgBiBr6/WS2 heterostructure. 

The effectiveness of a heterojunction in optoelectronic devices is widely recognized as being 

significantly dependent on the transfer of charge carriers across the interface. This transfer is 

closely linked to the alignment of the band energies and the strength of the electron coupling 

between the two components of the heterojunction. Consequently, to investigate the specific 

interaction at the interface between Cs2AgBiBr6 DP and WS2 nanosheets in the heterostructure, 

we used X-ray photoelectron (XPS) and Ultraviolet photoelectron spectroscopy (UPS) 

measurements.   

The survey scan XPS spectra of Cs2AgBiBr6 DP and Cs2AgBiBr6/WS2 heterostructure are 

shown in Fig. 3.8(a). The Br 3d spectrum of pure Cs2AgBiBr6 DP exhibits two distinct peaks 
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at 68.2 eV and 69.1 eV, corresponding to Br 3d5/2 and Br 3d3/2, respectively.39 In the 

heterostructure, the binding energies of Br 3d5/2 and Br 3d3/2 experience a significant positive 

shift (~0.3 eV) compared to the pure Cs2AgBiBr6 DP system. This upshift suggests electron 

transfer from Cs2AgBiBr6 DP to WS2.40,41 Additionally, the peaks of Cs, Ag, and Bi in the 

heterostructure also exhibit a noticeable shift towards higher energies compared to those of 

pure Cs2AgBiBr6 DP (Fig. 3.8(b-e)). In pristine WS2, W 4f displays two distinct peaks at 33.2 

eV and 35.4 eV, corresponding to W 4f7/2 and W 4f5/2, respectively. These high-intensity peaks 

indicate the presence of a W4+ oxidation state in pure WS2 nanosheets, indicative of the 2H 

semiconducting phase.34 These peaks are notably shifted to the lower energies, approximately 

by 0.4 eV in the heterostructure system (Fig. 3.8(f)). This indicates that there is a transfer of 

electrons from Cs2AgBiBr6 DP to WS2, resulting in the relocation of the Fermi energy level of 

WS2 closer to the edge of the conduction band.42,43  

3.4.2 Optical Analysis 

Further, absorption spectra were collected to delve into the optical properties of Cs2AgBiBr6 

DP and WS2 heterojunction. In the visible range, the Cs2AgBiBr6 DP spectrum displays a broad 

absorption commencing at 600 nm (Fig. 3.9(a)), corresponding to an indirect bandgap of 2.04 

eV (Fig. 3.9(b)). Two excitonic peaks were detected in the pure WS2 spectra: one at 635 nm 

and the other at 528 nm. These peaks correspond to A and B excitons of WS2, respectively.44 

The multilayer WS2 material exhibits an indirect bandgap characterized by a bandgap energy 

of 1.8 eV (Fig. 3.9(c)). Upon forming a heterojunction, the absorption spectra remain akin to 

WS2; however, with heightened absorption features. The persistence of WS2 excitons in the 

absorption spectra of the heterostructure implies the continued presence of WS2 post-

heterojunction formation. Nevertheless, the collective bandgap of the heterostructure decreases 

upon integration with WS2, suggesting that the incorporation of additional energy bands 

facilitated by WS2 has occurred.  

Steady-state PL and time-resolved PL spectroscopy are employed to investigate the optical 

characteristics and charge transfer dynamics in the heterostructure configuration. The 

Cs2AgBiBr6 DP manifests a broad PL spectrum indicative of an indirect transition and the 

presence of self-trapped exciton (STE) emission (Fig. 3.9(d)).45  In contrast, the PL intensity 

of the heterojunction experiences substantial quenching, pointing towards efficient carrier 

relaxation pathways and charge transfer between the Cs2AgBiBr6 DP and WS2 components.46 

To delve deeper into this phenomenon, the PL spectra of both the Cs2AgBiBr6 DP and 
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Cs2AgBiBr6/WS2 heterostructure were deconvoluted. Within the DP spectrum, two distinct 

peaks emerge, one at approximately 608 nm and another at around 665 nm (Fig. 3.9(e)).  

 

Fig. 3.9: (a) Absorption spectra of few-layer WS2 nanosheets (blue), pure Cs2AgBiBr6 DP nanosheets 

(black), and Cs2AgBiBr6/WS2 heterostructure (red). (b) Tauc plot of Cs2AgBiBr6 DP (black) and 

Cs2AgBiBr6/WS2 heterostructure (red). The green dotted line displays the linear fitting of the graphs. 

(c) Tauc plot of the few-layer WS2 nanosheets (black). The red line is the linear fitting of the graph. (d) 

PL spectra of Cs2AgBiBr6 DP (black) and Cs2AgBiBr6/WS2 heterostructure (red). (e, f) Deconvoluted 

PL spectra of Cs2AgBiBr6 DP and Cs2AgBiBr6/WS2 heterostructure, respectively.  

The former, characterized by lower intensity, corresponds to the excitonic transition intrinsic 

to the DP system, linked to its bandgap. On the other hand, the latter peak at 665 nm is attributed 

to the transitions involving self-trapped excitons (STEs), reflecting the presence of defects 

within the DP lattice.47 Similarly, the deconvoluted PL spectrum of the heterostructure reveals 

two peaks: one at 635 nm, corresponding to the excitonic transition associated with the bandgap 

of the HS, and another at 743 nm, attributed to the STE emission (Fig. 3.9(f)). Multilayer WS2 

does not have any PL emission. Also, it has an indirect band gap similar to the DP band gap. 

Because of the similar behavior of the bands, we did not observe any specific shape change in 

the PL spectra. In pristine DP, the photogenerated carriers recombine only through band-to-

band and self-trapped states, but in HS, there are additional energy states of WS2 as well. So, 

the photogenerated carriers recombine through additional WS2 energy states and then through 

trap states, which leads to the significant Stokes shift in the case of HS. Some of the free carriers 
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recombine through WS2 energy states, which do not contribute to PL due to their nonradiative 

nature. Self-trapped exciton emission can depend on various factors like the degree of electron-

phonon interaction, fabrication methods, the dimensionality of the material, and also on the 

thickness of the material.48,49 In general, the Stokes shift is a signature of defects in the system, 

and a smaller Stokes shift may indicate a lower defect density in the system, which is beneficial 

for efficient charge transfer at the interface and less recombination, resulting in a high 

photoresponse. Notably, the intensity of the STE emission is diminished compared to that of 

the excitonic emission peak. The reduced Id/Iex (from 1.42 to 0.12) ratio indicates that the 

incorporation of WS2 in the heterostructure effectively suppresses STE emission while 

concurrently augmenting excitonic emission, where Id and Iex are the intensities of STE 

emission and excitonic emission, respectively. The schematic illustration of various 

recombination pathways of the Cs2AgBiBr6 DP and the Cs2AgBiBr6/WS2 heterostructure is 

shown in Fig. 3.10(a, b), respectively. 

 

Fig. 3.10: (a, b) Schematic illustration of the photoexcited charge carrier dynamics in Cs2AgBiBr6 DP 

and Cs2AgBiBr6/WS2 heterostructure, respectively. The blue circles represent the charge carriers.   

3.4.3 Carrier Dynamics  

The charge transport characteristics of Cs2AgBiBr6 DP and heterojunction were further 

investigated through time-resolved PL measurements. Analysis of the resulting decay curves, 

fitted using the bi-exponential function, aided in the estimation of the average lifetime (Table 

3.1) of the charge carriers. The average PL lifetime (𝜏𝑎𝑣𝑔 ) can be determined using the 

following equation: 

𝜏𝑎𝑣𝑔  =  
𝐴1𝜏1

2+𝐴2𝜏2
2

𝐴1𝜏1+𝐴2𝜏2
                                                                                                                 (2) 
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These two lifetimes revealed two distinct processes, including radiative relaxation attributed to 

the direct formation of free charge carriers and the self-trapped excitons (Fig. 3.11).43 Note that 

both fast and slow components decay more rapidly in the heterostructure, suggesting efficient 

charge extraction across the interface. This is consistent with the reduced steady-state PL 

intensity.50 The significant decrease in the decay time in the heterostructure (from 3.65 ns to 

0.82 ns) suggests the emergence of additional energy levels following the inclusion of WS2. 

 Table 3.1: TRPL decay parameters of Cs2AgBiBr6 DP and Cs2AgBiBr6/WS2 HS. 

Sample A1 τ1 (ns) A2 τ2 (ns) τavg (ns) 

Cs2AgBibr6 DP 2.4 0.16 7.3 3.7 3.65 

Cs2AgBiBr6 DP/ 

WS2 (HS) 

3.5 0.14 2.8 0.95 0.82 

 

The excited carriers in Cs2AgBiBr6 DP recombine radiatively through direct excitonic 

transition and trap states. The incorporation of non-radiative energy levels of WS2 minimizes 

the radiative recombination through trap states, resulting in the quenching of the PL intensity 

of STE emission. These newly introduced levels play an important role in mitigating the 

emission due to self-trapped excitons, facilitating more efficient charge transport across the 

interface.  

 

Fig. 3.11: Time-resolved PL spectra of Cs2AgBiBr6 DP (magenta) and Cs2AgBiBr6/WS2 heterostructure 

(orange). The solid blue line represents exponential fitting. 
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UPS was employed to examine the band structure and Fermi levels of DP and WS2 NS (Fig. 

3.12(a, b)), respectively. The Fermi level (Ef) was estimated using the formula Ef = 21.22 - 

Ecutoff, where Ecutoff denotes the high binding energy cutoff.51 Similarly, the position of the 

Valence band (EVB) was determined using the formula EVB = Ef + E0, where E0 stands for the 

low binding energy tail.52 The values obtained for EVB and EF were 5.53 eV and 4.75 eV, 

respectively, for Cs2AgBiBr6 DP. Similarly, for WS2, the values obtained for EVB and EF were 

5.76 eV and 4.6 eV, respectively. The Cs2AgBiBr6 DP and WS2 bandgap were determined to 

be 2.04 eV and 1.8 eV, respectively, using Tauc's plot. These obtained bandgap values were 

then employed to compute the conduction band position using the formula: ECB = EVB + Eg, 

where ECB represents the conduction level and Eg represents the bandgap of the respective 

materials. The obtained values for ECB were 3.49 eV and 3.91 eV for Cs2AgBiBr6 DP and WS2, 

respectively. The effective band alignment and charge transfer mechanism in the 

Cs2AgBiBr6/WS2 heterostructure will be discussed in later sections.  

 

Fig. 3.12: UPS spectra of (a) Cs2AgBiBr6 DP, and (b) WS2 nanosheets. The inset in each case shows 

the magnified view of the plot in the lower binding energy region.     

3.4.4 Photodetector Application 

As both Cs2AgBiBr6 DP and WS2 exhibit strong light absorption in the UV region and effective 

charge transfer between them has been established, we have fabricated a UV photodetector 

device. To summarize, first, the photoresist (PR) S1813 (MICROPOSITTM) was coated using 

a spin coater, and then metal pads were patterned simultaneously by a direct UV laser writing. 

Next, Au contacts were deposited via an e-beam evaporation followed by lift-off. Finally, the 

devices were heated at 90 °C for 10 minutes to remove the residual solvents. Using this method, 
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the electrode separations can be well controlled by a few mm. The smaller separation will 

enhance the responsivity and response time. Fig. 3.13(a) illustrates the schematic 

representation of the device. Gold electrodes featuring an approximate channel width of 6 µm 

were deposited, and 405 nm laser illumination was used for all the measurements of the device. 

Fig. 3.13(b)displays the optical image of the device, with an active illuminated area estimated 

to be around 300 µm2 using ImageJ software. The real-time optical image of the heterostructure 

device is depicted in Fig. 3.13(c), with red circle markings denoting the active area of the 

device.  

 

Fig. 3.13: (a) Schematic illustration of the photodetector device using Cs2AgBiBr6/WS2 

heterostructure. (b) Optical microscopy image of the device. (c)  The real-time image of the 

Cs2AgBiBr6/WS2 heterostructure photodetector. (d) I-V characteristics of Cs2AgBiBr6/WS2 

heterostructure with various incident laser power densities. (e) Comparison of I-V characteristics of 

Cs2AgBiBr6/WS2 heterostructure with bare Cs2AgBiBr6 DP. (f) I-V characteristics of Cs2AgBiBr6 DP 

with varying incident laser power. 

The current-voltage (I-V) characteristics of the heterostructure device were measured under 

dark conditions and with varying laser power densities, as illustrated in Fig. 3.13(d). The 

photocurrent demonstrates a subsequent increase with the rise in laser power density. At 0V 

bias, the dark current of the heterostructure is ~2.5×10-12 A, while the photocurrent is 8.5×10-9 

A, resulting in a current on/off ratio of 3.4 ×103 at a laser power density of 9.14 mW/cm2. This 

high light-to-dark current ratio is a result of efficient charge transport and reduced carrier 
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recombination at the Cs2AgBiBr6/WS2 heterostructure interface. A comparison with the bare 

Cs2AgBiBr6 DP device reveals that the dark current is significantly suppressed (by nearly 2 

orders of magnitude), and the photocurrent is enhanced in the Cs2AgBiBr6/WS2 heterostructure 

(Fig. 3.13(e)). The I-V characteristics of Cs2AgBiBr6 DP are shown in Fig. 3.13(f).  

Furthermore, while the Cs2AgBiBr6 DP device did not exhibit any response at 0V, the 

Cs2AgBiBr6/WS2 heterostructure device demonstrated a substantial current of ~8.5 nA for 9.14 

mW/cm2 incident laser power, rendering it self-powered in nature (Fig. 3.14(a)).  

 

Fig. 3.14: (a) Photoresponse of Cs2AgBiBr6/WS2 heterostructure at 0V bias under 9.14 mW/cm2 

intensity. (b) I-V characteristics of WS2 nanosheets with different laser power illumination. (c) 

Schematic illustration of the band alignment of Cs2AgBiBr6 DP and WS2 nanosheets before contact, 

after contact, and under light illumination.  

It may be noted that the rise time is relatively slower than the fall time at zero bias conditions. 

At zero-bias conditions, where the electric field in the depletion layer is lower than the biased 

case, it can give rise to slow drift and corresponding slow response of the carriers. In general, 

the response time of a photodetector is determined by two factors: (i) drift of the electrons and 

holes that are photogenerated in the depletion layer, (ii) diffusion of the electrons and holes that 
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are photogenerated in the diffusion regions (outside the depletion region). The drift of the 

carriers across the depletion layer is a fast process– given by the transit times of the 

photogenerated electrons and holes across the depletion layer. Diffusion of the carriers is a slow 

process caused by the optical absorption in the diffusion regions outside of the high-field 

depletion region. Further, it may be noted that we have prepared the samples via the probe 

sonication method followed by ball milling; both processes create vacancies and defect sites in 

the HS. The presence of these defects slows down the flow of carriers via Auger recombination 

and trapping of photoelectrons by defects and trap sites at the interface.53 Fig. 3.14(b) depicts 

the I-V characteristics of a WS2 NS photodetector. The observed minimal photocurrent in WS2 

can be attributed to its inherently low light-absorbing capacity, low carrier mobility, small sheet 

size, and irregular shape resulting from exfoliation.54 The primary factors driving the enhanced 

photocurrent in the hetero-junction include the exceptional light-absorbing capacity of the 

Cs2AgBiBr6 DP and the efficient charge transfer occurring at the interface of Cs2AgBiBr6 DP 

and WS2.  

The performance of the photodetector device hinges on achieving appropriate band alignment 

between electrodes, Cs2AgBiBr6 DP, and WS2. To elucidate the efficient charge transfer within 

our materials, we constructed the energy band diagram of the Cs2AgBiBr6/WS2 heterojunction 

based on the energy levels determined from the UPS measurement. In Fig. 3.14(c), it's evident 

that the conduction band of WS2 sits at ~0.42 eV lower than that of Cs2AgBiBr6 DP. This 

notable energy offset implies that photogenerated carriers (electrons) can transit from 

Cs2AgBiBr6 DP to WS2. The equilibrium band alignment, representing a Type-II band 

alignment, of Cs2AgBiBr6/WS2 heterojunction is illustrated in Fig. 3.14(c) (after contact). The 

diminished dark current is due to the formation of a depletion region and a Schottky barrier at 

the Au/Cs2AgBiBr6/WS2 interface. When illuminated, electron-hole pairs are generated in the 

Cs2AgBiBr6 DP and separated efficiently at the Cs2AgBiBr6/WS2 interface, leading to a high 

photocurrent (Fig. 3.14(c) (after illumination)).   

The evaluation of photodetector performance commonly relies on two key parameters: 

responsivity (R) and specific detectivity (D). R reflects how effectively the photodetector 

converts incident light into electrical signals. D indicates the device's ability to discern weak 

signals from background noise. The R is expressed as16 

𝑅 =  
𝐼𝑙𝑖𝑔ℎ𝑡−𝐼𝑑𝑎𝑟𝑘

𝑃𝑖𝑛 ×𝐴
                                                                                                                       (3) 
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Where I light is the photocurrent, I dark is the dark current, Pin is the incident light power density, 

and A is the active illuminated area of the device (~300 µm2 for our device). Interestingly, the 

heterostructure device exhibits a high responsivity value of 2.04 A/W for the light power 

density of 0.03 mW/cm2 (Fig. 3.15(a)).  As seen in the figure, the responsivity of the device 

decreases with an increase in the light power density, owing to the increase in recombination 

with increased laser power.55 We have studied the wavelength-dependent photoresponse of HS, 

and the corresponding responsivity at different wavelengths is shown in Fig. 3.15(b). The 

photoresponse follows the absorption spectra.  

 

Fig. 3.15: (a) Responsivity (R) (left) and detectivity (D) (right) of Cs2AgBiBr6/WS2 heterostructure for 

different incident power densities. (b) Wavelength-dependent Responsivity and absorption spectra of 

DP/WS2 heterostructure. (c, d) Photocurrent response of Cs2AgBiBr6 DP NS and Cs2AgBiBr6/WS2 

heterostructure with varying incident laser powers for 405 nm diode laser, respectively.  

The D is expressed as50  

𝐷 =  
𝑅

√2𝑞𝐼𝑑𝑎𝑟𝑘
                                                                                                                           (4) 
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Where q is the electronic charge, and I dark is the dark current of the device. We obtained a high 

detectivity value of 3.6×1013 Jones for a power density of 0.03 mW/cm2 (Fig. 3.15(a)) for the 

Cs2AgBiBr6/WS2 heterostructure. The comparison of the existing heterostructure 

photodetector devices based on Cs2AgBiBr6 DP is given in Table 3.2.  The detectivity and 

on/off ratio values of our device are superior to other reported devices. To quantitatively 

analyze the relationship between photocurrent and illumination power density, Fig. 3.15(c, d) 

illustrates the photocurrent of Cs2AgBiBr6 DP and the Cs2AgBiBr6/WS2 HS plotted against 

incident light power density, respectively, recorded at a bias voltage of -4V.  

Table 3.2. Performance comparison of different heterostructures of perovskites with TMDCs. 

Materials On/off ratio Responsivity 

(A/W) 

Detectivity 

(Jones) 

Rise and Fall 

time 

LDR Ref. 

Cs2AgBiBr6/BiOCl 100 - - 0.24/0.56 s - 58
 

CsPBBr3/MoS2 342 6.7 1.02 × 1012 5.48/24.05 

µs 

- 50
 

2D 

Cs2AgBiBr6/WS2/ 

graphene 

~104 0.52 1.5 × 1013 52.3/53.6 µs 60 16
 

WS2/C2H5C2H4NH3P

bI4/graphene 

1.5 × 103 1.3 × 10-4 - 200/200 ms - 59
 

Cs2AgBiBr6/WS2 5.9 × 103 2.01 3.6 × 1013 80/120 ms 75 This 

work 

 

The corresponding photoresponse of Cs2AgBiBr6 DP and Cs2AgBiBr6/WS2 heterostructure 

with laser power density is displayed in Fig. 3.16(a, b), respectively. The fitting of the variation 

of the photocurrent with laser power density was done using the basic power law equation56 

𝐼𝑝ℎ = 𝐴𝑃𝜃                                                                                                                              (5) 

 Where θ represents the exponent, P denotes the laser power density, A is a scaling constant, 

and Iph signifies the photocurrent. The obtained exponent (θ ~0.7 for Cs2AgBiBr6 and ~0.9 for 

Cs2AgBiBr6/WS2 heterostructure) demonstrates a good fit for the power law equation (depicted 

by a red line) to the experimental data points (depicted by solid spheres). The photocurrent of 

Cs2AgBiBr6 DP decreased abruptly due to the laser-induced damage to the DP at higher power 

density. This fitting suggests that the saturation in HS is attributed to the kinetics of photo-
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generated carriers, involving both carrier-carrier interaction and recombination states.56 The 

value of the exponent for the ideal photodetector is 1.0. Since our device exhibits an exponent 

value of 0.9, which is close to the ideal value, these findings suggest the potential use of 

Cs2AgBiBr6/WS2 heterostructure in future optoelectronic devices with minimum losses due to 

recombination.   

 

Fig. 3.16: (a, b) Behaviour of photocurrent of Cs2AgBiBr6 DP and Cs2AgBiBr6/WS2 heterostructure 

under different intensity illumination. The symbols represent the experimental data points, and the solid 

line displays the linear fitting of the data points. (c) Photocurrent rise and fall time profiles of 

Cs2AgBiBr6 DP. (d) Photocurrent response speed of the Cs2AgBiBr6/WS2 heterostructure device. 

A desirable characteristic of a photodetector across a wide range of light intensities is consistent 

responsivity to incident light. This characteristic is referred to as Linear Dynamic Range 

(LDR). Our device exhibits a high LDR value of 75 dB calculated using the following 

equation57 

𝐿𝐷𝑅 = 20log (
𝐼𝑝ℎ

𝐼𝑑𝑎𝑟𝑘
)                                                                                             (6) 
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Where Iph and Idark are the current values under light and dark conditions. This high value of 

LDR can be attributed to the strong light-matter interaction observed in the Cs2AgBiBr6/WS2 

heterostructure, which is crucial for detecting both strong and weak light in practical 

applications.16 Also, the Cs2AgBiBr6/WS2 heterostructure exhibits fast photoresponse in 

comparison to the bare Cs2AgBiBr6 DP device.  

 

Fig. 3.17: Comparison of photocurrent response of Cs2AgBiBr6 DP and 

Cs2AgBiBr6/WS2heterostructure under identical conditions.  

The rise time and decay time of the Cs2AgBiBr6/WS2 heterostructure were measured as 80 ms 

and 120 ms, respectively, showing a faster response than the bare Cs2AgBiBr6 DP device (Fig. 

3.16(c, d)). We have compared the on/off ratio of Cs2AgBiBr6 DP and Cs2AgBiBr6/WS2 

heterostructure (Fig. 3.17). A significant enhancement (~100 times) in the on/off ratio is 

observed in the Cs2AgBiBr6/WS2 heterostructure. Such a high on/off ratio in Cs2AgBiBr6/WS2 

heterostructure is attributed to the minimized self-trapped emission, suppressed dark current, 

and efficient charge transport at the interface, confirmed by the PL quenching and reduced 

recombination decay time in Cs2AgBiBr6/WS2 heterostructure.     

3.5 Conclusions 

We have effectively showcased a rapid, surfactant/ligand-free, and easily scalable 

mechanochemical method for synthesizing Cs2AgBiBr6 DP nanosheets and the in-situ growth 

of Cs2AgBiBr6/WS2 heterostructure. The phase of the Cs2AgBiBr6 DP and its heterostructure 

with WS2 were intact, as confirmed by the XRD measurements. The TEM and SAED analysis 
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confirmed that the small-sized Cs2AgBiBr6 DP nanosheets were decorated over larger WS2 

nanosheets.  Raman studies display the signature of both Cs2AgBiBr6 DP and WS2 in the 

heterostructure. Raman shifts in the A1g and E2g modes of WS2 in the heterostructure confirmed 

the electron transfer into WS2 and lattice strain due to milling. Significant enhancement in 

absorption, drastic PL quenching, and reduced carrier decay time are responsible for enhanced 

charge transport and superior photoresponse by the Cs2AgBiBr6/WS2 heterostructure. It was 

demonstrated that the STE emission is exceptionally reduced in the heterostructure due to the 

involvement of intermediate energy levels of WS2 nanosheets. XPS measurements confirmed 

the highly pure phase growth of Cs2AgBiBr6 DP and WS2 nanosheets. XPS analysis showed 

an increase in electron density in WS2 after heterojunction formation due to the charge transfer 

from the DP. A specific planar heterostructure device was fabricated using an e-beam 

lithography technique with gold electrodes. A significant enhancement in photocurrent is 

observed in the Cs2AgBiBr6/WS2 heterostructure. The dark current in the heterostructure was 

also suppressed by two orders of magnitude due to the depletion region and Schottky barrier at 

Au/Cs2AgBiBr6/WS2 interface. The Cs2AgBiBr6/WS2 heterostructure exhibits significant 

responsivity of 2.01 A/W, a high detectivity value ~ 3.6×1013 Jones, a high light-to-dark current 

ratio 5.9×103, and a nearly linear response with incident intensity. The rise and fall time of the 

device are obtained as 80 ms/120 ms. A high LDR value of 75 dB suggests the capability of 

the Cs2AgBiBr6/WS2 heterostructure device to detect weak and strong light signals for practical 

use. These findings suggest that incorporating TMDCs with perovskites can effectively 

broaden their functionality, thereby improving the performance of nano-scale optoelectronic 

devices utilizing nanomaterials.  
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Chapter 4 Lead-free Halide Double Perovskites Nanoflakes as 

High-Performance SERS Substrates for Detection of Trace 

Organic Pollutants: Chemical Enhancement versus Field 

Enhancement Effects 

Besides the conventional optoelectronic applications, perovskite semiconductors have been 

utilized in Surface-enhanced Raman Scattering (SERS) applications. SERS enables 

ultrasensitive molecular detection, but conventional Pb-based perovskite substrates suffer from 

toxicity and instability. To address this, we synthesized a lead-free double perovskite 

Cs2AgBiBr6 substrate and optimized self-trapped exciton (STE) defects via post-synthesis 

annealing under an Argon atmosphere to control defect-assisted charge transfer. The optimized 

substrate achieved remarkable SERS performance, detecting Methylene blue (MB) and 

Rhodamine 6G (R6G) at 10-10 M with enhancement factors of 5.04 × 107 and 1.37 × 107, 

respectively. Strong amplification was also observed for other cationic dyes, Crystal violet 

(CV), Rhodamine b (RhB), and Malachite green (MG). Finite element simulations and DFT 

analysis revealed the different contributions from chemical and electromagnetic enhancement. 

Notably, the Cs2AgBiBr6 substrate exhibited long-term stability, maintaining SERS activity 

after four months in ambient conditions. These results demonstrate the potential of Cs2AgBiBr6 

as a highly efficient, stable, and metal-free SERS platform for advanced sensing and 

environmental monitoring applications.  

4.1 Introduction 

Surface-enhanced Raman spectroscopy (SERS) is known for its advantages, such as non-

destructive testing, extremely high sensitivity, molecular vibrational fingerprinting, and 

multiplex detection. It has emerged as a widely utilized spectroscopic technique in chemical 

and biological sensing and environmental monitoring.1–5 This enhancement occurs when 

analytes adsorb onto specific metal nanostructures, like gold and silver nanoparticles.6–15 

Numerous studies employ substrates containing these metallic nanostructures for SERS-based 

detection. For instance, silver (Ag) nanoparticles are often thermally deposited on glass 

substrates to create effective SERS platforms.16,17 Nonetheless, SERS measurements on bare 

Ag substrates frequently encounter unwanted background noise, which can impede the accurate 

detection of analytes at low concentrations.17 Recently, semiconductors or metal-

semiconductor hybrid materials, such as Ag-perovskite nanostructures, have been added to the 

range of SERS-active materials traditionally limited to metals. These materials can serve as 
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alternatives to, or enhancements for, conventional metallic substrates, providing robust 

platforms for SERS applications. A key advantage of semiconductors over metals lies in their 

tunable SERS activity, which can be finely adjusted by manipulating factors like particle size, 

shape, doping level, defects, band structure, and crystal phase.18–20 

Perovskite stands out among semiconductors for its unique properties like tunable bandgap, 

strong light absorption, high carrier mobility, and cost-effectiveness, making it an ideal material 

for active layers in various optoelectronic applications such as solar cells,21,22 light-emitting 

diodes,23–25 and photodetectors.26–28 Numerous research teams have successfully developed 

perovskite- or metal-perovskite-based substrates with effective SERS detection capabilities.29 

The charge transfer enhancement mechanism, driven by chemical interaction between adsorbed 

molecules and semiconductor substrates at the interface, is considered a key factor in enhancing 

the SERS signal. Notably, lead-based perovskite materials have shown significant promise as 

novel SERS substrates in recent developments, which opens new ways in the chemical 

enhancement of the SERS mechanism. However, the toxicity of lead still hampers the 

implication of lead-based perovskites in environmental applications. Recently, all inorganic 

lead-free halide double perovskites have garnered much attention towards optoelectronic 

applications owing to their low toxicity and high stability, which makes them a better 

replacement for lead (Pb).30,31 The chemical formula of the double perovskite is described as 

A2BB’X6 where A is a heavy metal cation (Cs+, MA+, FA+, Rb+), B belongs to the monovalent 

cation (Na+, K+, Ag+), B’ is a trivalent cation (Bi3+, Sb3+, Tb3+, Ce3+, Eu3+), and X belongs to 

the halogen group (Cl-, Br-, I-). Besides solar cell applications, double perovskites hold great 

potential for other applications like X-ray detectors,32 biosensing,33 neuromorphic computing,34 

etc.  

In this study, we have employed Cs2AgBiBr6 double perovskite (DP) as a SERS substrate for 

the detection of organic pollutants, such as Methylene blue (MB), Malachite green (MG), 

Rhodamine 6G (R6G), Crystal violet (CV), and Rhodamine B (RhB). We show that the charge 

transfer between DP and organic molecules is the main mechanism behind the high SERS 

enhancement. The interaction between the organic molecules and the DP was studied via 

photoluminescence (PL) and absorption spectroscopy. Raman, XPS analysis, and ultraviolet 

photoelectron spectroscopy (UPS) analyzed the charge transfer mechanism. Further, the charge 

transfer mechanism was confirmed with the help of theoretical simulations, which aligns well 

with our experimental results. A high enhancement factor of ~5.04 × 107 and a high sensitivity 

of 10-10 M were measured for the MB molecule. Similarly, the enhancement factor obtained for 
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other dyes is ≥ 105.  These findings demonstrate a substantial improvement over lead-based 

perovskite materials and their plasmonic heterostructures incorporating noble metals. This 

advancement paves the way for lead-free halide double perovskites, which serve as highly 

sensitive SERS substrates while exhibiting excellent stability, cost-effectiveness, and non-

toxicity.        

4.2 Experimental Section 

4.2.1 Chemicals  

Silver bromide (AgBr, >99.99%, Sigma Aldrich), Bismuth bromide (BiBr3, >99%, Sigma 

Aldrich), Cesium bromide (CsBr, >99.99%, Sigma Aldrich), Hydrobromic acid (HBr, 47%, 

>99.9%, Sigma Aldrich). MB, RhB, CV, MG, R6G.  

4.2.2 Preparation of Cs2AgBiBr6 DP SERS substrate 

The space-confined method was utilized to synthesize Cs2AgBiBr6 DP samples.35 To prepare 

the precursor solution, CsBr (53 mg), BiBr3 (56 mg), and AgBr (24 mg) were dissolved in 5 

mL HBr. After a two-hour reaction at 120 °C, the solution was completely transparent. A bare 

SiO2 substrate (1×1 cm2) was positioned on top of a plasma-treated sapphire substrate (0.8 × 

0.8 cm2) that had been treated at 50 W Ar plasma for 10 minutes. A drop of the precursor 

solution (40 µL, 0.04 M) was drop-casted on a sapphire substrate, and the SiO2 substrate was 

put firmly on top. The entire assembly was then heated for 24 hours at 70 °C on the hot plate. 

To ensure the optimal contact between the sapphire substrate and DP samples, the temperature 

was gradually decreased to room temperature over approximately one hour. The two substrates 

were subsequently separated, resulting in the formation of triangular-shaped DP on the sapphire 

substrate.  During the heating process (24 hours), an external pressure of 20 kPa (achievable 

through applying appropriate weights) was exerted on the entire assembly 

(sapphire/precursor/SiO2) to further constrain the growth environment, facilitating the growth 

of 2D Cs2AgBiBr6 flakes. This approach is promising for the advancement of DP 

semiconductors for SERS applications. The resulting Cs2AgBiBr6 DP has a lateral size of ~ 10-

40 µm, and variable thickness down to 20 nm, obtained by exerting 20 kPa pressure and 

precursor concentration of 0.04 M. The solution containing different dyes for sensing was 

prepared by dissolving appropriate amounts of organic dyes into DI water to prepare different 

molar concentrations. The solution was then drop-casted on the DP substrate and heated at 80 

°C for 30 minutes.    
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4.3 Characterization Tools 

The materials’ phase and crystal structure were characterized using an X-ray diffractometer 

(Rigaku RINT 2500 TRAX III) with Cu Kα radiation. The morphology and elemental analysis 

of the Cs2AgBiBr6 DP were examined using a JEOL JSM-7610F field emission scanning 

electron microscope (FESEM). Elemental composition analysis of the Cs2AgBiBr6 DP was 

performed with X-ray photoelectron spectroscopy (XPS) (Ulvac-phi, Inc.), employing an Al 

Kα X-ray beam (1486.6 eV) at 20 kV and 84 W, with high-resolution XPS spectra fitted using 

XPS Peak Fit 4.1 software. UV-visible diffused reflectance spectroscopy (DRS) spectra were 

acquired using a PerkinElmer Lambda950 spectrometer. The thickness of the nanoflakes was 

measured by atomic force microscopy (Cypher, Oxford Instruments). At room temperature, 

photoluminescence (PL) measurements of the Cs2AgBiBr6 DP were conducted with a 488 nm 

laser excitation source using a high-resolution micro-Raman system (LabRam HR800, Jobin 

Yvon). The laser power used for the PL mapping was 0.124 µW, and the acquisition time was 

set for 1 second. Raman and SERS investigations were conducted using the same spectrometer 

(LabRam HR800, Jobin Yvon) with laser excitation sources at 532 nm and 633 nm. All SERS 

measurements were performed with a 100x objective lens, a 1800 grating per mm, and a laser 

power of 0.42 mW to prevent laser-induced damage. The acquisition time for all the Raman 

measurements was set to 5 s.  

4.4 Computational Details 

The charge transfer characteristics were evaluated through density functional theory (DFT) 

calculations using plane wave basis sets in Quantum Espresso.36–38 Core electrons were 

represented with ultrasoft pseudopotentials (USPP),39 while the exchange-correlation potential 

was modeled using the Perdew-Burke-Ernzerhof (PBE)40 functional within the generalized 

gradient approximation (GGA). The plane wave cutoff energy was set to 62 Ry, with a force 

convergence criterion of 0.001 eV/Å, and the energy convergence cutoff was set to 1×10⁻⁵ for 

improved accuracy. 

To model molecular adsorption on the surface of a DP, a slab geometry was constructed along 

the (111) direction with a 20 Å vacuum layer added to minimize interactions with neighboring 

atoms. The choice of (111) direction was dictated by the observed growth orientation of the DP 

flakes. Charge density difference isosurfaces were visualized in VESTA software, using the 

formula: 

                            Δ𝜌𝑐𝑑𝑑 = 𝜌𝐶𝑠2𝐴𝑔𝐵𝑖𝐵𝑟6/𝑀𝑒𝐵 − 𝜌𝐶𝑠2𝐴𝑔𝐵𝑖𝐵𝑟6
− 𝜌𝑀𝑒𝐵                                       
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where Δ𝜌𝑐𝑑𝑑 represents the charge density difference, 𝜌𝐶𝑠2𝐴𝑔𝐵𝑖𝐵𝑟6/𝑀𝑒𝐵  is the total charge 

density of the Cs2AgBiBr6 surface with the adsorbed molecule (MeB), 𝜌𝐶𝑠2𝐴𝑔𝐵𝑖𝐵𝑟6
 is the charge 

density of the Cs2AgBiBr6 surface alone, and 𝜌𝑀𝑒𝐵 is the charge density of the molecule in 

isolation. 

4.5 FEM Simulations 

Finite Element Method (FEM) simulations were performed using the CST Microwave Studio 

design environment. The dielectric dispersion characteristics of Cs2AgBiBr6 were imported 

from the study by Jöbsis et al.41 A perfectly matched layer (PML) boundary condition was 

applied along the Z direction, while electric and magnetic field boundary conditions were set 

along the Y and X directions, respectively. The thickness of the synthesized perovskite 

structure was determined based on Atomic Force Microscopy (AFM) measurements. To ensure 

improved accuracy, adaptive tetrahedral meshing was employed in the simulations. 

4.6 Results and Discussions 

4.6.1 Morphology Analysis 

A schematic representation of the space-confined methodology for the synthesis of Cs2AgBiBr6 

DP is presented in Fig. 4.1(a). Details regarding the sample fabrication process can be found 

in the experimental section. The hexagonal arrangement of sapphire’s in-plane lattice 

characteristics, surface inertness, and atomic flatness render it an ideal van der Waals (vdW) 

epitaxial substrate for developing 2D materials. The confined space is created using a 

hydrophilic substrate (plasma-treated sapphire) in conjunction with hydrophobic SiO2. The 

wetting properties of hydrobromic acid on sapphire significantly surpass those on SiO2, leading 

to the preferential growth of Cs2AgBiBr6 DP on sapphire. Sapphire has a crystal structure 

characterized by the space group R-3c (a=4.76 Å, c=12.99 Å), while Cs2AgBiBr6 DP is indexed 

to the cubic phase with the space group 𝑓𝑚3̅𝑚 (a=11.25 Å). The lattice mismatch factor at the 

interface is reported to be 3.6% between Cs2AgBiBr6 (111) and sapphire (0001).35 Therefore, 

Cs2AgBiBr6 DP aligns well with the sapphire, making the sapphire an ideal substrate for the 

epitaxial growth of Cs2AgBiBr6 DP. The triangular morphology of the as-grown Cs2AgBiBr6 

double perovskite (DP) can be attributed to epitaxial growth, surface energy minimization, and 

kinetic factors. Triangular structures commonly emerge to minimize the total surface energy 

during crystal formation. In a system favoring a layer-by-layer (2D) growth mode, the edges 

of triangular islands correspond to energetically favorable low-energy facets, as reported in 
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various studies35. This indicates that the sapphire substrate orientation plays a crucial role in 

the formation of triangular 2D Cs2AgBiBr6 DP. 

 

Fig. 4.1: (a) Schematic illustration of the space-confinement method for the growth of Cs2AgBiBr6 

DP. (b) Optical image of triangular-shaped Cs2AgBiBr6 DP. The inset shows the AFM image of the DP 

flakes with the corresponding height profile of the Cs2AgBiBr6 DP flake. (c)  The magnified FESEM 

image of the Cs2AgBiBr6 DP flake.  

The concentration of the precursor solution and the pressure applied to the substrates are the 

primary factors affecting the thickness and size of Cs2AgBiBr6 DP.42 Fig. 4.1(b) illustrates the 

optical image of the as-synthesized Cs2AgBiBr6 DP flakes. To determine the thickness of these 

flakes, atomic force microscopy (AFM) measurements were performed. The inset presents the 

AFM image of the Cs2AgBiBr6 DP, with the thickness of the DP flake estimated to be 

approximately 100 nm. The corresponding height profile of the scanned area is included. 

Additionally, field emission scanning electron microscopy (FESEM) was employed to study 

the morphology of the Cs2AgBiBr6 DP flakes. Fig. 4.1(c) shows the FESEM image of a single 

large triangular Cs2AgBiBr6 DP flake. Circular dots are visible on the surface of the larger 

triangles, likely residues from the HBr solvent used during synthesis. The FESEM image 
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confirms the formation of triangular-shaped Cs2AgBiBr6 DP over a large area, as shown in Fig. 

4.2(a). The lateral size of these triangular flakes ranges from approximately 10 to 40 µm. 

However, along with the larger triangles, smaller and thinner triangles were also observed, 

likely due to the non-uniform pressure applied during the substrate preparation process.   

 

Fig. 4.2: (a) FESEM image of the large area uniform growth of Cs2AgBiBr6 DP flakes prepared by the 

space-confinement method. (b) shows the magnified FESEM image. (c) Optical image of the smaller 

triangles of CS2AgBiBr6 DP flakes. (d) AFM image of 2D Cs2AgBiBr6 DP flake. The inset shows the 

height profile of the corresponding flake.  

Fig. 4.2(b) provides an enlarged FESEM image of the thinner triangular flakes, while Fig. 

4.2(c) depicts an optical image of the smaller triangular Cs2AgBiBr6 DP flakes. The 

corresponding AFM image is shown in Fig. 4.2(d), with a height profile indicating a thickness 

optimization of approximately 20 nm, which is referred to as 2D Cs2AgBiBr6 DP. The chemical 

composition of the Cs2AgBiBr6 DP was analyzed using energy-dispersive X-ray spectroscopy 

(EDX). The elemental distribution maps for Cs, Ag, Bi, and Br are shown in Fig. 4.3(a), 

revealing a uniform distribution of elements across the Cs2AgBiBr6 nanoflake, indicative of 

high purity with no detectable impurities. Furthermore, Fig. 4.3(b) presents the FESEM-EDX 

image of the MB dye adsorbed on the Cs2AgBiBr6 DP flake. Elemental mapping reveals a 

uniform distribution of the Cs2AgBiBr6 DP's constituent elements, along with sulfur from the 

MB analyte, confirming the uniform adsorption of the dye on the flake surface. 
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Fig. 4.3: (a) The FESEM-EDX image of the Cs2AgBiBr6 DP flakes with the elemental mapping of 

each element of Cs2AgBiBr6 DP. (b) FESEM-EDX elemental mapping of each constituent element of 

the Cs2AgBiBr6/MB complex.  The scale bar in elemental mapping is 10 µm. 

4.6.2 Structural Analysis 

The crystal phase of the synthesized Cs2AgBiBr6 DP was validated through X-ray diffraction 

analysis. As illustrated in Fig. 4.4(a), the prominent peaks associated with (111), (222), and 

(333) planes closely match the reported results, confirming the phase purity and (111) 

orientation of the crystal.42 The inset shows the magnified view of the (333) crystal plane. Fig. 

4.4(b) displays the Raman spectra of Cs2AgBiBr6 DP flakes with varying thickness. The Raman 

peak around 179 cm-1 corresponds to the A1g longitudinal optical (LO) phonon mode, while the 

two lower frequency peaks, at approximately 135 cm-1 and 74 cm-1, are attributed to vibrational 
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modes with E1g and T2g symmetries, respectively, confirming the successful synthesis of 

Cs2AgBiBr6 DP.43  

 

Fig. 4.4: (a) The XRD pattern of as-synthesized Cs2AgBiBr6 DP flakes. The inset shows a magnified 

peak indicated by a red box. (b) The Raman spectra of Cs2AgBiBr6 DP flakes for different thicknesses. 

Bulk spectra correspond to the DP flakes with ~100 nm thickness, and blue spectra correspond to a 

thickness of ~20 nm. (c) Optical image of the Cs2AgBiBr6 DP flake. (d-f) Raman mapping of all three 

characteristic Raman peaks of Cs2AgBiBr6 DP flake.  

The E1g mode is associated with the asymmetric stretching of Br atoms around Bi, while the 

T2g mode involves the scissoring motion of Br atoms along with the coordinated motion of Cs 

atoms. No obvious shift was observed in the peak position of 2D Cs2AgBiBr6 flakes compared 

to the bulk counterparts. However, the intensity of 2D Cs2AgBiBr6 DP significantly reduces 

due to a reduction in the phonon density. Raman mapping was conducted using an excitation 

laser source of 532 nm to confirm the uniformity of the sample (Fig. 4.4(c-f)). The uniform 
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distribution of all three characteristic peaks was observed in DP flakes, indicating the high-

purity growth of DP. However, we observed high intensity of Raman modes at the edges of the 

DP flakes, which can be ascribed to the electrostatic potential fluctuations at the edges of DP.35  

 

Fig. 4.5: (a-d) The high-resolution XPS spectra of Cs, Bi, Ag, and Br elements, respectively, in 

Cs2AgBiBr6 and Cs2AgBiBr6/MB flakes.  

X-ray photoelectron spectroscopy (XPS) measurements were performed to analyze the 

chemical composition and charge transfer between the DP and the adsorbed analyte. High-

resolution XPS spectra of Cs, Ag, Bi, and Br are presented in Fig. 4.5(a-d), showing no 

impurity peaks in the DP sample after absorption of methylene blue (MB) on the DP sample. 

Fig. 4.5 illustrates the high-resolution XPS spectra of pristine Cs2AgBiBr6 DP, indicating the 

phase-pure growth of Cs2AgBiBr6 DP.44 Table 4.1 summarizes the binding energy peak 

positions and full width at half maximum (FWHM) values for DP before and after dye 

adsorption. Notably, there is a shift towards lower binding energy in DP following dye 

adsorption, indicating a charge transport pathway from the MB analyte to the Cs2AgBiBr6 DP.44 

Additionally, ultraviolet photoelectron spectroscopy (UPS) was conducted to find the valence 
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band and conduction band values of the DP, providing insights into its band structure, which 

will be discussed in later sections.  

Table 4.1. Binding energies of Cs2AgBiBr6 DP sample before and after adsorption of methylene blue 

analyte obtained from XPS analysis. 

   Sample 

 

Elements 

DP 

(eV) 

FWHM 

(eV) 

DP/MB 

(eV) 

FWHM 

(eV) 

Shift 

(eV) 

 

Cesium 3d3/2 724.87 1.7 724.53 1.6 0.34 

 3d5/2 738.84 1.9 738.51 1.7 0.33 

Silver 3d3/2 368.01 1.3 367.59 1.3 0.42 

 3d5/2 374.12 1.2 373.64 1.1 0.48 

Bismuth 4f5/2 159.27 1.2 159.14 1.1 0.13 

4f7/2 164.65 1.5 164.45 1.1 0.25 

Bromine 3d3/2 68.09 1.2 68.03 1.1 0.06 

3d5/3 69.07 1.3 69.02 1.2 0.05 

 

 

Fig. 4.6: Comparison of Raman spectra of Cs2AgBiBr6 DP before and after MB adsorption.  
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Fig. 4.6 represents the Raman spectra of Cs2AgBiBr6 DP before and after adsorption of the MB 

analyte. Notably, no obvious change in the Raman spectra was observed before and after dye 

adsorption, confirming the phase stability of the DP. Furthermore, a significant red shift (~2.5 

cm-1) was observed in the A1g mode of DP after MB adsorption, indicating the charge transfer 

from MB to the DP.44   

4.6.3 Optical Properties 

We further investigated the optical properties of Cs2AgBiBr6 DP nanoflakes before and after 

analyte adsorption through UV-visible absorption and PL spectroscopy measurements. Fig. 

4.7(a) shows the absorption spectra of Cs2AgBiBr6 DP before and after the adsorption of MB 

and CV analytes on the surface of DP.  We observed a hump near 380 nm in the absorption 

spectra of DP, which might be due to the presence of 2D Cs2AgBiBr6 nanoflakes within the 

sample, as confirmed by the FESEM images.42  

 

Fig. 4.7: (a) Absorption spectra of pristine Cs2AgBiBr6 DP and a comparison with different analytes 

(MB, CV) adsorbed on the DP flakes. (b) PL spectra of Cs2AgBiBr6 DP and Cs2AgBiBr6 DP/MB 

complex. (c) Depicts the deconvoluted PL spectra of Cs2AgBiBr6 DP before and after MB adsorption. 

(d) Deconvoluted PL spectra of Cs2AgBiBr6 DP before and after annealing. 

The absorbance of the perovskite after the adsorption of analytes on the flakes was enhanced 

due to the co-absorption of both materials. However, we see a decreasing trend in the absorption 

spectra towards higher wavelengths, indicating that the substrate's SERS activity will be low 

at higher excitation wavelengths. The spectra indicate a clear transition after 500 nm 

wavelength in the DP/MB and DP/CV samples, similar to the DP sample, confirming the 
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adsorption of the molecule onto the DP flakes. The bandgap of Cs2AgBiBr6 DP is obtained as 

2.08 eV, consistent with the previous reports.44  Fig. 4.7(b) shows the PL spectra of DP before 

and after the adsorption of MB. For pristine DP, the PL spectra show a broader and weaker 

peak distribution, indicating the presence of defects and the indirect bandgap nature of the 

Cs2AgBiBr6 DP, respectively.  To get more insights into this, we deconvoluted the PL spectra 

for both pristine and with the MB present at the surface of the sample (Fig. 4.7(c)).  The PL 

peaks situated at 604 nm and 668 nm are ascribed to the excitonic and self-trapped exciton 

emission, respectively, which agrees with the reported literature.45 The PL of DP quenched 

significantly after dye adsorption, indicating the charge transfer process between DP and MB 

analyte. The deconvoluted PL spectra of DP/MB suggested the presence of four peaks, out of 

which two peaks are associated with the DP’s excitonic and self-trapped emission situated at 

~645 nm and ~724 nm, respectively. The lower energy peak situated at ~575 nm is associated 

with the MB emission, which originates from the π-π* transition associated with the resonance 

of the π electrons present due to sulphur.  The higher energy peak at ~ 684 nm is associated 

with the π-π* transition due to benzene rings.46 We observed a significant red shift (around ~39 

nm) in the PL emission of DP after the adsorption of the analyte, indicating the strong 

interaction between DP and the adsorbed molecules required for the sensing. The emission 

from self-trapped excitons (STEs) in the double perovskite (DP) sample can be optimized by 

reducing the AgBi and BiAg anti-site defects. To achieve this, the as-grown DP sample was 

annealed in a chemical vapor deposition (CVD) system under an inert atmosphere. The 

annealing process was conducted at 120 °C for 80 minutes, with the quartz tube purged with 

argon gas to minimize contamination by other impurities. PL spectra for both the pristine and 

annealed samples, recorded under similar conditions, are shown in Fig. 4.7(d). In the spectra, 

the excitonic emission is denoted as the Pex peak, while the STE emission is labeled as the Pd 

peak, with corresponding intensities as Iex and Id, respectively. The ratio of Id/Iex for the pristine 

and annealed samples was found to be 2.18 and 1.25, respectively, indicating a reduced 

contribution of self-trapped states in the annealed DP. The impact of this reduction on the SERS 

performance of the samples will be discussed in the subsequent sections.         

PL mapping of Cs2AgBiBr6 DP under 488 nm excitation laser reveals location-dependent 

behavior of the DP flakes as shown in Fig. 4.8(a). PL intensity and peak position vary across 

the sample, with edges exhibiting stronger PL than the core. This increased PL emission at the 

edges is attributed to the electrostatic potential fluctuations, consistent with the previous studies 

showing enhanced geometrical PL at the edges of the perovskite crystals.35 These potential 
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fluctuations arise due to structural and charge defects (AgBi anti-site vacancies, uncoordinated 

bonds, structural deformation, etc). The higher PL intensity observed at the edges of the 

Cs2AgBiBr6 DP flakes indicates a higher concentration of defects in these regions. Fig. 4.8(b) 

presents the PL mapping of the DP/MB flake. After the adsorption of the analyte, the PL 

intensity of the DP was significantly quenched, exhibiting consistent behavior across the entire 

DP flake. Interestingly, the PL mapping reveals a trend of increasing PL intensity moving from 

the edge toward the center of the flake, which is contrary to the behavior observed in pristine 

DP flakes. This trend suggests that MB adsorption occurs predominantly at the edges of the 

flake compared to its core, likely due to the higher defect density at the edges facilitating greater 

interaction with the analyte.  

 

Fig. 4.8: (a) PL mapping of the Cs2AgBiBr6 DP flake. (b) PL mapping of the Cs2AgBiBr6/MB flake. 

(c) Optical image of the DP/MB flake. Green dots indicate the position of PL spectra obtained at 

different locations of the flake. (d) PL spectra corresponding to the different locations from the centre 

to the edge of the DP/MB flake, as shown in Fig. (c).   

We conducted PL measurements at different positions of the Cs2AgBiBr6 DP flakes after the 

adsorption of the analyte onto the sample. Fig. 4.8(c) shows the optical image of the 

Cs2AgBiBr6 DP flakes with the markings of the PL along different locations. The PL quenching 

happens when the dye is adsorbed on the DP flake. We observed more quenching of the PL at 
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the edges of the flake, which suggested that dye adsorption is more prominent at the edges 

compared to the core, supporting the PL mapping. Fig. 4.8(d) represents the PL spectra at the 

different locations of the flake marked in Fig. 4.8(c). The high quenching at the edges of the 

flakes indicates that the charge transfer is more at those locations, which concludes that the 

Raman signal should be stronger at the edges of the flakes compared to the core. 

4.6.4 SERS performance of Cs2AgBiBr6 DP 

To evaluate the capability of Cs2AgBiBr6 DP substrates to detect SERS signals from various 

chemical species, five samples were randomly selected, containing MB, MG, CV, RhB, and 

R6G. Each sample produces distinct SERS signals, as shown in Fig. 4.9, demonstrating the 

substrate’s versatility in supporting SERS measurements for various chemical species. This 

highlights the Cs2AgBiBr6 DP substrate as a stable and reliable platform for SERS applications.  

 

Fig. 4.9: Raman spectra of different analytes adsorbed on the Cs2AgBiBr6 DP flakes.  

Additionally, SERS spectra of 10-6 M R6G on Cs2AgBiBr6 DP substrate with different 

thicknesses are shown in Fig. 4.10. The sample with the higher thickness (~100 nm) is 

represented as bulk DP/R6G, and the sample with the lower thickness (~20 nm) is described as 

2D DP/R6G. Notably, 2D Cs2AgBiBr6 DP shows clear SERS detection of R6G compared to 

bulk counterparts, suggesting the high sensitivity of 2D Cs2AgBiBr6 DP. In addition, SERS 

spectra of 10-4 M MB were collected on different thicknesses (Fig. 4.11(a)). We observed no 

significant change in the intensity of the characteristic peak (1620 cm -1) of MB with  
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Fig. 4.10: Comparison of the SERS performance of Cs2AgBiBr6 DP flakes of R6G analyte with 

varying thicknesses of the DP.  

thickness. However, the intensity of the Cs2AgBiBr6 DP characteristic Raman modes was 

significantly reduced in the case of lower thickness, suggesting that the SERS signal highly 

depends upon the nature of the analyte (Fig. 4.11(b)).  

 

Fig. 4.11: (a) Raman spectra of MB on Cs2AgBiBr6 DP with varying thicknesses. (b) depicts the 

comparison of the intensities of the A1g mode and the 1620 cm-1 mode of MB adsorbed on different 

thicknesses. 
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Usually, the SERS performance decreases while the excitation wavelength increases due to the 

lower absorption intensity of the perovskites at higher wavelengths. Furthermore, we collected 

the SERS spectra of MB on Cs2AgBiBr6 DP substrate with different laser excitations like pre-

resonance (532 nm), near-resonance (633 nm), and post-resonance (785 nm) (Fig. 4.12(a)). 

The SERS performance of Cs2AgBiBr6 DP shows high enhancement with 633 nm (1.96 eV) 

laser excitation due to resonance of the excitation energy with the sub-band gaps of the DP and 

molecular resonance of the MB molecule (Fig. 4.12(b)). However, the 633 nm laser is unable 

to excite the charge from HOMO to the LUMO of the R6G and RhB analyte.47 For comparison 

purposes, all the measurements were conducted using a 532 nm excitation laser source.  

 

Fig. 4.12: (a) SERS spectra of MB analyte on Cs2AgBiBr6 DP substrate using different laser excitation 

sources. (b) indicates the intensity of the characteristic mode of the MB analyte with different laser 

excitation.  

The Raman enhancement factor (EF) is the most widely used metric to evaluate the quality of 

the SERS effect, as it reflects the intensity of an analyte’s Raman signal on a SERS substrate. 

The simplified EF calculation considers factors such as accumulation time, grating, excitation 

wavelength, and solution concentration, as outlined in prior studies. The EF for Cs2AgBiBr6 

DP flakes can be calculated using the following equation.48  

𝐸𝐹 =  
𝐼𝑆

𝐼𝑅
 ×  

𝐶𝑅

𝐶𝑆
                                                                                                                         (4.1) 

where IS represents the intensity (in counts) of the reference Raman peak for the specific dye 

on the Cs2AgBiBr6 DP substrate at a particular concentration of CS; IR denotes the intensity (in 

counts) of the reference Raman peak for the dye on the sapphire substrate, and CR = 10-3 M 

corresponds to the concentration of the dye for measuring IR. The concentration of the dye for 

the sapphire substrate is limited by the detection ability of the substrate.  
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Fig. 4.13: (a) Raman spectra of MB dye at different concentrations on Cs2AgBiBr6 DP substrate. (b)  

Raman spectra of MB on Cs2AgBiBr6 DP (10-4 M) and Sapphire (10-3 M) substrate. (c) Comparison of 

the Enhancement factor for MB at different concentrations for different modes. (d) Raman spectra of 

MB on 10 randomly chosen points on the Cs2AgBiBr6 DP flake. (e) Raman peak intensity fluctuations 

of the three highest peaks were used to calculate the relative standard deviation.  (f) Raman mapping of 

the MB analyte adsorbed on the Cs2AgBiBr6 DP substrate. The mapping shows the intensity of the 

characteristic peak of MB (1620 cm-1).   

Fig. 4.13(a) shows the Raman spectra of different concentrations of MB on the Cs2AgBiBr6 

DP substrate. Our sample shows outstanding sensitivity of MB up to 10-10 molar concentration, 

making it an ideal substitute for noble metals plasmonic SERS substrates. All the characteristic 

Raman peaks associated with the MB were present in the spectra, and the modes are listed in 

Table 4.2. Fig. 4.13(b) shows the Raman signal of MB on the sapphire substrate (10-3 M) and 

with the DP flakes (10-4 M) on the Cs2AgBiBr6 DP substrate. The bare sapphire substrate alone 

was able to detect the dye at a concentration of only 10^-3 molar, indicating that the sensitivity 

of the dye is greatly enhanced by the Cs2AgBiBr6 DP. Fig. 4.13(c) shows the EF of the four 

characteristic peaks of MB with varying concentrations of the analyte. The EF for the 1293 cm -

1 peak of the MB (10-10 M) dye is the highest among other characteristic peaks, which is 

approximately 5 × 107.  To evaluate the homogeneity and reproducibility of the Cs2AgBiBr6 

DP substrate, Raman signals were monitored at 10 randomly selected active sites after MB 

adsorption (Fig. 4.13(d)). The intensity of Raman spectra at 441 cm-1, 1395 cm-1, and 1620 cm-

1, recorded from these 10 locations, is shown in Fig. 4.13(e).  
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Table 4.2: Comparison of the reported band positions of MB and our SERS spectrum.   

Sr. No. Wavenumber (cm-1) 

(Reported) 

Peak assignment Obtained SERS 

spectrum (cm-1) 

1. 949 C-H in-plane bending 945.6 

2. 1067 C-H in-plane bending 1069 

3. 1181 C-N stretching - 

4. 1301 β(CH); υ (C-N) Ring 1296 

5. 1392 C-H in-plane ring deformation 1389 

6. 1444 C-N asymmetric stretching - 

7. 1618 C-C ring stretching 1620 

 

 

Fig. 4.14: Raw image of the SERS measurement of MB on Cs2AgBiBr6 DP flake. 

The relative standard deviation (RSD) of the SERS signal intensity, representing the ratio of 

the standard deviation to the mean value, was calculated to quantify signal consistency across 

the sites, yielding a maximum intensity variation of 8.4% for the 441 cm-1 Raman peak. Fig. 

4.13(f) shows the Raman mapping of the SERS spectra at 1620 cm-1, generated from 

measurements taken at various locations on the Cs2AgBiBr6 DP flake. The raw image of the 

live measurement is shown in Fig. 4.14, which indicates a negligible signal from the 

surrounding region of the DP flakes. Notably, the SERS performance of Cs2AgBiBr6 DP flakes 
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shows maximum enhancement at the edges of the flakes compared to their core. This is mainly 

attributed to the maximum adsorption of the dye on the edges of the flakes, where there are 

more defects. As discussed earlier, the PL quenching at the edges is more because of the 

electrostatic potential fluctuations, which act as an active hot spot for the adsorption of the 

analyte.49  

 

Fig. 4.15: SERS signal intensity of the MB analyte with different molar concentrations. 

The SERS performance of Cs2AgBiBr6 DP was further evaluated to verify the quantitative 

detection capabilities of the DP. Results indicated a strong linear correlation between the 

Raman intensity of MB and its logarithmic concentration (log C) with an R2 value of 0.98 (Fig. 

4.15). Rhodamine 6G (R6G) was utilized as a probe molecule to evaluate the versatility of the 

Cs2AgBiBr6 DP substrate. Raman spectra at various R6G concentrations are displayed in Fig. 

4.16(a), with distinctive peaks at 610 cm-1 and 770 cm-1 detectable even at ultra-low 

concentrations (10-10 M). The substrate’s uniformity was confirmed by measuring Raman 

spectra at 10 randomly chosen active sites (Fig. 4.16(b)). Additionally, Raman mapping of the 

Cs2AgBiBr6 DP flakes with adsorbed R6G was performed, as shown in Fig. 4.16(c). The 

Raman mapping revealed high uniformity across the substrate, even at a low concentration of 

10-6 M, demonstrating the substrate’s reproducibility and consistent performance. Interestingly, 

no SERS signal was detected from the bare sapphire substrate, indicating that molecular 

adsorption occurred exclusively on the Cs2AgBiBr6 DP flakes. This selectivity may be 

attributed to the electrostatic interaction between the DP and the molecule or the moisture-

sensitive capability of Cs2AgBiBr6 DP, which enhances molecule adsorption and SERS signal 

detection. This property makes Cs2AgBiBr6 DP a valuable and efficient choice for advanced 

TH-4013_196121024



Chapter 4 

148 
 

SERS applications. The RSD of the SERS signal’s intensity for three different peaks is shown 

in Fig. 4.16(d).  

 

Fig. 4.16: (a) Raman spectra of R6G analyte obtained from different concentrations using Cs2AgBiBr6 

DP. (b) Raman spectra taken on 10 different locations on Cs2AgBiBr6 DP flake with the molar 

concentration of 10-6 M. (c) Raman mapping of characteristic modes of R6G analyte (610 cm-1, 770 cm-

1) adsorbed on Cs2AgBiBr6 DP substrate with concentration 10-6 M. (d) Intensity variation of the highest 

peaks taken on 10 different locations. (e) EF as a function of concentration of the analyte. 

 

Fig. 4.17: (a) Comparison of the SERS performance of R6G analytes on Cs2AgBiBr6 DP (10-6 M) and 

sapphire substrates (10-3 M). (b) Variation of the SERS intensities of the characteristic modes of the 

R6G molecule with the molar concentrations. 
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The maximum RSD for the peak at 610 cm-1 is calculated as 19.7 % which is marginally higher 

than the other probe molecule (MB). For the calculation of EF, the Raman spectra were 

recorded on the bare sapphire substrate and the Cs2AgBiBr6 DP substrate (Fig. 4.17(a)). The 

EF for the different peaks is shown in Fig. 4.16(e). The highest EF calculated for the peak 1358 

cm-1 is 1.4 × 107, which is significantly higher than the reported perovskite SERS substrates, 

making Cs2AgBiBr6 DP a versatile, stable, and highly efficient SERS substrate. As shown in 

Fig. 4.17(b), the Raman intensity of R6G also exhibits a linear relationship with log C, with an 

R2 value of 0.97. The results demonstrate that the synthesized DP substrate exhibits excellent 

homogeneity, reproducibility, and a low detection limit, even without incorporating any metal 

nanoparticles, thereby broadening its potential applications as a SERS substrate.  

 

Fig. 4.18: (a) Raman spectra of RhB analyte for different concentrations using Cs2AgBiBr6 DP 

substrate. (b) Raman spectra of the RhB molecule using Cs2AgBiBr6 DP substrate and sapphire 

substrate for 10-4 M and 10-2 M concentrations, respectively.  (c) represents the EF for different peak 

positions of the RhB molecule using the Cs2AgBiBr6 DP substrate.  (d) Comparison of the highest EF 

calculated for different dyes (RhB, R6G, MB). 

The sensitivity and EF of the RhB probe molecule still hamper the versatility of many SERS 

substrates reported earlier. To verify the quantitative SERS performance of Cs2AgBiBr6 DP, 

the RhB molecule was studied. The Cs2AgBiBr6 DP substrate was able to detect the RhB 
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molecule as low as 10-7 M of concentration. Fig. 4.18(a) shows the Raman spectra of RhB at 

different concentrations. The EF was calculated for the different concentrations of the Raman 

peaks at 1195 cm-1, 1358 cm-1, and 1645 cm-1. Fig. 4.18(b) shows the Raman spectra of RhB 

on a sapphire substrate (10-2 M) and Cs2AgBiBr6 DP substrate (10-4 M), indicating the increased 

SERS performance. The limited sensitivity of RhB might refer to the band alignment of the 

molecule with the Cs2AgBiBr6 DP substrate. Fig. 4.18(c) shows the EF of the Cs2AgBiBr6 DP 

SERS substrate for the RhB molecule for three distinct Raman peaks.  

 

Fig. 4.19: Variation of the SERS signal intensity of the RhB molecule with different molar 

concentrations. 

Table 4.3: Calculation of the EF of different modes of the MB, R6G, and RhB molecules. 

Molecules Peak Position 

(cm-1) 

IS/IR CR/CS Enhancement 

Factor (EF) 

MB 

(CS=10-10 M) 

(CR= 10-10 M) 

441 1.41 107 1.41×107 

1296 5.04 107 5.04×107 

1386 2.73 107 2.73×107 

1620 1.15 107 1.15×107 

R6G 

(CS=10-10 M) 

(CR=10-3 M) 

610 7.8 106 7.8×106 

766 9.8 106 9.8×106 

1356 1.37 107 1.37×107 

1646 7.8 106 7.8×106 

RhB 

(CS=10-7 M) 

(CR=10-2 M) 

1193 2.31 105 2.31×105 

1356 1.3 105 1.3×105 

1645 0.74 105 0.74×105 
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Fig. 4.19 indicates the linear relationship between the intensity of the Raman signal and the 

concentration of the RhB molecule, with an R2 value of 0.96. Although the sensitivity of RhB 

is limited, the EF is improved by many folds using the Cs2AgBiBr6 DP SERS substrate, thereby 

opening new doors for DPs in sustainable environment materials. Table 4.3 represents the EF 

calculations for the different dyes. Fig. 4.18(d) shows the comparison of the EF for various 

molecules. The Raman peaks with the highest EF for the specific peaks are compared, 

indicating the high SERS performance of Cs2AgBiBr6 DP for the MB analyte, followed by the 

R6G and then RhB analytes. Raman mapping of SERS performance of Cs2AgBiBr6 DP for 

MG and CV analytes along with the respective optical images is shown in Fig. 4.20(a-d). The 

mapping shows similar behavior of MG and CV as of other dyes, indicating the uniformity, 

homogeneity, and versatility of the Cs2AgBiBr6 DP substrate.   

 

Fig. 4.20: (a, c) shows the Cs2AgBiBr6 DP flakes with CV and MG adsorbed on the surface, 

respectively. (b, d) shows the Raman mapping of the characteristic modes of CV and MG on the 

Cs2AgBiB6 DP SERS substrate, respectively.  

A brief comparison of the performance of perovskite-based SERS substrates is listed in Table 

4.4. The Cs2AgBiBr6 DP SERS substrate exhibits the highest enhancement factor (up to 107) 

as compared to the lead-based perovskite substrates and their heterostructures with noble metal 

plasmonic materials. Table 4.5 provides a comparison of the SERS performance of 

Cs2AgBiBr6 DP with the other non-perovskite-based SERS substrates. These findings provide 

insightful information that allows lead-free DPs to detect environmental pollutants with 
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sensitivity comparable to or even higher than some of the most studied materials for SERS 

applications.  

Table 4.4: Comparison of the performance of the reported perovskite-based SERS substrates. 

SERS 

Substrates Type 

Substrate Materials Enhancement 

Factor 

Molecules References 

Perovskite Quantum Dots CsPbBr3/ZIF-8 

composite 

1.17×105 4-MPY 55 

Single-Crystalline 

Perovskite 

MAPBCl3 2.6×105 4-MPY 56 

Engineered Perovskite CsPb2Br5 Chip 

(single atom site) 

1.08×107 R6G 57 

Perovskite/metal 

Heterojunction 

3D ZnTiO3/Ag 

nanoparticles 

3×107 R6G 58 

Au/CsPbBr3 5.9×106 59 

Double Perovskites Cs2AgBiBr6 DP 5.04×107 MB This work 

1.37×107 R6G 

2.31×105 RhB 

 

 

Fig. 4.21: Comparison of the SERS performance of the freshly prepared Cs2AgBiBr6 DP sample and 

after storing it for four months in ambient conditions.  

The stability of perovskite materials remains a significant challenge for their real-world 

applications. However, the Cs2AgBiBr6 DP substrate demonstrated remarkable durability, 

successfully detecting the MB molecule even after being stored in an ambient environment 
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with relatively high humidity for four months. Fig. 4.21 compares the Raman spectra of MB 

adsorbed on a freshly prepared sample with those obtained from the aged sample. The results 

indicate that the DP substrate maintains its performance, showcasing superior stability 

compared to the other perovskite-based SERS substrates. This highlights the potential of 

Cs2AgBiBr6 DP for long-term and practical SERS applications.    

Table 4.5: Comparison of the SERS performance of Cs2AgBiBr6 DP with other semiconductor-based 

SERS substrates.     

Substrate material Molecule Limit of 

Detection 

(LOD) (M) 

Enhanceme

nt 

Factor 

(EFs) 

Features Ref. 

SnSe2 R6G 1 × 10-12 6.33 × 106 Light trapping 

ability 

60 

1T-WTe2 R6G 4 × 10-14 1.8 × 109 Universal 

capability and 

stability 

61 

W18O49/Monolayer 

Mos2 

R6G 1 × 10-10 3.45 × 107 Perfect linear 

relationship (R2 = 

0.9915) 

62 

Plasma-treated 

Graphene QDs 

RhB 1 × 10-8 3.67 × 106 Ultra-small size 

and uniformity 

63 

Defective-Nb2O5 MB 1 × 10-8 5.15 × 107 Plasmon-free and 

cost-effective 

64 

Oxygen-

incorporated MoS2 

R6G 1 × 10-7 1.4 × 105 Universality and 

expandability 

65 

2h-WS2 R6G 1 × 10-7 NA Large area 66 

2D Cs2AgBiBr6 

nanoflakes 

MB 1 × 10-10 5.04 × 107 Uniformity, Large 

area, cost-

effective 

This 

work R6G 1 × 10-10 1.37 × 107 

RhB 1 × 10-7 2.31 × 105 

 

4.6.5 SERS Mechanism 

The fundamental mechanism of SERS enhancement remains a topic of significant debate. 

However, chemical enhancement (CM) and electromagnetic enhancement (EM) are two widely 

recognized mechanisms.50 EM enhancement primarily arises from the generation of a strong 

localized electric field around nanostructures when they are activated by an excitation 

wavelength that matches their resonant plasmon frequency.51 This effect is particularly 

prominent in metallic nanostructures due to the presence of abundant conduction electrons, 

which oscillate coherently with the incident light, amplifying the local electric field. In contrast, 

CM enhancement is more prevalent in semiconductor-based systems. It is based on the concept 
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of photo-induced charge transfer resonance, where charge transfer occurs between the energy 

levels of the molecule and the semiconductor material. This mechanism relies on the alignment 

of the energy levels between the analyte and the substrate, facilitating resonance interactions 

that enhance the Raman signal. Raman scattering signals are enhanced due to modifications in 

electronic states resulting from the interaction between the molecule and the semiconductor.52 

Understanding the precise roles and interplay of the chemical (CM) and electromagnetic (EM) 

enhancement mechanisms in SERS is still an active area of research. Finite element method 

(FEM) and DFT simulations were conducted to understand the underlying effect for the high 

SERS performance of DP.  

The defect-related energy levels in the bandgap of the material can significantly affect the 

SERS performance. In the case of semiconductor-based SERS substrates, it is well known that 

the SERS performance can be enhanced by many folds through defect engineering in the 

system.53 In the present case, to understand the defect-assisted phot-induced charge transfer 

mechanism, we obtained the SERS spectra of MB on two different samples, as shown in Fig. 

4.22(a, b). As explained in the previous sections, the pristine sample contains more STE defects 

than the annealed sample. Interestingly, the intensity (counts) of the characteristic Raman mode 

of the MB molecule is reduced significantly from 16k to 4k on the annealed SERS substrate. 

This huge change in SERS detection confirms that the sample with more defects enhances the 

SERS activity of the DP substrate. Also, the Raman signal of the molecule is higher at the edges 

of the DP flakes compared to its core. The defects (in both annealed and pristine samples) are 

more prominent at the edges of the flakes, which is confirmed by the PL mapping of the DP, 

due to which the Raman signal at the edges is stronger than that at the core. The relative 

increment of the Raman signal from center to edge is higher in the defective samples. This 

establishes the critical role of charge transfer through defects in the enhanced SERS activity of 

the DP substrate.  

Quantifying the STEs and their relation to SERS performance is often difficult in Perovskite 

materials due to the complex interplay of defects. However, we employed a post-growth 

annealing process to control the STE concentration and its correlation with SERS performance. 

We thermally annealed the Cs2AgBiBr6 DP sample at different temperatures. The samples were 

annealed at 100, 150, 200, and 250 °C temperature in air for 30 minutes. PL and SERS spectra 

were collected for all the samples. The overall PL intensity of the DP samples increases with 

the annealing temperature (Fig. 4.22(c)) due to the enhanced crystallinity of the sample, though 

the relative intensity of the STE peak decreases with respect to the excitonic peak intensity. 
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Note that for annealing at 250 °C, the overall PL intensity decreased suggesting the thermal 

degradation of the sample at higher temperatures. We deconvoluted the PL spectra (see Fig. 

4.22(d)) for each measurement to calculate the relative concentration of STE through the ratio 

of Id/Iex, which quantifies the defect concentration in the DP as discussed in the earlier sections.  

 

Fig. 4.22: (a) SERS spectra of the MB molecule on the as-grown DP sample in the centre and at the 

edge. (b) The corresponding SERS spectra of the MB molecule on the annealed DP samples. (c) PL 

spectra of Cs2AgBiBr6 DP after annealing at different temperatures. (d) Deconvoluted PL spectra 

showing the contribution of two peaks and their intensity ratio for different annealing temperatures. (e) 

SERS spectra of MB on Cs2AgBiBr6 DP substrate annealed at different temperatures. (f) Direct 

correlation between the STE concentration and the SERS intensity of MB on the DP substrate.  
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The Id/Iex ratio decreased systematically from 2.51 to 1.48 when annealed from room 

temperature to 200 °C. SERS spectra for each sample were taken separately for the MB analyte 

with a concentration of 10-4 M (Fig. 4.22(e)). The as-grown sample (with the highest defect 

concentration) showed the highest SERS signal intensity. The SERS intensity systematically 

decreases with the decrease in the Id/Iex ratio, confirming that the STEs actively contributed to 

the charge transfer process. A direct correlation between the defect density and SERS signal 

intensity of the characteristic peak of MB (~1625 cm-1) is shown in Fig. 4.22(f), which shows 

a linear behavior, clearly implying that the SERS enhancement is mainly caused by the charge 

transfer through the defects in the DP flakes. 

Furthermore, UPS studies were conducted to investigate the valence band edge position relative 

to the vacuum level and to understand the charge transfer processes in the Cs2AgBiBr6 DP/MB 

complex. The work function was calculated using the formula52 

𝜙 = ℎ𝜐 − 𝐸𝑂𝑛𝑠𝑒𝑡                                                                                                                           (2) 

Where hυ is the photon energy of the He I source (21.2 eV), and EOnset is the secondary electron 

cut-off energy, determined by extrapolating a tangent to the high binding energy region. To 

determine the distance between valence band maxima (VBM) and the Fermi level, the linear 

portion of the spectrum at the low binding energy edge was extrapolated to the energy axis. By 

analyzing the UPS spectra of Cs2AgBiBr6 DP, the work function (ϕ) and valence band edge 

(VB) positions were identified. The conduction band edge (CB) positions were subsequently 

determined for Cs2AgBiBr6 DP using the bandgap values obtained from diffuse reflectance 

spectroscopy (DRS) measurements. For Cs2AgBiBr6 DP, the VB and CB were located at -6.81 

eV and -4.73 eV, respectively, obtained from UPS spectra shown in Fig. 4.23(a). The energy 

levels of MB were obtained from the reported literature.54 The highest occupied molecular 

orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) for MB dye are located at 

-6.26 eV and -4.55 eV, respectively. The energy band diagram in Fig. 4.23(b) reveals multiple 

thermodynamically viable charge transfer pathways under 532 nm excitation. These pathways 

include molecular resonance (µmol) within the MB molecule, exciton resonance (µexc) of 

Cs2AgBiBr6 DP and STEs, photo-induced charge transfer (µPICT) facilitated by the alignment 

of energy levels between Cs2AgBiBr6 DP and the MB molecule. Each of these mechanisms 

can significantly influence the Raman signal of the molecule. This interplay enhances the 

Raman signal intensity, contributing to the overall SERS performance. These pathways 
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highlight the complex interactions between the semiconductor substrate and the analyte that 

underpin the observed signal enhancement.  

 

Fig. 4.23: (a) UPS spectra obtained for Cs2AgBiBr6 DP substrate.  (b) Schematic of the charge transfer 

mechanism using band alignment of Cs2AgBiBr6 DP and MB analyte. (c) Schematic of the charge 

transfer mechanism using band alignment of Cs2AgBiBr6 DP, R6G, and RhB analyte. (d) Computational 

analysis of charge transfer between Cs2AgBiBr6 DP and MB molecules using DFT simulations. The 

blue regions indicate the charge deficiency, while the yellow region shows the charge accumulation 

after dye adsorption on Cs2AgBiBr6 DP. (e) FEM simulation showing the EM enhancement of triangular 

Cs2AgBiBr6 DP.  

Fig. 4.23(b) depicts the way the defect states (STEs) in DP facilitate the charge transfer (CT) 

process. The presence of the trap states in Cs2AgBiBr6 DP allows electrons from the HOMO 

level of MB to transfer more efficiently to the Cs2AgBiBr6 DP due to favorable energy level 

alignment. The introduction of newly generated defect energy states within the forbidden 

energy gap provides an efficient charge transfer pathway, which significantly alters the 

polarizability tensor of the material, leading to enhanced SERS activity of DP. Fig. 4.23(c) 

shows the band alignment of DP with R6G and RhB molecules. The difference between the 

LUMO levels of MB is less than the R6G and RhB molecules. The energy difference between 

the VB of DP and the LUMO energy level of the R6G and RhB molecules is higher than the 

excitation laser source (532 nm). Thus, some of the charge pathways are prohibited in R6G and 
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RhB molecules. Thus, the MB demonstrates superior enhancement due to its strong charge 

transfer interactions, efficient adsorption, and favorable molecular orientation.  

Fig. 4.23(d) illustrates the charge density difference (CDD) plot for the Cs2AgBiBr6-MB 

composite system, derived from DFT calculations. In the plot, yellow regions represent areas 

of charge accumulation, while blue regions indicate charge depletion. The figure demonstrates 

that charge transfer occurs from the molecule to the Cs2AgBiBr6 substrate. Bader charge 

analysis was conducted to quantify this transfer, revealing a net depletion of 1.089e from the 

molecule, which is subsequently gained by the semiconductor. This result aligns well with the 

charge transfer analysis obtained from UPS spectra. Additionally, the excitation energy of the 

532 nm laser (2.66 eV) is sufficient to promote ground-state electrons to these higher 

conducting energy states, thereby increasing the charge carrier population in the conduction 

states and enhancing the Raman signal. 

We utilized finite element method (FEM) simulations to investigate the distinct contributions 

of various mechanisms involved in SERS amplification. The morphology of DP flakes was 

analyzed through optical images, as shown in Figure S1(c) (Supplementary Information). The 

flake size and thickness were accurately reproduced based on the AFM image of the sample 

surface (inset of Figure S1(d), SI) to ensure that the experimental conditions were faithfully 

represented in the simulations. The FEM simulation revealed that the maximum field 

enhancement occurs at the corners of the flakes, as depicted in Fig. 4.23(e). This field 

enhancement comes from the surface plasmonic effect of the metals present in the DP material, 

like Ag and Bi. However, the maximum electric field enhancement factor (|E/E0|) was 

determined to be 1.15 at an excitation wavelength of 532 nm. Using the relation ~|E/E0|4, the 

electromagnetic (EM) enhancement factor was calculated as 1.75, which is negligible 

compared to the total EF of 5.04×107. Note that the contribution of electromagnetic (EM) 

enhancement in a semiconducting system is predominantly influenced by the inter-structural 

spacing of the material. A smaller gap generally results in a higher EM enhancement, as 

reported in the literature52. In our study, the separation between the two distinct triangular 

structures is relatively larger, leading to a significantly reduced EM contribution.  Thus, the 

charge transfer-related CM mechanism contributes a factor of 2.88×107, which is remarkably 

high. These findings demonstrate that the SERS enhancement in DP flakes is mostly arising 

from the CM enhancement. The CM enhancement comes from the contribution of the photo-

induced charge transfer process between the aligned energy levels of DP and molecules, and 

the additional STE defect states present in the system.    
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4.7 Conclusion 

For the first time, we have utilized the all-inorganic, lead-free double perovskite Cs2AgBiBr6 

for SERS-based detection of organic pollutants. A cost-effective, solvent-based method was 

employed to fabricate high-quality triangular Cs2AgBiBr6 flakes, which serve as an efficient 

SERS substrate. Comprehensive analyses, including Raman spectroscopy, XPS, and XRD 

measurements, confirmed the phase purity of the Cs2AgBiBr6 DP. XPS studies further revealed 

that the DP retained its cubic phase after analyte adsorption, with a noticeable shift toward 

lower binding energies in the high-resolution XPS peaks of individual elements, indicating 

charge transfer from the MB molecule to the Cs2AgBiBr6 DP. Additionally, the observed PL 

quenching, favorable band alignment, and computational studies confirmed that chemical 

enhancement underpins the SERS detection mechanism. This is further demonstrated through 

the control/manipulation of STE defects in DP. Beyond MB, the Cs2AgBiBr6 DP successfully 

detected other molecules, including RhB, R6G, CV, and MG, demonstrating its versatility. 

Remarkably, an enhancement factor of 5.04×107 and 1.37×107 was achieved for MB and R6G 

molecules, respectively, with detection sensitivity reaching concentrations as low as 10-10 M, 

surpassing all other perovskite-based SERS substrates. The Cs2AgBiBr6 DP SERS substrate 

exhibited excellent environmental stability for up to four months. The Cs2AgBiBr6 DP not only 

enhances the sensitivity and accuracy of SERS applications but also establishes itself as a 

promising platform for detecting low-concentration analytes with high reliability.  
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Chapter 5 All Inorganic Lead-free Cs2AgBiBr6 Double Perovskite 

Single Crystal / Cs3Bi2I9 Nanocrystals Heterojunction for High-

Performance Photodetector Application  

We report the design and characterisation of a heterojunction photodetector based on a 

Cs2AgBiBr6 single crystal (SC) and Cs3Bi2I9 (CBI) nanocrystals (NCs), demonstrating 

enhanced charge collection efficiency and significantly reduced dark current due to the built-

in electric field at the junction interface. Highly crystalline, cubic-shaped CBI NCs were 

synthesised via a mechanochemical approach and subsequently deposited onto the double 

perovskite single crystal through a drop-casting method, forming a Cs2AgBiBr6/Cs3Bi2I9 

perovskite–perovskite heterojunction. The heterojunction device exhibited a marked increase 

in photocurrent and suppression of dark current, attributed to the enhanced generation of 

photocarriers and efficient interfacial charge transfer facilitated by the built-in electric 

potential. Compared to the pristine Cs2AgBiBr6 SC device, the heterojunction configuration 

yielded a ~30-fold improvement in the on/off current ratio and an approximate six-fold 

enhancement in responsivity, reflecting superior photodetection performance. Photophysical 

analyses, including steady-state photoluminescence (PL), time-resolved PL, and Raman 

spectroscopy, confirmed effective photoinduced charge transfer from CBI NCs to the 

Cs2AgBiBr6 matrix. Ultraviolet photoelectron spectroscopy (UPS) revealed a type-II band 

alignment at the heterointerface, favouring charge separation and transport across the junction. 

Complementary density functional theory (DFT) calculations further corroborated significant 

electron transfer from the CBI NCs to the Cs2AgBiBr6 SC, in agreement with the observed 

device characteristics. These findings underscore the potential of all-inorganic, lead-free halide 

perovskite heterojunctions in advancing high-performance photodetector technologies. 

5.1 Introduction 

Due to their exceptional optoelectronic properties, lead-based perovskites have been widely 

utilised in solar cells (SCs), photodetectors (PDs), and various other optoelectronic devices.1–4 

The rapid advancement in this field was initially driven by lead-based perovskite solar cells 

(PeSCs), which have achieved remarkable power conversion efficiencies exceeding 26% in a 

relatively short time frame, rivalling those of conventional crystalline silicon SCs. Despite this 

progress, the inherent toxicity of lead and issues related to the long-term stability of lead-based 

perovskites present significant challenges.5 Consequently, the development of lead-free 

perovskite alternatives has become a critical focus in the field. Various metal cations, including 

TH-4013_196121024



Lead-free Cs2AgBiBr6 Double Perovskite SC / Cs3Bi2I9 NC heterojunction.  

165 
 

Sn2+, Zr4+, Ag+, and Bi3+, have been investigated as potential substitutes for Pb2+ in perovskite 

structures for PD applications.6–10 However, the practical application of Sn-based perovskites 

in photovoltaics remains limited due to the facile oxidation of Sn2+ to Sn4+ under ambient 

conditions. Among various alternatives, bismuth (Bi3+) has emerged as a promising candidate 

to replace Pb2+ due to its nontoxicity and isoelectronic character. However, the inherent charge 

imbalance and the resultant low-dimensional crystal structures often limit the optoelectronic 

performance of Bi-based perovskite analogues compared to their lead-based counterparts.9 

Notably, double perovskites, with the general formula A2B+B3+X6, have gained significant 

attention as viable lead-free alternatives. In these structures, the divalent Pb2+ site is substituted 

by a combination of monovalent (B+) and trivalent (B3+) metal cations, forming a stable 

perovskite-like framework. Among them, Cs2AgBiBr6 has emerged as a leading candidate due 

to its favourable optoelectronic properties, which are comparable to those of lead-based 

perovskites, along with its reduced toxicity and enhanced environmental stability.11 

The solid-state synthesis and crystallographic characterisation of Cs2AgBiX6 (X = Cl, Br) have 

been reported by Woodward et al., who employed powder X-ray diffraction (PXRD) analysis 

combined with Rietveld refinement techniques to confirm the formation of a cubic crystal 

structure belonging to the Fm3m space group (No. 225).12 Building upon this foundation, 

Giustino and co-workers explored both the experimental synthesis and computational design 

of lead-free halide double perovskites, providing insights into the thermodynamic stability and 

electronic band structures of Cs2AgBiX6 (X = Cl, Br).13–15 Wei et al. further investigated the 

electronic structure of Cs2AgBiBr6 through first-principles calculations, with a particular focus 

on the order–disorder phase transition and its influence on the material’s band structure.16 

Additionally, Schade and colleagues conducted comprehensive structural and optical studies 

on Cs2AgBiBr6 powder samples, elucidating its behaviour across the phase transition 

temperature.17 Although a single-crystal structure was not reported, the authors provided 

detailed crystallographic parameters of Cs2AgBiBr6 at both room and low temperatures based 

on neutron powder diffraction (NPD) measurements. Zhan et al. investigated the application of 

Cs2AgBiBr6 thin films in humidity sensing, demonstrating remarkable environmental stability 

and exceptionally rapid response and recovery times.18 In the broader context of optoelectronic 

applications, double perovskites have been utilised in various device architectures, including 

solar cells19,20 and X-ray detectors21,22, typically in the form of thin films or compressed powder 

pellets.  
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Traditionally, Cs2AgBiBr6-based photodetectors (PDs) have been predominantly fabricated 

using single-crystal (SC) architectures, which exhibit a high charge transport figure of merit 

(μτ ≈ 6.3 × 10-3 cm2 V-1) and a low surface trap density of approximately 1.74 × 109 cm-3.23 

Alternatively, oxide films such as TiO2 and SnO2 have been employed as functional interfacial 

layers to form semiconductor–oxide heterojunctions, thereby enhancing charge extraction and 

device stability. For instance, a SnO2-based heterojunction has demonstrated a responsivity of 

0.11 A W-1 at 350 nm, while a TiO2-based device exhibited a response time of 2 ms and a 

specific detectivity of 2.1 × 1010 Jones.24 However, the use of conventional oxide films 

fabricated via spin-coating techniques often introduces oxygen vacancies and grain boundary 

defects, which act as non-radiative recombination centres. These defect states lead to enhanced 

carrier recombination, thereby reducing charge transport efficiency and ultimately causing a 

decline in overall photodetection performance.25 

To overcome these challenges, we have fabricated an all-inorganic lead-free heterostructure 

photodetector using Cs2AgBiBr6 single crystal and Cs3Bi2I9 NCs. To fabricate the 

heterostructure on the substrate, a high-quality Cs2AgBiBr6 single crystal (SC) was first 

synthesized in hydrobromic acid (HBr) via the low-temperature crystallisation (LTC) method. 

The ball milling method was utilized to synthesize high crystallinity Cs3Bi2I9 NCs. 

Furthermore, CBI NCs were drop-casted on top of the Cs2AgBiBr6 DP SC to form a uniform 

NC thin film. This approach facilitates the fabrication of a visually uniform, structurally stable, 

and low-toxicity photodetector (PD). The resulting planar heterostructure device exhibits 

higher photocurrent and reduced dark current, thus enhancing the responsivity and detectivity 

of the device. The on/off ratio increased 30 times compared to the pristine DP SC device due 

to the reduced carrier recombination and generation of charge carriers at the DPSC/CBI 

interface. Furthermore, Ultraviolet photoelectron spectroscopy (UPS) and Density Functional 

Theory (DFT) corroborated the efficient charge transfer from CBI NCs to the Cs2AgBiBr6 SC. 

This study lays the groundwork for lead-free inorganic perovskite/perovskite heterostructures, 

paving the way for future optoelectronic applications.   

5.2 Materials and Methods 

5.2.1 Materials 

Caesium Bromide (Sigma Aldrich, Trace metal basis, >99.9%), Bismuth Bromide (Alfa Asar, 

Trace metal basis, >99%), Silver Bromide (Sigma Aldrich, Trace metal basis, >98%), Caesium 

Iodide (Sigma Aldrich, Trace metal basis, >99.9%), Bismuth Iodide (Sigma Aldrich, Trace 
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metal basis, >99.9%), Hydrobromic Acid (Sigma Aldrich, ACS Reagent 48%), Toluene (Sigma 

Aldrich, Anhydrous >99.8%), Oleylamine (Sigma Aldrich, >98%). All the chemicals were used 

without any alteration. 

5.2.2 Synthesis of Cs2AgBiBr6 Single Crystal 

The Cs2AgBiBr6 single crystals (SCs) were grown under ambient air conditions following a 

procedure similar to that reported previously.26 In brief, 10 mL of hydrobromic acid (HBr) was 

used as the solvent, into which 1.0 mmol of BiBr3, 2.0 mmol of CsBr, and 1.0 mmol of AgBr 

were added to form the precursor mixture. The resulting solution, containing an orange 

precipitate, was sonicated for 10 minutes to promote dissolution and then heated to 120 °C for 

3 hours to obtain a clear, supersaturated solution, suitable for crystal growth. Then the prepared 

solution was subjected to a controlled cooling protocol to facilitate the gradual crystallization 

of Cs2AgBiBr6. The process involved four sequential steps: (i) cooling at a rate of 2 °C per 

hour from 120 °C to 90 °C, (ii) further cooling at 1 °C per hour down to 60 °C, (iii) maintaining 

the temperature at 50 °C for 12 hours to promote crystal growth, and (iv) the solution was 

allowed to cool naturally to the room temperature. In the final stage, well-faceted single crystals 

with lateral dimensions 3 × 3 × 2 mm were obtained. The as-grown crystals were subsequently 

washed with isopropanol (HPLC grade, Sigma-Aldrich) to remove residual precursors and then 

dried at 60 °C to yield high-quality Cs2AgBiBr6 SCs suitable for further characterization and 

device fabrication. 

5.2.3 Synthesis of Cs3Bi2I9 Nanocrystals 

The Cs3Bi2I9 perovskite nanocrystals (NCs) were synthesized using a two-step surfactant-

assisted mechanochemical approach.27 In the standard procedure, 0.3 mmol of CsBr and 0.2 

mmol of BiI3 were subjected to ball milling in a planetary micro mill (PM100, Retch) at a 

rotation speed of 450 rpm for 2 hours, resulting in the formation of a fine Cs3Bi2I9 powder. To 

obtain surfactant-capped nanocrystals, a small quantity of oleylamine (0.08 mL) was 

subsequently introduced into the milling jar, followed by an additional 1 hour of milling. The 

final product was then dispersed in 10 mL toluene to yield a stable colloidal suspension of 

Cs3Bi2I9 NCs, suitable for further optical and structural characterization. 

5.2.4 Device Fabrication 

The Cs2AgBiBr6 SC/CBI NC film heterojunction was fabricated by drop-casting a colloidal 

dispersion of CBI nanocrystals onto the top surface of the cleaned single crystal. The deposited 

layer was then annealed at 70 °C on a hot plate, promoting solvent evaporation, film 
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densification, and enhanced interfacial adhesion between the CBI NCs and the Cs2AgBiBr6 

substrate. This step ensured the formation of a uniform and well-bonded perovskite–perovskite 

heterojunction interface. For electrical contact formation, gold (Au) electrodes with a thickness 

of approximately 80 nm were deposited on top of the heterostructure using a vacuum thermal 

evaporation technique with metal shadow masks. The use of gold electrodes provides excellent 

electrical conductivity, chemical stability, and ohmic contact with the underlying 

semiconductor layers. The resulting Au/Cs2AgBiBr6 SC/CBI NC/Au device structure was thus 

prepared for subsequent photoelectrical measurements. For comparative analysis, a pristine 

single-crystal (SC) detector with the configuration Au/Cs2AgBiBr6 SC/Au was also fabricated 

under identical conditions. This reference device, lacking the CBI NC film, serves as a control 

sample to evaluate the influence of the CBI NC layer on the overall photoresponse, charge 

transport, and photodetection performance of the heterojunction device. 

5.2.5 DFT Calculations 

First-principles calculations based on density functional theory (DFT) were performed using 

the Vienna Ab initio Simulation Package (VASP).28 The exchange-correlation interactions were 

described within the generalized gradient approximation (GGA) using the Perdew-Burke-

Ernzerhof (PBE) functional.29,30 A plane-wave kinetic energy cutoff of 400 eV was employed 

for all calculations. Brillouin zone integrations were carried out using a Monkhorst-Pack k-

point mesh of 6 × 6 × 6. Electronic structure analyses focused on the charge density distribution 

and density of states (DOS).31 Charge transfer characteristics were evaluated via Bader charge 

analysis, as implemented by Henkelman and co-workers. Charge density visualizations were 

generated using the VESTA software. The charge density difference (CDD), ρcdd, was 

computed as: 

                                   ρcdd = ρCs2AgBiBr6/Cs3Bi2I9 - ρCs2AgBiBr6 - ρCs3Bi2I9                                                           (5.1) 

where ρCs2AgBiBr6/Cs3Bi2I9, ρCs2AgBiBr6 and ρCs3Bi2I9 correspond to the charge densities of the 

heterostructure and the individual pristine constituents, respectively. 

5.3 Characterization Techniques 

To determine the crystal structure of the Cs2AgBiBr6 single crystal (SC), Single crystal and 

Powder X-ray diffraction (XRD) analysis were performed using a Bruker Nonius Smart Apex 

II X-ray Single crystal diffractometer (CCD) and a Rigaku RINT2500 TTRAX-III 

diffractometer equipped with Cu Kα radiation, respectively. The Raman spectra of the prepared 
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samples were collected using high-resolution micro-Raman spectroscopy (LabRam HR800, 

Jobin Yvon), employing an Ar+ ion laser with an excitation wavelength (λₑₓ) of 532 nm. A 100× 

objective lens was used to focus the laser beam onto a 1 μm spot size, with an excitation power 

of 140 μW. The scattered Raman signal was collected in backscattering geometry through a 

multimode fibre grating (1800 grooves mm-1) and detected by a charge-coupled device (CCD). 

Raman spectra were recorded under a fixed, continuous acquisition time, ensuring high spectral 

resolution and signal-to-noise ratio. The surface morphology and elemental distribution of the 

as-grown Cs2AgBiBr6 SC were investigated using field emission scanning electron microscopy 

(FESEM, SIGMA 300, Zeiss) operated at an accelerating voltage of 200 kV. The chemical 

composition and surface electronic states of the Cs2AgBiBr6 SC and Cs2AgBiBr6 SC/Cs3Bi2I9 

nanocrystal (NC) thin film heterostructure were analyzed using X-ray photoelectron 

spectroscopy (XPS) on a PHI 5000 VersaProbe III spectrometer (ULVAC-PHI, Inc.), 

employing an Al Kα X-ray source (1486.6 eV) with a beam current of 20 mA. UV–visible 

absorption spectra were recorded using a PerkinElmer Lambda 950 spectrophotometer, while 

steady-state photoluminescence (PL) spectra were obtained with a Horiba Jobin Yvon 

Fluoromax-4 fluorimeter, utilizing a 405 nm excitation laser source at room temperature. Time-

resolved photoluminescence (TRPL) measurements were performed at room temperature using 

a 405 nm pulsed laser excitation source (Lifespec II, Edinburgh Instruments), with an 

instrument response time below 50 ps. Electrical and photoresponse characteristics of the 

fabricated devices were measured using a shielded DC probe station equipped with a Keithley 

4200 SCS system,  and an external laser source connected with a function generator. All 

measurements were conducted under ambient atmospheric conditions at room temperature, 

without the use of a glovebox.  

5.3 Results and Discussions 

5.3.1 Characterization of Cs2AgBiBr6 SC 

Lead-free Cs2AgBiBr6 single crystals (SCs) with dimensions of approximately 3 mm × 3 mm 

× 2 mm were synthesized through a controlled slow-cooling method (Fig. 5.1(a)). The 

truncated octahedral morphology of the as-grown SCs is presented in Fig. 5.1(a). To obtain a 

smooth and reflective surface, the crystals were subsequently cleaned with IPA. The primary 

objective of the cleaning step was to eliminate residual precursor impurities and surface 

contaminants.  
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Fig. 5.1: (a) Schematic illustration of the synthesis method of Cs2AgBiBr6 single crystal. (b) Optical 

image of the small part of the Cs2AgBiBr6 single crystal mounted in the SCXRD system and the 

obtained 3D structure of the single crystal. (c) Powder XRD pattern of the Cs2AgBiBr6 single crystal. 

(d) Gaussian fitting of the (222) plane of the Cs2AgBiBr6 single crystal. (e) Raman spectra of the 

Cs2AgBiBr6 single crystal.  

This treatment enhanced the collection efficiency of photoinduced charge carriers and 

improved the adhesion of gold (Au) electrodes on the crystal surface. Structurally, the double 

perovskite Cs2AgBiBr6 possesses a unit cell twice the size of a conventional 3D lead halide 

perovskite, owing to the substitution of two Pb2+ ions with one monovalent Ag+ and one 

trivalent Bi3+ ion. The phase purity and structural quality of the polished Cs2AgBiBr6 single 

crystals were verified using single-crystal X-ray diffraction (SCXRD), powder X-ray 

diffraction (PXRD), and Raman spectroscopy, as shown in Fig. 5.1 (b, c). Single-crystal XRD 

measurement confirmed the growth of the highly crystalline Cs2AgBiBr6 single crystal.  
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Table 5.1: The unit cell parameters obtained from SCXRD measurement. 

Parameters Compound name 

Formula Ag2Bi2Br12Cs4 

Mol.wt. 2124.26 

Crystal System Cubic 

Space group Fm-3m 

a (Å) 11.264(6) 

b (Å) 11.264(6) 

c  (Å) 11.264(6) 

α  (°) 90 

β (°) 90 

γ  (°) 90 

V (Å3) 1429.3(2) 

Density, gcm−3 4.936 

Abs. coeff., mm−1 35.408 

F (000) 1800 

Total no. of reflections 110 

Reflections, I > 2σ(I) 110 

Max. θ/° 25.242 

 

Ranges (h, k, l) 
 

-14 ≤ h ≤ 14 

-14 ≤ k ≤ 14 

-14 ≤ l ≤ 14 

Complete to 2θ (%) 98.9 

Data / restraints / 

parameters 

110/0/8 

GooF (F2) 1.265 

R indices [I > 2σ(I)] 0.0112 

wR2 [I > 2σ(I)] 0.0258 

R indices (all data) 0.0112 

wR2 (all data) 0.0258 
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The corresponding 3D structure obtained from SCXRD showed the high-purity arrangement 

of Ag and Bi atoms. The corresponding structural parameters obtained from SCXRD are listed 

in Table 5.1. Prominent PXRD reflections were observed at 2θ values of 14.06°, 23.42 °, 

27.84°, 32.01°, 39.34°, and 45.74°, which correspond to the (111), (220), (222), (400), (422) 

and (400) crystal planes of Cs2AgBiBr6, respectively. Furthermore, the narrow full-width at 

half maximum (FWHM) of 0.09° for the (111) peak indicates an excellent crystalline quality 

of the Cs2AgBiBr6 SCs (Fig. 5.1(d)).23 The Raman spectrum of the crystal, presented in Fig. 

5.1(e), exhibits distinct vibrational modes at 75 cm-1, 133 cm-1 and 178 cm-1, which are in good 

agreement with previously reported values for Cs2AgBiBr6.32 The Raman band at 133 cm-1 is 

attributed to the Eg mode, which arises from the asymmetric stretching vibrations of Br ions 

surrounding Bi ions. In contrast, the band observed at 178 cm-1 corresponds to the A1g mode, 

associated with the symmetric stretching vibrations of Br atoms around Bi atoms within the 

[BiBr6] octahedral framework. The T2g Raman mode arises from the oscillations of caesium 

atoms along with the other atoms.33 

 

Fig. 5.2: (a) FESEM image of the Cs2AgBiBr6 single crystal. (b) Magnified FESEM image of the 

marked area of Cs2AgBiBr6 single crystal. (c) Corresponding FESEM-EDX atomic spectra of 

Cs2AgBiBr6 single crystal. The inset shows the corresponding atomic percentage of each element.  

To further confirm the elemental composition, energy-dispersive X-ray (EDX) measurement 

was performed on the Cs2AgBiBr6 single crystals. The scanning electron microscopy (SEM) 
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image of the crystal is presented in Fig. 5.2(a, b). The corresponding EDX spectrum is shown 

in Fig. 5.2(c). Quantitative EDX analysis confirmed the stoichiometric composition of the 

crystal, with the atomic percentages of Br, Ag, Cs, and Bi determined to be 62.17%, 9.31%, 

17.98%, and 10.53%, respectively. The optical properties of the Cs2AgBiBr6 double perovskite 

single crystals were further examined. The absorbance and photoluminescence (PL) emission 

spectra of the polished Cs2AgBiBr6 crystal are presented in Fig. 5.3(a). Consistent with 

previous reports, the absorption spectrum reveals a distinct band edge near 630 nm.34,35 

Considering the indirect nature of the electronic transition, the optical bandgap was estimated 

to be approximately 1.97 eV, as depicted in Fig. 5.3(c). Furthermore, the crystal exhibits a 

broad PL emission with a Stokes-shifted peak centered at 662 nm, characteristic of indirect 

bandgap semiconductors. To elucidate the origin of the broad PL spectrum observed in the 600–

800 nm range, Gaussian fitting was performed using two distinct PL peaks (Fig. 5.3(b)). The 

first peak (Pex), centered at 633 nm, is attributed to the band-edge emission associated with the 

indirect bandgap transition. In contrast, the second peak (PSTE), located at 700 nm, is assigned 

to self-trapped excitons (STEs) or defect-related states within the band structure.33,36,37 

 

Fig. 5.3: (a) Absorbance and PL spectra of Cs2AgBiBr6 single crystal. (b) Gaussian fitting of the PL 

spectra of Cs2AgBiBr6 SC. (c) Tauc plot of Cs2AgBiBr6 single crystal. 

5.3.2 Characterization of Cs3Bi2I9 NCs 

Fig. 5.4 illustrates the synthesis route of Cs3Bi2I9 nanocrystals by the ball mill method as 

discussed in the experimental section. Transmission electron microscopy (TEM) was employed 

to investigate the morphology and structural features of the as-synthesized Cs3Bi2I9 perovskite 

nanocrystals. The TEM image shown in Fig. 5.5(a) reveals uniform cubic-shaped nanocrystals 

with an average size of ~42 nm. To further evaluate their crystallinity and lattice structure, 

high-resolution TEM (HRTEM) analysis was performed (Fig. 5.5(b)). The observed lattice 

fringe spacing of 0.27 nm corresponds to the (204) crystallographic plane of CBI, confirming 
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the high crystalline quality of the NCs.38 Additionally, the energy-dispersive X-ray (EDX) 

analysis, presented in Fig. 5.5(c-f), confirms the elemental composition of the nanocrystals, 

indicating the presence of all expected constituent elements in their appropriate proportions.  

 

Fig. 5.4:  Schematic illustration of the preparation method of Cs3Bi2I9 NCs using the ball milling 

method. 

 

Fig. 5.5: (a) FETEM image of the Cs3Bi2I9 NCs. The inset shows the size distribution graph of the NCs. 

(b) High-resolution FETEM image of the Cs3Bi2I9 NCs. The inset shows the IFFT image of the yellow-

marked area. (c-e) FETEM image of the Cs3Bi2I9 NCs and corresponding elemental mapping, 

respectively.  
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The corresponding EDX spectrum confirmed the phase-pure stoichiometry ratio of the Cs3Bi2I9 

nanocrystals (Fig. 5.6). The X-ray diffraction (XRD) pattern of the as-synthesised CBI 

nanocrystals, shown in Fig. 5.7 (a), further confirms the phase purity and successful formation 

of the CBI perovskite, with no detectable impurity phases. The distinct diffraction peaks 

observed at 2θ values of 12.8°, 21.1°, 25.84°, 27.65°, 29.86°, and 32.4° correspond to the (101), 

(110), (202), (203), (204), and (205) crystal planes of CBI, respectively, which are in excellent 

agreement with previously reported literature values38 and the JCPDS file data (01-089-1846).  

 

Fig. 5.6: FETEM-EDX spectra of Cs3Bi2I9 NCs. 

Raman spectra were recorded for the CBI powder and NC thin film as shown in Fig. 5.7(b).  

The Raman spectra of powder CBI showed all characteristic Raman modes, confirming the 

high-quality synthesis by the ball milling method. However, only the A1g mode is clearly visible 

in the CBI NC thin film Raman spectra due to the high emissive nature of the nanocrystals.  

The optical characteristics of the colloidal CBI NCs were further analyzed through absorbance 

and photoluminescence (PL) spectroscopy, as presented in Fig. 5.7(c). The PL emission peak 

at 550 nm originates from the band-to-band excitonic recombination of photogenerated charge 

carriers, which aligns well with the absorption edge.39,40 The bandgap of the CBI NCs was 

estimated by Tauc’s plot as 2.25 eV, aligning well with the absorption and size of the NCs. 

Owing to their strong light-harvesting efficiency and high luminescent intensity, CBI NCs are 

widely utilized in optoelectronic applications, including heterojunction-based photodetectors. 

The strong absorption peak around 450 nm is due to the highly excitonic nature of the CBI 

nanocrystals. 
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Fig 5.7: (a) XRD pattern of Cs3Bi2I9 NC thin film and JCPDS file. (b) Raman spectra of Cs3Bi2I9 

powder and nanocrystal thin film. (c) Absorbance and PL spectra of Cs3Bi2I9 NCs. (d) Corresponding 

Tauc’s plot of Cs3Bi2I9 NCs. 

 

Fig. 5.8: (a) Absorbance spectra of Cs2AgBiBr6 SC and Cs2AgBiBr6/Cs3Bi2I9 heterostructure. (b, c) 

Steady-state PL and time-resolved PL spectra of Cs3Bi2I9 NC film and Cs2AgBiBr6/Cs3Bi2I9 

heterostructure. (e-f) Deconvoluted Raman spectra of Cs2AgBiBr6 SC, Cs3Bi2I9 NC thin film, and 

Cs2AgBiBr6/Cs3Bi2I9 heterostructure. 
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Table 5.2: Peak positions of A1g Raman mode in pristine and the HS materials obtained from the 

fitted Raman spectra in Fig. S5. 

Material A1g-mode (peak position) (cm-1) 

Cs2AgBiBr6 (DP) 178.93 

Cs3Bi2I9 (CBI) 147.44 

Cs2AgBiBr6/Cs3Bi2I9 HS DP (A1g) - 178.45 

CBI (A1g) - 147.93 

 

5.3.3 Characterization of the Cs2AgBiBr6 SC/Cs3Bi2I9 NCs Heterostructure 

Fig. 5.8 (a) presents a comparison of the absorption spectra of pristine Cs2AgBiBr6 single 

crystals (SCs) and the CBI NCs film/Cs2AgBiBr6 SC heterostructure. An enhanced overall 

absorption is observed in the CBI NCs/Cs2AgBiBr6 hybrid structure compared to the pristine 

Cs2AgBiBr6 SC, which can be attributed to the co-absorption characteristics of both constituent 

materials. The heterojunction sample exhibits extended absorption beyond 600 nm, arising 

from multiple reflections and light-trapping effects at the CBI NC film/Cs2AgBiBr6 

interface.41,42 Notably, a pronounced enhancement in the 400–550 nm region is observed, 

primarily due to the combined absorption contributions of CBI NCs and Cs2AgBiBr6 SCs.43 

The charge transfer dynamics and photogenerated carrier separation within the CBI 

NCs/Cs2AgBiBr6 heterojunction were further investigated using steady-state and time-resolved 

photoluminescence (PL) measurements. Fig. 5.8(b) compares the PL spectra of CBI NC films 

deposited on Cs2AgBiBr6 single crystals and quartz substrates. Both films exhibit a PL 

emission peak at 540 nm and 650 nm, corresponding to the band-edge excitonic recombination 

in CBI and Cs2AgBiBr6 SC, respectively. However, the PL intensity of the CBI NCs on 

Cs2AgBiBr6 SC is significantly quenched compared to that on the quartz substrate. This strong 

PL quenching indicates efficient transfer of photogenerated charge carriers from the CBI NC 

layer to the Cs2AgBiBr6 SC across the heterojunction interface, thereby reducing radiative 

recombination within the CBI NCs.43 Owing to its efficient photocarrier generation and 

separation, the Cs2AgBiBr6 SC/CBI NC film double perovskite/perovskite heterojunction 

demonstrates significant potential for optoelectronic and photodetection applications. The 

time-resolved photoluminescence (TRPL) decay profiles of CBI NC films deposited on quartz 

and Cs2AgBiBr6 SC substrates are shown in Fig. 5.8(c). A bi-exponential fitting was employed 

to extract the average PL decay lifetimes, which were found to be 6.65 ns for the CBI NC film 

and 5.8 ns for the Cs2AgBiBr6 SC/CBI NC hybrid structure. The notable reduction in the decay 
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time of the heterojunction film indicates efficient transfer of photogenerated charge carriers 

from CBI to Cs2AgBiBr6, effectively suppressing radiative recombination.43 This enhanced 

charge transfer efficiency directly contributes to the increased photocurrent response observed 

in the heterojunction-based photodetector. The Raman spectra of Cs2AgBiBr6 SC, CBI NC thin 

film, and Cs2AgBiBr6 SC/CBI NC thin film heterostructure were deconvoluted (Fig. 5.8(d-f)). 

The Raman spectra of the heterostructure illustrate the combination of the two materials, 

confirming its formation. The corresponding shift in the A1g Raman modes of both materials 

indicated charge transfer, as shown in Table 5.2.  

 

Fig. 5.9: (a-d) Comparison of the XPS spectra of each element of Cs2AgBiBr6/Cs3Bi2I9 with the 

elements of pristine Cs2AgBIBr6 SC. (e) XPS spectra of iodine element present in Cs2AgBiBr6/Cs3Bi2I9 

heterostructure. (g-j) Cross-sectional FESEM image of the HS interface and corresponding elemental 

mapping of Iodide (from CBI NCs) and bromide (from DP SC).  

X-ray photoelectron spectroscopy (XPS) measurements showed distinct peaks for each element 

in the Cs2AgBiBr6 SC/CBI heterostructure (Fig. 5.9(a-e)). The shift in the binding energies of 

each element of Cs2AgBiBr6 SC after heterostructure formation suggested the charge transfer 

from CBI to Cs2AgBiBr6 SC.32 Furthermore, the presence of distinct peaks of iodine confirmed 

the uniform formation of the heterostructure. The XPS spectra for each element are 

deconvoluted to understand the elemental composition of each material present in the HS 

system. The peak area (A) and XPS sensitivity factor (RSF) are listed in Table 5.3. XPS 

analysis of DPSC/CBI HS shows a surface composition of Cs2.67Ag0.82Bi1Br4.40I0.74 
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(Normalized to Bi=1). Comparison with the ideal phases and theoretical 90:10 mixture 

indicates that the Ag/Bi ratio matches the expected proportion, confirming ~90% Cs2AgBiBr6 

and ~10% Cs3Bi2I9. However, the surface is clearly Cs-rich and Br/I-deficient compared to the 

ideal stoichiometry (Table 5.4). This deviation suggests Cs segregation and partial halide loss, 

phenomena commonly observed in halide double perovskites under vacuum or X-ray exposure.  

Table 5.3: Stoichiometric ratio calculations obtained from deconvoluted XPS spectra of each element. 

Element Peak Area 

(A) 

RSF (S) Corrected 

Intensity 

(A/S) 

Atomic % Stoichiometric 

Ratio (Bi=1) 

Cs 60835.42 7.041 8640.17 27.8 2.67 

Ag 15819.38 5.987 2642.29 8.5 0.82 

Bi 29549.46 9.140 3232.98 10.4 1.00 

Br 14966.11 1.053 14212.83 45.7 4.40 

I 14777.52 6.206 2381.17 7.7 0.74 

 

 

Fig. 5.10: (a) FESEM image of the DP/CBI HS. (b-f) FESEM-EDX mapping of all the constituent 

elements present in the HS. 

To further substantiate the interface quality, we analysed the surface and cross-sectional SEM 

imaging along with corresponding EDX mapping (Fig. 5.9(f-i)). The cross-sectional images 

clearly demonstrate a continuous and well-adhered NC layer on top of the single crystal. 

Additionally, elemental mapping of iodine (from Cs3Bi2I9) and bromine (from Cs2AgBiBr6) 

TH-4013_196121024



Chapter 5 

180 
 

has been provided to distinctly identify the NC layer and the underlying single crystal, 

confirming uniform heterointerface formation and consistent film thickness. The FESEM-EDX 

mapping of all the constituent elements of the HS indicates the uniform formation of the CBI 

NC thin film on the DP single crystal surface (Fig. 5.10 (a-f)). 

Table 5.4: Comparison of the theoretical and measured composition of the DPSC/CBI HS from XPS 

data. 

Composition Cs Ag Bi Br I Comment 

Ideal 

Cs2AgBiBr6 

2 1 1 6 0  No Iodide 

Ideal 

Cs3Bi2I9 

1.50 0 1 0 4.50 No Silver, 

No 

Bromide 

Theoretical (90:10) 

(Cs2AgBiBr6:Cs3Bi2I9) 

1.91 0.82 1 4.91 0.82 Expected 

for 90:10 

mixture for 

Bi=1 

XPS (Bi=1) 2.67 0.82 1 4.40 0.74 Measured 

surface 

composition 

 

5.3.4 Photodetector Performance 

A planar heterojunction X-ray detector with the configuration Au/Cs2AgBiBr6 SC/CBI NC 

film/Au was fabricated using a Cs2AgBiBr6 SC. The device architecture of the photodetector 

is illustrated in the Fig. 5.12(a). For comparison, a control device with the same structure but 

without the CBI NC film (Au/Cs2AgBiBr6 SC/Au) was also fabricated to evaluate the influence 

of the CBI NC layer on the detector’s performance. The optical image of the fabricated device 

is presented in the inset of Fig. 5.12(a), where the active illuminated area was estimated to be 

approximately 5 × 10-4 cm2 using ImageJ software. A 450 nm laser was used for the 

photodetector application due to the maximum absorption of the heterostructure device in the 

range of 300-600 nm wavelength. The current–voltage (I–V) characteristics of the Cs2AgBiBr6 

SC and Cs2AgBiBr6 SC/CBI NC device were measured both in the dark and under varying 

laser power densities, as depicted in Fig. 5.12(b, c), respectively. With increasing laser power 

density, the photocurrent increased, confirming efficient photoresponse. The Cs2AgBiBr6/CBI 

heterostructure demonstrates a significantly enhanced photocurrent and a substantial 

suppression of dark current, compared to the pristine Cs2AgBiBr6 double perovskite (DP) 

device, as shown in Fig. 5.12(d). Multiple devices were fabricated to test the reliability and 

reproducibility of the HS. The resulting devices exhibited similar I-V characteristics under 
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identical conditions, with a sample standard deviation of less than 7%, confirming the 

uniformity and reproducibility of the HS devices (Fig. 5.11(a)). To further substantiate our 

claims, we fabricated a control device by coating the DP single crystal with a Poly(methyl 

methacrylate) PMMA layer (5 mg dissolved in 5 mL Chlorobenzene) and measured its I-V 

characteristics under identical conditions (Fig. 5.11(b)). The DP-PMMA device showed 

reduced dark current, proving that PMMA effectively passivates surface defects. However, the 

photocurrent enhancement was negligible compared to the HS device. Moreover, the dark 

current of the DP-PMMA device remained higher than that of the HS device.  

 

Fig. 5.11: (a) I-V characteristics of the multiple HS devices with the same configuration. (b) 

Comparison of the I-V characteristics of DP, DP-PMMA, and HS devices. 

These results clearly indicate that while PMMA passivation reduces surface trap-assisted 

leakage, it neither generates significant photocurrent nor creates a built-in electric field. 

Therefore, the superior performance of the HS device arises predominantly from the combined 

effects of enhanced optical absorption and efficient interfacial charge separation driven by the 

built-in electric field at the heterojunction interface. The dark current in the heterostructure was 

suppressed significantly (one order of magnitude). The observed improvement in photocurrent 

in the heterojunction device can primarily be attributed to the strong light absorption of 

Cs2AgBiBr6 and the efficient charge transfer at the Cs2AgBiBr6/CBI interface, which 

collectively facilitate enhanced photocarrier separation and transport.44 The current on/off 

ratios for both devices are compared in Fig. 5.12(e), revealing that the Cs2AgBiBr6/CBI 

heterostructure achieves an enhancement of nearly two orders of magnitude (≈30×) over the 

pristine Cs2AgBiBr6 SC detector. This substantial improvement can be attributed to efficient 

interfacial charge transfer, reduced self-trapped exciton emission, and suppressed dark current 

within the heterostructure. The results are consistent with the photoluminescence (PL) 
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quenching and shorter carrier recombination lifetimes observed earlier, confirming that the 

strong interfacial coupling between Cs2AgBiBr6 and CBI facilitates rapid charge separation 

and minimizes non-radiative recombination losses. Furthermore, to quantitatively investigate 

the relationship between photocurrent and illumination power density, the photocurrent 

response at a bias voltage of -5 V was measured and plotted, as shown in Fig. 5.12(f, g).  

 

Fig. 5.12: (a) Schematic of the Cs2AgBiBr6/Cs3Bi2I9 heterostructure device. The inset shows the optical 

image of the device. (b, c) I-V curve of the Cs2AgBiBr6 Sc and Cs2AgBiBr6/Cs3Bi2I9 heterostructure 

device. (d) Comparison of the I-V curve of Cs2AgBiBr6 and Cs2AgBiBr6/Cs3Bi2I9 heterostructure 

device. (e) Comparison of the on/off ratio of Cs2AgBiBr6 and Cs2AgBiBr6/Cs3Bi2I9 device. (f, g) 

Photoresponse vs laser power density of Cs2AgBiBr6 and Cs2AgBiBr6/Cs3Bi2I9 heterostructure device. 

(h, i) comparison of the responsivity and specific detectivity of Cs2AgBiBr6 and Cs2AgBiBr6/Cs3Bi2I9 

heterostructure device, respectively. 

The observed dependence further validates the efficient photoresponse behaviour and robust 

charge separation dynamics in the Cs2AgBiBr6/CBI heterostructure system. From the power 

law, the θ value for each case is calculated, and the HS showed improved θ values compared 
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to the pristine sample, making it more ideal for photodetector applications. Responsivity (R) 

and specific detectivity (D) are key parameters commonly used to evaluate the performance of 

photodetectors. The responsivity (R) represents the device’s efficiency in converting incident 

optical power into electrical current, whereas the specific detectivity (D) reflects its ability to 

distinguish weak optical signals from background noise. The responsivity can be calculated 

using the relation:44 

𝑅 =  
𝐼𝑙𝑖𝑔ℎ𝑡−𝐼𝑑𝑎𝑟𝑘

𝑃𝑖𝑛 ×𝐴
                                                                                                                         (5.2) 

where 𝐼lightand 𝐼darkare the photocurrent and dark current, respectively, 𝑃inis the incident light 

power density, and 𝐴 is the active illuminated area. The specific detectivity (D*) can be 

calculated using the equation below:45 

𝐷 =  
𝑅

√2𝑞𝐼𝑑𝑎𝑟𝑘
                                                                                                                            (5.3) 

Where R is the responsivity of the device, q is the electronic charge, and 𝐼dark is the dark current 

of the HS device. Remarkably, under a light power density of 0.2 mW cm-2, the 

Cs2AgBiBr6/CBI heterostructure photodetector exhibits a high responsivity of 0.92 A W-1, as 

shown in Fig. 5.12(h), highlighting its excellent photoresponse efficiency under low-light 

conditions. 

 

Fig. 5.13: (a) Comparison of responsivity, detectivity and external quantum efficiency of the 

Cs2AgBiBr6/Cs3Bi2I9 heterostructure device. (b, c) rise and fall time of pristine Cs2AgBiBr6 SC and 

Cs2AgBiBr6/Cs3Bi2I9 heterostructure device. 

As the incident light power density increases, a gradual decrease in responsivity is observed. 

This reduction can be attributed to the enhanced carrier recombination rate at higher 

illumination intensities, which limits the number of photogenerated carriers contributing to the 
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external current. Despite this trend, the Cs2AgBiBr6/CBI heterostructure photodetector exhibits 

an exceptionally high specific detectivity (D*) of 2.97 × 1012 Jones at a low power density of 

0.2 mW cm-2 (Fig. 5.12(i)), highlighting its remarkable sensitivity to weak optical signals. 

These results clearly demonstrate that the present heterostructure device exhibits superior 

performance, particularly in terms of both detectivity and current on/off ratio.  

 

Fig. 5.14: (a) Spectral responsivity of the HS device with reference to the absorbance of HS and CBI 

NCs. (b) Stability performance of the HS device after 4 months of storage under ambient conditions. 

(c) Photoresponse of the HS device under continuous illumination of a 450 nm laser. 

The external quantum efficiency of the device was calculated using the relation:45 

𝐸𝑄𝐸 =
ℎ𝑐𝑅𝜆

𝑒𝜆
                                                                                                                              (5.4) 

Where 𝑅𝜆 is the responsivity for a specific wavelength and 𝜆 is the wavelength used for the 

photodetection. The EQE of the Cs2AgBiBr6 SC/CBI HS improved by ~100× that of the 

pristine Cs2AgBiBr6 SC device (Fig. 5.13(a)). Furthermore, the rise and fall time of the HS 

device was reduced significantly (Fig. 5.13(b, c)). The spectral responsivity of the HS device 

was measured over a wavelength range of 300 to 750 nm (Fig. 5.14 (a)). The HS device 

exhibited its highest responsivity between 420 to 480 nm, with a gradual decrease at longer 

wavelengths consistent with the excitonic absorption peak of CBI NCs. To better understand 

this behaviour, the spectral responsivity of the HS device was compared with the absorption 

TH-4013_196121024



Lead-free Cs2AgBiBr6 Double Perovskite SC / Cs3Bi2I9 NC heterojunction.  

185 
 

spectra of both the heterostructure and the CBI NCs. The spectral response closely follows the 

HS absorption profile, indicating that the photoresponse is governed by the combined light-

harvesting properties of the constituent materials. The high responsivity observed in the 420-

480 nm region correlates well with the enhanced excitonic absorption arising primarily from 

the CBI NCs, while the extended response at longer wavelengths is attributed to the absorption 

contribution from the DP single crystal. This correspondence confirms that the heterostructure 

enables broadband photodetection across the entire visible region. These improved 

characteristics of the HS device proved the significance of perovskite-perovskite 

heterostructure in advanced optoelectronic applications. There was no reduction in the 

photoresponse of the HS device after 4 months of storage in ambient conditions (Fig. 5.14 (b)), 

proving the high stability of the lead-free halide perovskite-perovskite heterostructure for 

advanced optoelectronic applications. Furthermore, operational stability measurements were 

carried out on HS devices under continuous 450 nm laser illumination. The device was tested 

at a relatively high bias voltage (-5V) and an elevated laser power (15 mW) to assess its 

operational robustness under harsh conditions. The photocurrent and dark current were 

monitored continuously for more than 2000 s and more than 800 cycles (Fig. 5.14(c)). An initial 

gradual increase in both dark current and photocurrent was observed during the first ~1000 s 

of illumination, after which the device response stabilized.  

Table 5.5. Comparison of the photodetection performance of lead-based and lead-free perovskite single 

crystals. 

Device Configuration R (A/W) D*(Jones) Rise/fall time references 

Au/CsPbBr3 SC/Au 0.028 --- 90.7/57 ms 46 

Au/Ti/MAPbCl3 SC/Pt 0.046 1.2 × 1010 24/62 ms 47 

Au/Er-Cs2AgBiBr6 SC/Au 0.016 2.94 × 1010 242/342 ms 48 

C/(PA)2PbBr4/C 2.22 2.3 × 1013 1.59/1.66 ms 49 

Ag/Quassi-2D perovskite/Ag 0.016 2.06 × 1012 220/240 µs 50 

Au/CH3NH3PbBr3/Au 5600 6.59 × 1011 3.2/9.2 µs 51 

Ag/(BA)2CsAgBiBr7/C 0.422 × 10-3 3.86 × 1010 420/910 µs 52 

Au/Cs2AgBiBr6/Cs3Bi2I9/Au 0.98 2.97 × 1012 43/75 ms This work 
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This transient behaviour may be attributed to charge accumulation and interfacial capacitance 

effects, particularly considering the low modulation frequency of the laser pulse (250 mHz), 

which can influence carrier extraction dynamics and interfacial equilibrium. After this initial 

equilibration period, the device reached a steady-state operational condition. Importantly, no 

degradation in either photocurrent or dark current was observed during the 2000s continuous 

illumination test, confirming the excellent operational stability of the HS device even under 

prolonged, relatively extreme illumination conditions. Table 5.5 summarises the comparative 

metrics of lead-based and lead-free perovskite SC photodetectors, indicating potential 

application of DPSC/CBI NCs HS for advanced optoelectronic applications. 

5.3.5 UPS Study 

Ultraviolet photoelectron spectroscopy (UPS) measurements were performed to determine the 

energy band positions and to gain deeper insight into the carrier transfer kinetics across the 

Cs2AgBiBr6/CBI heterojunction. The UPS spectra were utilized to extract both the work 

function (ϕ) and the valence band maximum (VBM) positions, enabling the construction of the 

energy band alignment diagram when combined with the optical bandgap values obtained from 

absorption spectroscopy.  

 

Fig. 5.15: (a, b) UPS cut-off region for Cs2AgBiBr6 and Cs3Bi2I9, respectively. (c, d) UPS valence band 

edge region for Cs2AgBiBr6 and Cs3Bi2I9, respectively. (e) Energy-level diagram of Au/Cs3Bi2I9/ 

Cs2AgBiBr6 /Au heterojunction showing photogenerated charge carrier generation and separation. 

The work function (ϕ) was calculated using the relation:26 
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𝜙 = ℎ𝜈 − 𝐸cutoff                                                                                                                         (5.5) 

where ℎ𝜈 represents the photon energy of the He I source (21.2 eV), and 𝐸cutoff corresponds to 

the secondary electron cut-off energy observed at higher binding energy. The intersection 

points between the secondary electron cut-off and the baseline provide the value of 𝐸cutoff. As 

illustrated in Fig. 5.15(a, b), the cut-off energies were determined to be 16.17 eV for 

Cs2AgBiBr6 and 16.80 eV for CBI, respectively. These values were subsequently used to 

evaluate the relative work functions and band alignment, which are crucial for understanding 

charge transport and interfacial carrier dynamics in the heterojunction system. Based on the 

UPS measurements, the work functions (ϕ) of Cs2AgBiBr6 and Cs3Bi2I9 were determined to be 

5.03 eV and 4.4 eV, respectively. The energy difference between the Fermi level (En) and the 

valence band maximum (Ev), denoted as (Eₙ – Eᵥ), was obtained by extrapolating the linear 

portion of the UPS spectra toward the low-binding energy region. As shown in Fig. 5.15(c, d), 

these values were found to be 0.97 eV for Cs2AgBiBr6 and 1.13 eV for Cs3Bi2I9, respectively. 

Using these parameters, the energy band alignment diagram for the Cs2AgBiBr6/CBI 

heterojunction was constructed, as illustrated in Fig. 5.15(e). The diagram confirms the 

formation of a type-II staggered band alignment, which facilitates efficient charge separation 

across the interface. Due to the difference in work functions between the two materials, 

electrons flow spontaneously from CBI (lower ϕ) to Cs2AgBiBr6 (higher ϕ) until Fermi-level 

equilibrium is achieved. This interfacial charge redistribution leads to the establishment of a 

built-in electric field at the junction, promoting directional carrier transport and suppressing 

recombination losses, thereby enhancing photodetector performance. As a consequence of the 

difference in work functions, an inherent electric field is established at the Cs2AgBiBr6/CBI 

heterojunction interface. This built-in field gives rise to a depletion region and an internal 

potential barrier, which collectively suppress the flow of thermally generated carriers across 

the junction, thereby reducing the dark current of the device.26 Under laser irradiation, the 

junction electric field facilitates the generation and rapid separation of electron–hole pairs, 

enabling self-biased photodetection even in the absence of an external voltage. When an 

external bias is applied, the efficient separation and collection of charge carriers by the 

electrodes further enhances the photoresponse, resulting in a significant increase in detector 

responsivity. The exceptionally high responsivity and detectivity observed in the heterojunction 

detector can be attributed to a synergistic combination of effects, including: (i) the optical 

photon reabsorption due to PL emission of the CBI nanocrystals generating more charge 

carriers and (ii) the efficient charge transfer and collection induced by band bending at the type-
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II heterojunction interface. Together, these mechanisms contribute to enhanced photocarrier 

extraction efficiency, reduced recombination losses, and ultimately, superior photodetection 

performance of the Cs2AgBiBr6/CBI heterostructure device. 

5.3.6 DFT Calculations 

To gain a deeper understanding of the charge transfer dynamics at the perovskite heterojunction 

interface and the associated electronic structure, we performed first-principles density 

functional theory (DFT) calculations. The simulations were conducted using a single cubic unit 

cell of Cs2AgBiBr6 and a hexagonal unit cell of Cs3Bi2I9, the latter transformed to an 

orthorhombic configuration to construct a heterostructure model. The optimized atomic 

structures of Cs2AgBiBr6, Cs3Bi2I9, and their heterointerface are illustrated in Fig. 5.16(a).  

 

Fig. 5.16: (a) Optimised configuration of Cs2AgBiBr6/Cs3Bi2I9 heterostructure. (b) Charge density 

difference of Cs2AgBiBr6/Cs3Bi2I9 heterostructure. Projected density of states of (c) Cs2AgBiBr6, (d) 

Cs3Bi2I9, (e) Cs2AgBiBr6/Cs3Bi2I9 heterostructure.  

To probe the interfacial charge redistribution and migration behaviour, we performed the 

charge density difference (CDD) analysis. As shown in Fig. 5.16(a), the yellow and blue 

isosurfaces represent regions of electron accumulation and depletion, respectively, indicating 

a net electron transfer from Cs3Bi3I9 toward the surface of Cs2AgBiBr6.32 This directionality of 

charge flow is further substantiated by the plane-averaged CDD profile (Fig. 5.16(b)), which 

exhibits prominent positive peaks in the Cs2AgBiBr6 region and corresponding negative peaks 
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in the Cs3Bi2I9 domain. Bader charge analysis quantifies this transfer, revealing a net charge 

loss of approximately 0.1e per unit cell from Cs3Bi2I9, which is subsequently gained by 

Cs2AgBiBr6. These results suggest a lower work function for Cs2AgBiBr6 compared to 

Cs3Bi2I9, corroborating the observed electron migration direction. As a consequence of this 

interfacial charge redistribution, Cs3Bi2I9 exhibits p-type character, while Cs2AgBiBr6 becomes 

increasingly n-type. Such band alignment facilitates favourable band bending under reverse 

bias, promoting efficient charge separation and thereby enhancing the photocurrent response. 

To elucidate the impact of heterojunction formation on the electronic structure, we conducted 

total and projected density of states (TDOS and PDOS) analysis. The computed band gaps for 

pristine Cs3Bi2I9 and Cs2AgBiBr6 are found to be approximately 1.2 eV and 1.5 eV, respectively 

(Fig. 5.16(c, d)), which are somewhat underestimated due to the well-known limitations of 

standard DFT in accurately predicting bandgap energies. Nonetheless, our focus is on 

understanding the relative evolution of the electronic states upon hybridization. Notably, the 

heterostructure exhibits a reduced bandgap, accompanied by the emergence of additional 

electronic states near the Fermi level (Fig. 5.16(e)) compared to the individual pristine 

materials. This phenomenon is expected to enhance charge carrier mobility, suppress 

recombination processes, and improve photodetection efficiency. Furthermore, our DFT 

calculations confirm the formation of a type-II (staggered) band alignment at the 

Cs2AgBiBr6/Cs3Bi2I9 interface, consistent with the results obtained from ultraviolet 

photoelectron spectroscopy (UPS) measurements. 

5.4 Conclusion 

In summary, we have demonstrated the potential of a novel Cs2AgBiBr6 single crystal 

(SC)/Cs3Bi2I9 (CBI) nanocrystal film heterojunction for high-performance photodetection 

applications. The Cs2AgBiBr6 single crystals were synthesized via a conventional slow-cooling 

crystallization method, while the CBI nanocrystals were prepared using a surfactant-assisted 

mechanochemical route to obtain a stable colloidal dispersion in toluene. The heterojunction 

architecture was constructed by depositing the CBI NC film onto the Cs2AgBiBr6 SC surface, 

forming a well-defined perovskite–perovskite interface. Comprehensive photoluminescence 

(PL) and time-resolved photoluminescence (TRPL) analyses confirmed the efficient transfer 

of photogenerated charge carriers from the CBI NC film to the Cs2AgBiBr6 SC, indicating 

strong interfacial coupling and effective charge separation. These observations highlight the 

favourable band alignment and reduced carrier recombination within the heterostructure, 

underscoring its promise for advanced optoelectronic applications. Compared with the pristine 
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Cs2AgBiBr6 single-crystal device, the fabricated Au/Cs2AgBiBr6 SC/CBI NC film/Au 

heterojunction detector exhibited a higher photocurrent response and a significantly lower dark 

current, confirming its superior photoresponse efficiency and enhanced photodetection 

capability. The observed enhancement in photocurrent can be attributed to effective carrier 

generation and separation, facilitated by the favourable band bending at the type-II 

Cs2AgBiBr6/CBI heterojunction interface. The built-in electric field established across the 

heterojunction enables efficient drift-assisted charge separation, thereby minimizing carrier 

recombination losses. As a result, the device exhibited a remarkable responsivity of 0.98 AW-1 

under -5V external bias, confirming the presence of a strong potential capable of driving charge 

transport. The device exhibited a high specific detectivity of 2.97 × 1012 Jones, which is 

exceptionally high compared to the pristine Cs2AgBiBr6 SC device. The results showed a 

higher on/off ratio and fast rise and fall time compared to the pristine Cs2AgBiBr6 SC device. 

Moreover, density functional theory (DFT) electronic structure calculations revealed a clear 

electron transfer from CBI to Cs2AgBiBr6, consistent with the experimentally observed type-

II band alignment and the enhanced charge separation efficiency. Collectively, these findings 

confirm that the Cs2AgBiBr6/Cs3Bi2I9 heterojunction exhibits a synergistic combination of 

higher absorption and efficient interfacial charge transfer, positioning it as a promising 

candidate for next-generation high-performance photodetectors and broad-spectrum 

optoelectronic devices. 

 

 

 

 

 

 

 

 

 

TH-4013_196121024



Lead-free Cs2AgBiBr6 Double Perovskite SC / Cs3Bi2I9 NC heterojunction.  

191 
 

References 

1 S. Wang, Y. Jiang, E. J. Juarez-Perez, L. K. Ono and Y. Qi, Nat Energy, 
DOI:10.1038/nenergy.2016.195. 

2 Z. Chen, Q. Dong, Y. Liu, C. Bao, Y. Fang, Y. Lin, S. Tang, Q. Wang, X. Xiao, Y. Bai, Y. Deng and 
J. Huang, Nat Commun, DOI:10.1038/s41467-017-02039-5. 

3 G. Tong, L. K. Ono and Y. Qi, Wiley-VCH Verlag, 2020, preprint, DOI: 
10.1002/ente.201900961. 

4 A. Kojima, K. Teshima, Y. Shirai and T. Miyasaka, J Am Chem Soc, 2009, 131, 6050–6051. 

5 C. N. Savory, A. Walsh and D. O. Scanlon, ACS Energy Lett, 2016, 1, 949–955. 

6 T. Leijtens, G. E. Eperon, N. K. Noel, S. N. Habisreutinger, A. Petrozza and H. J. Snaith, Adv 
Energy Mater, DOI:10.1002/aenm.201500963. 

7 H. Cho, Y. H. Kim, C. Wolf, H. D. Lee and T. W. Lee, Wiley-VCH Verlag, 2018, preprint, DOI: 
10.1002/adma.201704587. 

8 Z. Zhu, Q. Sun, Z. Zhang, J. Dai, G. Xing, S. Li, X. Huang and W. Huang, Royal Society of 
Chemistry, 2018, preprint, DOI: 10.1039/C8TC03164A. 

9 M. Lyu, J. H. Yun, P. Chen, M. Hao and L. Wang, Wiley-VCH Verlag, 2017, preprint, DOI: 
10.1002/aenm.201602512. 

10 A. Babayigit, A. Ethirajan, M. Muller and B. Conings, Nature Publishing Group, 2016, 
preprint, DOI: 10.1038/nmat4572. 

11 X. Li, J. Shi, J. Chen, Z. Tan and H. Lei, MDPI, 2023, preprint, DOI: 10.3390/ma16124490. 

12 E. T. McClure, M. R. Ball, W. Windl and P. M. Woodward, Chemistry of Materials, 2016, 28, 
1348–1354. 

13 M. R. Filip, S. Hillman, A. A. Haghighirad, H. J. Snaith and F. Giustino, Journal of Physical 
Chemistry Letters, 2016, 7, 2579–2585. 

14 M. R. Filip, X. Liu, A. Miglio, G. Hautier and F. Giustino, Journal of Physical Chemistry C, 
2018, 122, 158–170. 

15 G. Volonakis, M. R. Filip, A. A. Haghighirad, N. Sakai, B. Wenger, H. J. Snaith and F. Giustino, 
Journal of Physical Chemistry Letters, 2016, 7, 1254–1259. 

16 J. Yang, P. Zhang and S. H. Wei, Journal of Physical Chemistry Letters, 2018, 9, 31–35. 

17 L. Schade, A. D. Wright, R. D. Johnson, M. Dollmann, B. Wenger, P. K. Nayak, D. 
Prabhakaran, L. M. Herz, R. Nicholas, H. J. Snaith and P. G. Radaelli, ACS Energy Lett, 2019, 
4, 299–305. 

18 Z. Weng, J. Qin, A. A. Umar, J. Wang, X. Zhang, H. Wang, X. Cui, X. Li, L. Zheng and Y. Zhan, 
Adv Funct Mater, DOI:10.1002/adfm.201902234. 

19 E. Greul, M. L. Petrus, A. Binek, P. Docampo and T. Bein, J Mater Chem A Mater, 2017, 5, 
19972–19981. 

TH-4013_196121024



Chapter 5 

192 
 

20 C. Wu, Q. Zhang, Y. Liu, W. Luo, X. Guo, Z. Huang, H. Ting, W. Sun, X. Zhong, S. Wei, S. 
Wang, Z. Chen and L. Xiao, Advanced Science, DOI:10.1002/advs.201700759. 

21 L. Yin, H. Wu, W. Pan, B. Yang, P. Li, J. Luo, G. Niu and J. Tang, Adv Opt Mater, 
DOI:10.1002/adom.201900491. 

22 B. Yang, W. Pan, H. Wu, G. Niu, J. H. Yuan, K. H. Xue, L. Yin, X. Du, X. S. Miao, X. Yang, Q. Xie 
and J. Tang, Nat Commun, DOI:10.1038/s41467-019-09968-3. 

23 Q. Hu, Z. Deng, M. Hu, A. Zhao, Y. Zhang, Z. Tan, G. Niu, H. Wu and J. Tang, Sci China Chem, 
2018, 61, 1581–1586. 

24 W. Shen, U. Jung, Z. Xian, B. Jung and J. Park, J Alloys Compd, 
DOI:10.1016/j.jallcom.2022.167329. 

25 J. A. Steele, W. Pan, C. Martin, M. Keshavarz, E. Debroye, H. Yuan, S. Banerjee, E. Fron, D. 
Jonckheere, C. W. Kim, W. Baekelant, G. Niu, J. Tang, J. Vanacken, M. Van der Auweraer, J. 
Hofkens and M. B. J. Roeffaers, Advanced Materials, DOI:10.1002/adma.201804450. 

26 J. Ghosh, N. K. Tailor, K. Ghosh, J. Jayarathne, S. Choudhary, C. Crean, P. K. Giri, S. 
Satapathi and P. Sellin, Adv Opt Mater, DOI:10.1002/adom.202402497. 

27 J. Ghosh, J. O’Neill, M. G. Masteghin, I. Braddock, C. Crean, R. Dorey, H. Salway, M. Anaya, 
J. Reiss, D. Wolfe and P. Sellin, ACS Appl Nano Mater, 2023, 6, 14980–14990. 

28 G. Sun, J. Kürti, P. Rajczy, M. Kertesz, J. Hafner and G. Kresse, Performance of the Vienna 
ab initio simulation package (VASP) in chemical applications q, . 

29 P. J. Hasnip and C. J. Pickard, Comput Phys Commun, 2006, 174, 24–29. 

30 J. P. Perdew, K. Burke and M. Ernzerhof, Generalized Gradient Approximation Made Simple, 
1996. 

31 G. Kresse and J. Furthmü, Efficient iterative schemes for ab initio total-energy calculations 
using a plane-wave basis set, 1996. 

32 R. Chahal, S. Ghosal, J. Ghosh and P. K. Giri, Nanoscale, 2025, 17, 9401–9417. 

33 R. Chahal, A. Bora and P. K. Giri, ACS Appl Energy Mater, 2023, 6, 8794–8807. 

34 K. Du, W. Meng, X. Wang, Y. Yan and D. B. Mitzi, Angewandte Chemie, 2017, 129, 8270–
8274. 

35 F. Ji, J. Klarbring, F. Wang, W. Ning, L. Wang, C. Yin, J. S. M. Figueroa, C. K. Christensen, M. 
Etter, T. Ederth, L. Sun, S. I. Simak, I. A. Abrikosov and F. Gao, Angewandte Chemie - 
International Edition, 2020, 59, 15191–15194. 

36 H. Lei, D. Hardy and F. Gao, John Wiley and Sons Inc, 2021, preprint, DOI: 
10.1002/adfm.202105898. 

37 W. Yuan, G. Niu, Y. Xian, H. Wu, H. Wang, H. Yin, P. Liu, W. Li and J. Fan, Adv Funct Mater, 
DOI:10.1002/adfm.201900234. 

38 J. Wang, Y. Li, L. Ma, G. Shen and Q. Yang, Adv Funct Mater, DOI:10.1002/adfm.202203072. 

TH-4013_196121024



Lead-free Cs2AgBiBr6 Double Perovskite SC / Cs3Bi2I9 NC heterojunction.  

193 
 

39 W. G. Li, X. D. Wang, J. F. Liao, Y. Jiang and D. Bin Kuang, Adv Funct Mater, 
DOI:10.1002/adfm.201909701. 

40 B. Ghosh, B. Wu, H. K. Mulmudi, C. Guet, K. Weber, T. C. Sum, S. Mhaisalkar and N. 
Mathews, ACS Appl Mater Interfaces, 2018, 10, 35000–35007. 

41 X. Song, X. Liu, D. Yu, C. Huo, J. Ji, X. Li, S. Zhang, Y. Zou, G. Zhu, Y. Wang, M. Wu, A. Xie and 
H. Zeng, ACS Appl Mater Interfaces, 2018, 10, 2801–2809. 

42 Y. H. Zhou, Z. Bin Zhang, P. Xu, H. Zhang and B. Wang, Nanoscale Res Lett, 
DOI:10.1186/s11671-019-3183-8. 

43 R. Chahal, A. K. Mia, A. Bora and P. K. Giri, J Mater Chem C Mater, 2024, 12, 12835–12846. 

44 F. Fang, Y. Wan, H. Li, S. Fang, F. Huang, B. Zhou, K. Jiang, V. Tung, L. J. Li and Y. Shi, ACS 
Nano, 2022, 16, 3985–3993. 

45 J. Ghosh, L. P. L. Mawlong, G. B. Manasa, A. J. Pattison, W. Theis, S. Chakraborty and P. K. 
Giri, J Mater Chem C Mater, 2020, 8, 8917–8934. 

46 J. Ding, S. Du, Z. Zuo, Y. Zhao, H. Cui and X. Zhan, Journal of Physical Chemistry C, 2017, 
121, 4917–4923. 

47 G. Maculan, A. D. Sheikh, A. L. Abdelhady, M. I. Saidaminov, M. A. Haque, B. Murali, E. 
Alarousu, O. F. Mohammed, T. Wu and O. M. Bakr, Journal of Physical Chemistry Letters, 
2015, 6, 3781–3786. 

48 H. Wang, H. Hu, K. Homewood and Y. Gao, Opt. Mater. (Amst)., 
DOI:10.1016/j.optmat.2024.115327. 

49 K. Dong, H. Zhou, Z. Gao, M. Xu, L. Zhang, S. Zhou, H. Cui, S. Wang, C. Tao, W. Ke, F. Yao 
and G. Fang, Adv. Funct. Mater., DOI:10.1002/adfm.202306941.  

50 L. Liang, X. Niu, X. Zhang, Z. Wang, J. Wu and J. Luo, Adv. Opt. Mater., 
DOI:10.1002/adom.202201342. 

51 H. Jing, R. Peng, R. M. Ma, J. He, Y. Zhou, Z. Yang, C. Y. Li, Y. Liu, X. Guo, Y. Zhu, D. Wang, J. 
Su, C. Sun, W. Bao and M. Wang, Nano Lett., 2020, 20, 7144–7151. 

52 Q. Yin, J. Wu, H. Ye, H. Li, Z. K. Zhu, C. Zhang, L. Xu, Z. Han and J. Luo, Adv. Opt. Mater., 
DOI:10.1002/adom.202403183. 

 

 

TH-4013_196121024



Chapter 6 

194 
 

Chapter 6 Summary and Outlooks 

This chapter summarizes the highlights and major contributions of the thesis. New findings on 

the controlled growth of different morphologies (Single Crystal, Thin Film, Nanosheets, 

Nanoflakes) of the Cs2AgBiBr6 double perovskites and their heterostructures with TMDs and 

other perovskites are summarized. New findings on the heterostructure of Cs2AgBiBr6 with 

other materials for improved optoelectronic and sensing applications are summarized.   

The scope of the future work is discussed at the end of this chapter. 

6.1 Highlights and summary of the Thesis contributions  

This thesis presents a comprehensive investigation into the controlled growth, structural 

engineering, and optoelectronic properties of bulk and nanostructured Cs2AgBiBr6 double 

perovskites (DPs). The research encompasses the design and fabrication of type-II 

heterojunctions incorporating few-layer WS2 for enhanced photoconductive performance, as 

well as the chemical vapor deposition (CVD) synthesis of Cs2AgBiBr6 thin films on various 

substrates. Furthermore, by employing Cs2AgBiBr6 as a substrate, the work explores self-

trapped exciton (STE)-assisted charge transfer mechanisms and their role in achieving 

enhanced surface-enhanced Raman scattering (SERS) responses. Furthermore, we have 

explored the all-inorganic lead-free perovskite-perovskite heterojunction with improved 

photodetection capabilities. Collectively, these studies provide critical insights into the photo-

physics and fundamental processes governing light absorption, charge transfer, and interfacial 

dynamics in double perovskite systems. They also lay an important foundation for developing 

sustainable, lead-free, and multifunctional optoelectronic devices tailored for modern energy 

and photonic applications. 

The overall contributions of this thesis are outlined below: 

A. Controlled Growth and Characterization of Cs2AgBiBr6 Double Perovskite by a CVD 

Method 

In this work, we have successfully demonstrated, for the first time, a chemical vapor deposition 

(CVD)-based growth of Cs2AgBiBr6 double perovskite (DP) thin films. Using a BiBr3 seed 

layer, we achieved the formation of highly crystalline and uniform Cs2AgBiBr6 thin films on a 

variety of substrates. The substrate temperature was found to play a critical role in determining 

the phase purity and film quality, serving as the primary parameter for process optimization. 

Raman spectroscopy and XRD analyses confirmed that a pure Cs2AgBiBr6 phase is obtained 
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at an optimal substrate temperature of 130 °C. However, at higher substrate temperatures, both 

techniques revealed a phase transition from Cs2AgBiBr6 to Cs3Bi2Br9, indicating the thermal 

instability of the double perovskite phase under such conditions. Controlled experiments on 

intermediate products provided valuable insights into the film growth mechanism, elucidating 

the sequential formation and transformation steps occurring during the CVD process. It is 

noteworthy that grain aggregation at elevated substrate temperatures results in a deterioration 

of film quality, characterised by increased surface roughness and reduced uniformity. To further 

examine the strain-induced effects and optimize the film morphology, we carried out growth 

studies on different substrates. The optimized Cs2AgBiBr6 thin film deposited on a SiO2 

substrate exhibited excellent crystallinity, reduced pinhole defects, enhanced surface 

homogeneity, and low roughness, confirming the effectiveness of the growth parameters. 

Furthermore, Raman thermometry measurements were performed to investigate the thermal 

transport properties of the Cs2AgBiBr6 thin films, focusing on both suspended and supported 

configurations. The extracted thermal conductivity values were approximately 1.97 ± 0.48 W 

m⁻¹ K⁻¹ for the suspended Cs2AgBiBr6 film and 16.14 ± 1.58 W m⁻¹ K⁻¹ for the supported film, 

which are in close agreement with theoretical predictions. The notable difference between the 

two configurations arises from enhanced heat dissipation to the substrate in the supported films, 

leading to higher apparent thermal conductivity. Overall, this study establishes a reliable CVD-

based synthesis route for high-quality lead-free double perovskite thin films, while providing 

critical understanding of the temperature-dependent growth mechanism, strain effects, and 

thermal transport behaviour - all of which are essential for advancing the integration of 

Cs2AgBiBr6 in energy-efficient and optoelectronic device applications. Our investigations 

revealed that the Cs2AgBiBr6 thin film exhibits excellent thermal and environmental stability. 

The material retains its structural integrity and phase purity up to a temperature of 220 °C, as 

confirmed by temperature-dependent analyses. Moreover, the as-grown Cs2AgBiBr6 DP 

maintained its crystalline phase and optical characteristics for over three months under high-

humidity ambient conditions, underscoring its remarkable resistance to environmental 

degradation—a crucial attribute for long-term device operation. A planar photodetector device 

fabricated from the Cs2AgBiBr6 thin film demonstrated excellent optoelectronic performance, 

producing a strong photocurrent of 10.1 μA at a modest bias voltage of 2 V. The device also 

exhibited a high current on/off ratio of approximately 44, along with rapid photoresponse 

dynamics, characterized by rise and fall times of 170 μs and 177 μs, respectively. Notably, the 

photodetector displayed self-powered operation, indicating efficient charge separation driven 

by the intrinsic built-in electric field. This study represents the first systematic report on the 

TH-4013_196121024



Chapter 6 

196 
 

CVD-grown Cs2AgBiBr6 thin film and its photoelectronic behaviour, providing a strong 

foundation for the future integration of lead-free double perovskites into a wide range of stable, 

high-performance optoelectronic and photodetection devices. “This work has been published 

in ACS Applied Energy Materials 6 (17), 8794-8807 (2023).” 

B. Facile In-situ Growth of Cs2AgBiBr6/WS2 heterostructure for enhanced ultraviolet 

Photodetection 

In this study, we successfully demonstrated the synthesis of Cs2AgBiBr6 DP nanosheets and 

the in-situ formation of Cs2AgBiBr6/WS2 heterostructures via a rapid, surfactant- and ligand-

free mechanochemical process. This method offers several advantages, including simplicity, 

scalability, and environmental friendliness, making it highly suitable for large-scale fabrication 

of lead-free perovskite-based heterostructures. XRD analysis confirmed the phase purity and 

structural integrity of both the individual Cs2AgBiBr6 nanosheets and the resulting 

Cs2AgBiBr6/WS2 heterostructure, indicating that the mechanochemical synthesis did not alter 

their crystalline phases. TEM and SAED analyses further revealed that small Cs2AgBiBr6 

nanosheets were uniformly distributed and anchored onto the surfaces of larger WS2 

nanosheets, forming a well-defined heterointerface. The presence of characteristic vibrational 

modes corresponding to both Cs2AgBiBr6 and WS2 was confirmed through Raman 

spectroscopy, validating successful heterostructure formation. Notably, the Raman shifts 

observed in the A1g and E2g modes of WS2 within the heterostructure indicate electron transfer 

from Cs2AgBiBr6 to WS2 and the presence of lattice strain induced during the milling process. 

Optoelectronic characterization revealed that the Cs2AgBiBr6/WS2 heterostructure exhibits a 

significantly enhanced photoresponse compared to pristine Cs2AgBiBr6, attributed to its 

improved light absorption, strong PL quenching, and reduced carrier recombination lifetime. 

These findings collectively confirm that efficient interfacial charge transfer and coupling 

between the two materials lead to superior photoconductive performance, underscoring the 

promise of Cs2AgBiBr6/WS2 heterostructures for next-generation optoelectronic and 

photodetection applications. It was observed that the incorporation of WS₂ nanosheets within 

the Cs₂AgBiBr6/WS₂ heterostructure led to a significant suppression of self-trapped exciton 

(STE) emission, attributed to the participation of intermediate electronic energy states 

introduced by WS₂. These intermediate states facilitate efficient carrier transfer and relaxation 

pathways, thereby reducing radiative recombination via STE processes. The formation of high-

purity crystalline phases of both Cs2AgBiBr6 DP and WS2 nanosheets was confirmed through 

XPS analysis. Following the creation of the heterojunction, XPS spectral shifts revealed an 
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increase in electron density within WS₂, consistent with charge (electron) transfer from 

Cs2AgBiBr6 to WS2, further corroborating the existence of strong electronic coupling at the 

interface. To evaluate the device performance, a planar heterostructure photodetector was 

fabricated using gold (Au) electrodes, patterned via electron-beam lithography for precise 

contact definition. The resulting Cs2AgBiBr6/WS2 heterostructure device exhibited a 

substantial enhancement in photocurrent, demonstrating its superior photoresponse efficiency 

compared to the pristine counterparts. Additionally, the formation of a depletion region and a 

Schottky barrier at the Au/Cs2AgBiBr6/WS2 interface contributed to a two-order-of-magnitude 

reduction in dark current, highlighting the heterostructure’s excellent carrier selectivity and low 

noise characteristics. These findings collectively underscore the critical role of interfacial 

charge transfer and built-in electric fields in enhancing the photoconductive performance of 

the Cs2AgBiBr6/WS2 heterostructure, positioning it as a promising platform for high-

sensitivity, low-noise optoelectronic devices. The Cs2AgBiBr6/WS2 heterostructure 

photodetector exhibited excellent optoelectronic performance, characterized by a high specific 

detectivity (D*) of approximately 3.6×1013 Jones and an almost linear photocurrent response 

with respect to the incident light intensity. The device demonstrated a notably high photo-

responsivity of 2.01 A W-1, along with a large light-to-dark current ratio (Ilight/Idark) of 5.9×103, 

confirming its strong sensitivity and low noise behavior. Furthermore, the transient 

photoresponse measurements revealed rapid rise and decay times of 80 ms and 120 ms, 

respectively, highlighting the device’s ability to achieve swift carrier dynamics under 

illumination. In addition, the high linear dynamic range (LDR) of 75 dB indicates the 

heterostructure’s capability to efficiently detect both weak and intense optical signals, making 

it suitable for a wide range of practical photodetection applications. These findings collectively 

demonstrate that the integration of TMDCs such as WS2 with lead-free double perovskites 

effectively broadens their functionality, resulting in enhanced charge transport, improved 

carrier separation, and superior optoelectronic performance. This work thus establishes a 

promising route for the development of next-generation nanoscale photodetectors and 

multifunctional optoelectronic devices based on hybrid perovskite–TMDC heterostructures. 

“This work has been published in Journal of Materials Chemistry C 12 (33), 12835-12846 

(2024).” 
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C. Space Confined Growth of Cs2AgBiBr6 Nanoflakes for High Performance SERS 

Substrate 

In this study, we have, for the first time, demonstrated the application of a lead-free, all-

inorganic double perovskite (DP), Cs2AgBiBr6, as an efficient surface-enhanced Raman 

scattering (SERS) substrate for the detection of organic pollutants. High-quality triangular 

Cs2AgBiBr6 nanoflakes were synthesized using an economical, solution-based growth 

technique, yielding well-defined crystalline facets ideal for SERS activity. Comprehensive 

structural and compositional analyses—including XPS, XRD, and Raman spectroscopy—

confirmed the phase purity and structural stability of the Cs2AgBiBr6 double perovskite. 

Importantly, XPS measurements indicated that the material retained its cubic phase even after 

analyte adsorption, verifying its chemical robustness under experimental conditions. The high-

resolution XPS spectra of the individual elements exhibited a systematic shift toward lower 

binding energies, suggesting charge transfer from the adsorbed MB molecules to the 

Cs2AgBiBr6 surface. This interfacial charge transfer was further supported by PL quenching 

experiments, theoretical simulations, and favourable band alignment analyses, collectively 

confirming that the SERS enhancement mechanism in Cs2AgBiBr6 is predominantly governed 

by chemical enhancement, rather than electromagnetic effects. The manipulation and control 

of self-trapped exciton (STE) states within the Cs2AgBiBr6 DP further substantiated the 

proposed chemical enhancement mechanism in the SERS process. We provided a direct 

correlation between defect density and the SERS peak intensity. The versatility of the 

Cs2AgBiBr6 DP as a SERS-active platform was demonstrated through its effective detection of 

multiple organic dye molecules, including MB, rhodamine B (RhB), rhodamine 6G (R6G), 

crystal violet (CV), and malachite green (MG). Remarkably, the Cs2AgBiBr6 DP exhibited 

exceptionally high enhancement factors (EFs) of 5.04×107 for MB and 1.37×107 for R6G, 

surpassing all previously reported perovskite-based SERS substrates. The substrate 

demonstrated ultrahigh sensitivity, capable of detecting analyte concentrations as low as 10-10 

M, highlighting its superior charge-transfer efficiency and surface reactivity. Furthermore, the 

Cs2AgBiBr6 DP SERS substrate exhibited outstanding environmental stability, retaining its 

SERS activity and structural integrity for up to four months under ambient conditions. This 

prolonged operational stability, coupled with its high sensitivity and reproducibility, 

underscores the potential of Cs2AgBiBr6 double perovskite as a reliable and durable platform 

for low-concentration molecular sensing and practical SERS-based analytical applications. 

“This work has been published in Nanoscale 17(15), 9401-9417 (2025).” 
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D. All Inorganic Lead-free Cs2AgBiBr6 single Crystal/Cs3Bi2I9 NC heterostructure for 

Photodetection Applications 

In this work, we have demonstrated the development of a novel Cs2AgBiBr6 single crystal 

/Cs3Bi2I9 nanocrystal film heterojunction, exhibiting significant potential for high-performance 

photodetection applications. The Cs3Bi2I9 (CBI) nanocrystals (NC) were synthesized using a 

surfactant-assisted mechanochemical method, yielding a stable colloidal dispersion in toluene 

with excellent optical and structural uniformity. Meanwhile, high-quality Cs2AgBiBr6 single 

crystals were grown via a conventional slow-cooling crystallization technique, ensuring large 

crystal domains and minimal defect density. The heterojunction architecture was fabricated by 

depositing the CBI NC film onto the polished surface of the Cs2AgBiBr6 SC, forming a well-

defined perovskite–perovskite interface. This configuration effectively combines the broad 

optical absorption of the CBI nanocrystals with the high carrier mobility and low trap density 

of the Cs2AgBiBr6 single crystal. Comprehensive steady-state PL and TRPL analyses 

confirmed the efficient transfer of photogenerated carriers from the CBI NC film to the 

Cs2AgBiBr6 SC, indicative of strong interfacial electronic coupling and highly efficient charge 

separation dynamics. These findings underscore the potential of the Cs2AgBiBr6/Cs3Bi2I9 

heterojunction as a promising lead-free hybrid platform for next-generation optoelectronic and 

photodetection devices. The fabricated Au/Cs2AgBiBr6/Cs3Bi2I9/Au heterojunction 

photodetector exhibited a remarkably enhanced photocurrent response and a significantly 

reduced dark current compared to the pristine Cs2AgBiBr6 SC device. These improvements 

clearly demonstrate the superior photoresponse efficiency and enhanced photodetection 

capability of the heterojunction architecture. The observed increase in photocurrent is primarily 

attributed to the favourable band alignment and band bending at the type-II 

Cs2AgBiBr6/Cs3Bi2I9 heterointerface, which promotes efficient carrier generation and spatial 

separation. The presence of a built-in electric field across the junction enables drift-assisted 

charge separation, effectively suppressing carrier recombination losses and enhancing charge 

extraction efficiency. As a result of this optimized charge transport mechanism, the 

heterojunction device displayed an impressive responsivity of 0.98 A W -1 under an external 

bias of −5 V, confirming the presence of a strong internal potential gradient capable of 

efficiently driving charge carriers across the interface. These findings highlight the synergistic 

interaction between the double perovskite and bismuth halide nanocrystal components, 

establishing the Cs2AgBiBr6/Cs3Bi2I9 heterojunction as a promising platform for high-

sensitivity, lead-free photodetection applications. The Cs2AgBiBr6/Cs3Bi2I9 heterojunction 

photodetector exhibited a remarkably high specific detectivity (D*) of 2.97×1012 Jones, 
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significantly surpassing that of the pristine Cs2AgBiBr6 single-crystal-based device. In addition 

to its enhanced sensitivity, the heterojunction device demonstrated a faster temporal response, 

characterized by shorter rise and decay times, along with a substantially higher current on/off 

ratio, indicative of superior charge transport dynamics and reduced recombination losses. The 

underlying mechanism for this improved performance was further elucidated through density 

functional theory (DFT) electronic structure calculations, which revealed a distinct electron 

transfer pathway from Cs3Bi2I9 to Cs2AgBiBr6. This theoretical insight aligns well with the 

experimentally observed type-II band alignment, confirming that the staggered energy-level 

configuration facilitates efficient carrier separation and interfacial charge transfer. Collectively, 

these findings establish the Cs2AgBiBr6/Cs3Bi2I9 heterojunction as a promising candidate for 

next-generation, high-performance, and lead-free photodetectors. The device’s synergistic 

combination of enhanced optical absorption, efficient carrier extraction, and strong interfacial 

coupling underscores its potential for broad-spectrum optoelectronic applications, paving the 

way for environmentally sustainable perovskite-based photonic technologies. “This work is 

under preparation for a manuscript and will be communicated soon”. 

6.2 Scope of the Future Work 

This thesis has primarily focused on the development and exploration of lead-free double 

perovskite materials, emphasizing the synthesis of different morphologies of Cs2AgBiBr6 DP 

and the design of novel methodologies for advanced optoelectronic and sensing applications. 

The systematic studies presented herein have advanced the understanding of structure–property 

relationships, charge transfer mechanisms, and interfacial phenomena in double perovskite 

systems. 

Given the promising results and fundamental insights obtained in this work, the current 

research can be further extended toward a broader range of technological applications, as 

outlined below: 

1. Continued efforts toward the partial or complete substitution of toxic lead with 

environmentally benign metal cations in halide perovskites will be crucial for the 

development of sustainable, non-toxic materials for a wide range of optoelectronic and 

energy-related applications. 

2. The combination of perovskite nanocrystals or thin films with various two-dimensional 

(2D) materials such as MoS2, WSe2, MoSe2, Bi2O2Se, and MXenes can be explored to 
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develop high-performance heterojunction photodetectors exhibiting ultrafast 

photoresponse, superior charge mobility, and enhanced environmental stability. 

3. A detailed study of the transient absorption, carrier trapping mechanisms, interfacial 

charge transfer kinetics, and recombination dynamics in perovskite/2D material 

heterostructures is essential for optimizing their optical and electrical properties. Such 

insights will be instrumental in designing next-generation high-sensitivity 

optoelectronic devices. 

4. The fabrication of transport-layer-free perovskite photodetectors with self-powered 

operation, low cost, and high performance represents a key step toward the realization 

of energy-efficient photodetection systems suitable for real-world applications. The 

addition of suitable transport layers can be studied for improved device performance.  

5. Advanced interface engineering strategies can be employed to fabricate high-

performance plasmonic–perovskite solar cells, leveraging localized surface plasmon 

resonances (LSPRs) to improve light harvesting, charge separation, and device 

efficiency, thereby moving toward commercial viability.  

6. Further improvement in the efficiency and operational stability of large-area perovskite 

solar cells/photodetectors deposited via vapor–solution hybrid techniques can be 

achieved by optimizing interfacial layers, modifying energy band alignment, and 

implementing passivation strategies, ultimately facilitating commercial-scale device 

integration. 

7. The controlled incorporation of main-group, transition-metal, and rare-earth metal 

cations into double perovskite nanocrystals through pressure-mediated solid-state 

synthesis offers a promising pathway for tuning their structural, optical, and electronic 

properties. A systematic investigation of the resulting dopant-induced modifications in 

photophysical behaviour—such as bandgap modulation, defect passivation, and exciton 

dynamics—could lead to the development of tailor-made perovskite materials for 

specialized light-emitting, photodetection, and energy-harvesting applications. 
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