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Abstract

Perovskites are a diverse class of materials that have captured the atten-

tion of researchers for a variety of reasons, from advancing our fundamental

understanding of solid-state physics to driving innovations in materials en-

gineering for technological applications. Over the past decade, significant

progress has been made in the study of Pb-based halide perovskites and

organic-inorganic hybrid perovskites, particularly due to their potential for

photovoltaic applications. While these materials exhibit excellent optoelec-

tronic properties, they also present challenges such as the environmental

toxicity of lead (Pb) and the instability of organic cations under ambient

conditions, limiting their practical use in devices. An alternative to these

issues is the inorganic Halide Double Perovskites (HDP), which are Pb-free,

offer enhanced structural stability against heat, oxygen, and moisture, and

retain strong optoelectronic properties.

This thesis aims to explore the optoelectronic properties of halide dou-

ble perovskites (HDPs) by establishing a comprehensive structure-property

correlation, thus emphasizing the pivotal role of structural aspects in gov-

erning the photophysical behavior. All inorganic HDPs have a general

chemical formula A2B’B”X6, where A comprises of monovalent cation like

Cesium (Cs+) or Rubidium (Rb+), B’ is mainly a monovalent cation such

as Ag+, Na+ or Cu+ and B” is a trivalent cation like Bi3+, In3+, Sb3+ and

X is the halide ion (Cl−, Br− or I−). The overall unit cell is ordered with

alternately arranged B’X6 and B”X6 octahedra. The band gap of HDPs

can be tuned by appropriate substitution of elements at the B’ and B”

sites.

First, we investigate the enhanced photoluminescence observed in

mixed compositions of Cs2NaxAg1−xBiCl6, where we observe that the in-

tensity of trap-assisted photoluminescence (PL) emission increases with

increasing Na concentration. The enhanced PL is attributed to a compet-

itive interaction between radiative and non-radiative transitions, strongly

influenced by electron-phonon coupling. Next, we examine Cr-, Mn-, and
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Yb-substituted Cs2AgBiCl6 and Cs2AgInCl6, focusing on their optical and

electrical properties to gain insight into their charge transport mechanisms,

which is a less explored aspect of these materials. Lastly, we report an

intense thermochromic behavior in single-crystalline Cs2NaFeCl6 and pro-

vide the mechanism for such an exotic property. We provide in-depth

analysis of the local crystal structure of Cs2NaFeCl6 through X-ray ab-

sorption spectroscopy, where we observed the octahedral distortion of Fe

atoms due to charge localization and strong electron-phonon coupling lead-

ing to a change in the electronic picture of the lattice that is responsible

for this exotic thermochromic behavior. For the entire study, we have em-

ployed advanced characterization techniques like X-ray diffraction, thermo-

gravimetry analysis, electron-spin resonance spectroscopy, UV-vis diffuse

reflectance spectroscopy, photoluminescence spectroscopy, electrochemical

impedance spectroscopy, Raman spectroscopy, and X-ray absorption spec-

troscopy (XAS) to explore the structural, optical and electrical properties

of the HDPs.

The findings from the present thesis highlight the significant role of

strong electron-phonon interactions in influencing the optoelectronic prop-

erties of halide double perovskites. A comprehensive understanding of the

structural, optical, and electrical properties of these HDPs, thus widens

the prospects of utilizing these materials for applications in optoelectronic

technologies.
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Chapter 1

Introduction

1.1 General Aspects

Starting from the research in 1959 at Bell Labs, subsequent developments

on photovoltaic cells have led to the emergence of various types of material

designs for solar cell applications. Figure 1.1 describes the evolution of

different kinds of solar cells along with their efficiencies (data taken from

NREL website). First generation solar cells are the most commercially

dominant semiconducting devices using single-crystalline Si (efficiency ∼

27.6%), GaAs (efficiency ∼28.8%) and multi-junction solar cells (efficiency

∼43%). The second generation solar cells based on thin film technologies

include the amorphous Si (efficiency ∼13%), CdTe (efficiency ∼22.1%) and

CIGS (efficiency ∼22.6%) with a relatively larger absorption coefficient

than Si [1]. However, to overcome the limitations of flexibility, large area

production, and Cd toxicity, third generation solar cells have been intro-

duced consisting of polymers, dye-sensitized solar cells (efficiency ∼11.9%)

and quantum dot solar cells (efficiency ∼10%) [2], but their low efficien-

cies restrict the commercialization. Since the last decade, organic-inorganic

hybrid perovskites have emerged as fourth generation solar cells and sur-

prisingly the power conversion efficiency has been achieved to 22.1% [3]

competing with the Si-based photovoltaic technology. From Figure 1.1, it

is evident that the efficiency of perovskite solar cell is comparatively high,
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attracting the world-wide research community with diverse interests.

Figure 1.1: Timeline of evolution of photo-conversion efficiencies of dif-

ferent kinds of photovoltaic technologies (adapted from the Ref. 11 with

permission).

1.2 Halide Perovskite

Perovskites are materials with the general chemical formula of ABX3, where

A and B are cations and X is the anion. Perovskites encompass a vast

family of materials known for their fascinating and remarkable properties

attributing to applications in various domains such as catalysis [4], ferro-

electrics [5], piezoelectrics [6], spintronics [7] and optoelectronics [8]. On

the basis of the X-site anion, perovskites are generally categorized into: (i)

oxide perovskites with oxygen as X-site anion and (ii) halide perovskites

which contain elements of the halogen group (Cl, Br, and I) as X-site an-

ion. In this thesis, our primary focus is on the optoelectronic properties of

halide perovskites.
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1.2.1 Crystal structure of perovskite

The unit cell of a typical ABX3 perovskite structure consists of BX6 octa-

hedra, where the central B-site cation is bonded with six X-site anions and

the A-site cations occupy the corner position, as shown in Figure 1.2. The-

oretical prediction for the formation of such a crystal structure depends

upon the Goldschmidt tolerance factor (t) and octahedral factor (µ) as

given in the following expressions:

t =
(RA +RB)√
2(RB +RX)

(1.1)

µ =
RB

RX

(1.2)

where, RA, RB and RX represent the ionic radii of A-, B- and X-ions

respectively. For a stable perovskite structure, the value of t should be

in the range of 0.81-1.11 and the value of µ should be in between 0.41-

0.90 [9]. Though both, tolerance factor and octahedral factor are necessary

parameters for the prediction of perovskite structure, not all of the ABX3

compositions are stable, and the stability depends on their formation en-

ergy.

Figure 1.2: Crystal structure of a perovskite unit cell (image drawn by

author).
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1.2.2 Applications of halide perovskite

As a new class of semiconductors, lead halide perovskites have gained sig-

nificant success in optoelectronic applications. Lead halide perovskites

represented by the chemical formula APbX3 consist of Cs+, Rb+, MA+

(methylammonium), FA+ (formamidinium) as A-site cations and Cl−, Br−,

I− as X-site anions. A tremendous increase in photo-conversion efficiency

has been achieved since the fabrication of first perovskite solar cell using

MAPbI3 by Miyasaka and the group in 2009 [10]. However, the efficiency

of this first solar cell was quite limited (∼3.8%), and only recently has the

photoconversion efficiency of 25.5% been achieved surpassing the commer-

cial polycrystalline silicon solar cell [11].

Since then, halide perovskites have evolved rapidly owing to their ex-

cellent optoelectronic properties and low cost fabrication methods. High

charge carrier mobility, long carrier diffusion length [12], high absorption

coefficient [13], high photoluminescence quantum yield (PLQY) [14, 15]

and tunable direct band gap [16] make halide perovskite suitable for var-

ious applications such as solar cell [17], light emitting diode (LED) [18],

photodetectors [19], lasers [20], thermoelectrics [21] etc.

1.2.3 Challenges of halide perovskite

Considering the application point of view, for any semiconducting device,

optimization of stability and efficiency are two essential goals. Though im-

provement of the efficiency of halide perovskite based photovoltaic devices

has been met with some success, stability of organic-inorganic hybrid per-

ovskite continues to be poor hindering its large-scale practical application.

Unfortunately, their chemical stability is sensitive to the exposure of light,

oxygen, moisture and heat [22]. For example, the most common hybrid

perovskite MAPbI3 is easily decomposed to MAI and PbI2 under humid

condition. Also, the degradation of MAPbI3 starts at 85 ◦C due to the

volatile nature of organic cation [23]. The substitution of organic cation

by inorganic cation such as Cs shows relatively higher tolerance to oxygen
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and heat. But, the perovskite phase of CsPbI3 is easily transformed to

the non-perovskite phase that is thermodynamically more stable at room

temperature. Another issue regarding these halide perovskites is the phase

segregation of halide ions during device operation causing the emission

colour instability in LEDs [24].

Furthermore, the presence of toxic Pb in lead based perovskite is a

serious concern for practical applications. Leakage of lead not only affect

the environment, but has hazardous effect on human health [25]. Device

encapsulation is considered to be an effective approach in such cases which

can reduce the toxicity and instability issues of lead halide perovskites by

isolating from oxygen and moisture. However, another straight-forward

approach to tackle these challenges is to replace lead with other non-toxic

elements. The isovalent cations Sn2+ and Ge2+ are the well deserved candi-

dates to replace Pb due to their ability to form perovskite structures with

properties comparable to lead-based counterparts, such as direct band gaps,

high absorption coefficients, and tunable emissions. However, these materi-

als suffer from instability due to the ease with which Sn2+ and Ge2+ oxidize

to their tetravalent states (Sn4+ and Ge4+), causing structural degradation

and diminished optoelectronic performance [26, 27]. A few attempts have

been made with the substitution of heterovalent cations such as Bi3+, In3+,

Ti4+, Pd4+, and so on, which are quite stable in ambient conditions. But,

these substituents have indirect band gaps, poor carrier transport, and de-

fects due to their reduced structural and electronic dimensionality [28–30].

1.3 Halide Double Perovskite

Considering the problems faced in halide perovskites, an effective approach

is to replace two B2+ cations with the combination of B+ and B3+ cations

forming a 3D double perovskite. The general chemical formula of a halide

double perovskite (HDP) is A2B’B”X6, where A-site cation is generally

composed of monovalent cesium (Cs+) or rubidium (Rb+) ion, the B-site

cations are mainly a mixture of monovalent (Ag+, Na+ or Cu+) and triva-
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lent (Bi3+, In3+ or Sb3+) cations and the X-site is occupied by halide ions

(Cl−, Br− or I−). The term ”double perovskite” reflects the dual-cation

framework that forms the interconnected octahedral network. Interestingly,

this concept traces its roots back to the 19th century with the discovery of

K2NaAlF6, known as ”Elpasolite.” The crystal structure of Elpasolite was

first solved in 1932, and similar compounds with analogous structures were

subsequently grouped under this name [31, 32]. Later, Elpasolites were

renamed double perovskites, highlighting their structural resemblance and

potential for advanced applications. This kind of stoichiometry opens up

the path to discover new halide double perovskites which can contribute

to the ongoing research on optoelectronic applications. Unlike the corner

sharing octahedra in halide perovskite, the unit cell of a typical halide dou-

ble perovskite consists of alternately arranged B’X6 and B”X6 octahedra

leading to many engrossing properties. The A-site cation is situated in the

octahedral voids as shown in Figure 1.3.

Figure 1.3: The schematic shows the structure of a typical cubic halide

double perovskite compound (figure constructed using VESTA software).

Simply, by looking at the periodic table, the numbers of elements

that can be occupied at A, B’, B” and X-site, one can structure a halide

perovskite compound and reports show that the possibility of such com-

pounds can be counted to 9520 [33]. However, most of them are not formed

practically owing to the unsuitable tolerance factor (t), or octahedral fac-

tor (µ). The first reported halide double perovskite was K2NaAlF6, also
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known as elpasolite discovered in 1883. In 2016, some research groups re-

ported a new halide double perovskite Cs2AgBiCl6 with exciting physical

properties [34, 35]. Since then, a renewed research interest is invigorated

to discover the diverse optoelectronic properties get unexplored in these

compounds. The versatility of elpasolites is evident from their extensive

combinatorial chemistry, with at least 350 halide perovskites synthesized to

date. Even with conservative assumptions, more than 600 unexplored com-

pounds could potentially be synthesized, offering a vast opportunity to dis-

cover new semiconductors. A possible compositional diversity based on the

periodic table is given in Figure 1.4 [33]. Some of the widely studied HDPs

include Cs2AgBiCl6, Cs2AgBiBr6 [34], Cs2AgInCl6 [36], Cs2AgSbCl6 [37]

etc.

Figure 1.4: The schematic shows the possibility of elemental mapping to

form halide double perovskite. The colour tag represents the site occupied

by the element in A2BB
3+X6 (adapted from Ref. 33 with permission).

Contrasting with the hybrid perovskites, lead-free inorganic halide

double perovskites show excellent stability upon exposure to moisture, light

and temperature. For example, Cs2AgBiCl6 shows thermal stability up

to 480 ◦C [38]. Cs2AgBiBr6 shows no degradation up to 500 ◦C [39], in

contrast, hybrid perovskites easily degrade at a temperature of 100-150
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◦C. It is found that Cs2AgBiBr6 does not decompose even after storing

under 55% humidity for 30 days or irradiating with white LED light for 1

month [35]. These excellent physical properties make HDPs as promising

candidates for photovoltaic applications.

Various applications such as solar cell [40], light emitting diode

(LED) [41], photodetector [42], lasers, X-ray detector [43], photocata-

lyst [20] etc. have already been demonstrated in HDPs as shown in Figure

1.5 [44]. Specifically, a sensitive, stable and fast UV photodetectors based

on Cs2AgInCl6 single crystals with a detectivity of 1012 Jones has been

reported [42]. Recently, Cs2AgBiBr6 single crystals were used to fabri-

cate X-ray detector due to its low ionization energy and high resistivity.

Moreover, Cs2AgBiBr6-based solar cells were developed with a photocon-

version efficiency of 3.11% [45]. Cs2AgInCl6 has shown its potential ap-

plication as light emitting diode, however, its photoluminescence quantum

yield (PLQY) was extremely low (<0.1) due to the parity forbidden tran-

sition. The PLQY increased up to 86% by breaking the parity forbidden

transition that takes place upon Na substitution in Cs2AgInCl6 [42]. Re-

search has been carried out to achieve efficient NIR emission in cation

doped Cs2AgInCl6. Many fluoride double perovskites have been applied

as a host for Ce3+-based laser materials [46, 47]. Recently, the photo-

catalytic activity (the photochemical conversion of CO2 into solar fuels)

of Cs2AgBiBr6 nanocrystals has been demonstrated, which holds a great

potential in further photochemical applications [20].

Owing to its rich substitutional chemistry and diverse optical and

electronic features, HDPs have surpassed the hybrid and lead-based per-

ovskites. However, there are still some challenges with respect to its ap-

plicability in device fabrication. Thin films of most of the HDPs synthe-

sized in 3D bulk form restrict their utilities in device fabrication due to

anti-site disorder. Besides, the indirect band gap nature and the wide di-

rect band gap nature of HDPs like Cs2AgBiCl6, Cs2AgInCl6, Cs2AgSbCl6,

Cs2NaInCl6 etc, are not suitable for solar cell applications. These HDPs do

not show any photoluminescence properties and the nature of band gap and
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Figure 1.5: The schematic shows various applications of halide double per-

ovskites (adapted from Ref. 44 with permission).

the bonding environment deplete the carrier mobility in these materials via

parity forbidden transitions. Therefore, greater efforts need to be directed

towards altering the band structure of double perovskites and/or investi-

gating other novel double perovskite candidates for enhanced photovoltaic

efficiency.

1.4 Band gap engineering in halide double

perovskites

The physical properties of any material directly relates to its band struc-

ture, which in turn is highly influenced by the atoms present in a compound

and their positions in the lattice. Halide double perovskites usually show

relatively large band gap compared to the hybrid perovskites. In halide

perovskites, the A-site cation typically does not have any major influence

to the valence band (VB) and conduction band (CB) states. The direct
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impact on the electronic structure comes from the combination of [B’X6]
5−

and [B”X6]
3− octahedra. One simplest and effective way to manipulate

the band gap of perovskite is to change the halide ions as VBM of these

materials is mainly comprised of halogen orbitals. A decreasing order of

band gap is estimated for Cl, Br and I-based perovskites. However, I-based

HDPs are very rare given the larger ionic radius of I− ion. Till now, the

only reported I-based HDP is Cs2AgBiI6 nanocrystals synthesized by anion

exchange method [48].

Several research groups have tried to fit the B’-site with Ag, Na and

Cu and B”-site with Bi, In, Sb and Fe. The complex relation between

band gap (electronic properties) and lattice constant (structural proper-

ties) strongly depends on the type and arrangement of atoms in the crys-

tal lattice. In bismuth-based halide double perovskites (HDPs), the Bi3+

ion, with its 6s26p0 electronic configuration similar to Pb2+, contributes to

strong light absorption and extended carrier lifetimes. Among these mate-

rials, Cs2AgBiBr6 is considered a benchmark due to its cubic crystal struc-

ture and an optical band gap of ∼2 eV [49]. The absorption spectrum of

Cs2AgBiBr6 has a significant peak at 438 nm attributed to Bi3+ electronic

transitions. While its photoluminescence (PL) behavior remains debated,

with possible origins linked to localized states or band-to-band transitions.

Despite a low PL quantum yield (∼0.08%), Cs2AgBiBr6 exhibits long car-

rier lifetimes (∼1.4 µs) and diffusion lengths (∼1 µm in single crystals),

indicating efficient charge transport [34, 50]. Additionally, it demonstrates

remarkable environmental stability, resisting degradation under humidity,

light exposure, and high temperatures. While hybrid MA2AgBiBr6 has

been synthesized as an alternative with an indirect bandgap of 2.02 eV,

iodine-based variants like Cs2AgBiI6 remain challenging to fabricate due to

their tendency to decompose into Cs3Bi2I9. In contrast, chlorine-based per-

ovskites such as Cs2AgBiCl6 and Cs2NaBiCl6 exhibit larger bandgaps [51],

require further modifications to enhance their photovoltaic potential.

Antimony-based halide double perovskites (HDPs), such as

Cs2AgSbBr6, Cs2AgSbCl6, and Cs2NaSbCl6, have garnered interest for
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photovoltaic applications due to the isoelectronic nature of Sb3+ and Bi3+

ions. Cs2AgSbBr6, first synthesized via a hydrothermal method, crystallizes

in the cubic crystal symmetry, similar to Cs2AgBiBr6. However, its syn-

thesis often results in secondary phases, including Cs3Sb2Br9, Cs2AgBr3,

and unreacted AgBr [52]. The band structure analysis reveals that its

conduction band minimum (CBM) arises from Sb 5p–Br 4p antibonding

states, while the valence band maximum (VBM) is primarily influenced

by Ag 4d and Br 4p orbitals. Compared to Cs2AgBiBr6, Cs2AgSbBr6 ex-

hibits a reduced CBM energy, leading to a lower bandgap with a weak

absorption edge at 1.64 eV and a sharp absorption onset at 2.49 eV [52].

Density functional theory (DFT) calculations indicate a smaller effec-

tive mass for Cs2AgSbBr6, suggesting enhanced charge carrier mobility.

Solution-processed Cs2AgSbBr6 thin films, annealed at 150 ◦C, also con-

tain impurity phases; however, phase-pure films were obtained with lower-

temperature (135 ◦C) and shorter-duration (5 min) annealing, yielding an

optical bandgap of 2.18 eV [53]. The carrier transport properties of these

thin films remain largely unexplored.

Substituting Br− with Cl− results in a more stable Cs2AgSbCl6 phase,

which retains the cubic crystal symmetry. The material exhibits an absorp-

tion onset at ∼2.54 eV, followed by a sharp increase at 2.79 eV, yet appears

black despite its large band gap [37]. Notably, the color of Cs2AgSbCl6

powders can be tuned from yellow to near-black by varying precursor con-

centrations during hydrothermal synthesis. This color variation has been

attributed to oxidation-induced structural modifications, specifically the

conversion of Sb3+ to Sb5+, which is accompanied by oxygen incorpora-

tion or metal vacancy formation to maintain charge neutrality. Support-

ing this hypothesis, similar color transitions were observed in Sb-alloyed

Cs2NaBiCl6 crystals upon the introduction of oxidizing agents such as di-

luted HNO3 or H2O2, further suggesting that charge transfer from Sb3+ to

Sb5+ may influence the optical absorption characteristics of these materi-

als [54].

Indium-based halide double perovskites (HDPs), particularly
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Cs2AgInCl6 and Cs2NaInCl6, have attracted significant interest due to their

direct bandgap nature, a crucial feature for optoelectronic applications.

However, stable iodide-based counterparts remain elusive due to unfavor-

able octahedral factors (µ < 0.41) and inherent thermodynamic instability.

The pioneering study on Cs2AgInCl6 revealed its cubic crystal structure,

with both the conduction band minimum (CBM) and valence band maxi-

mum (VBM) positioned at the Γ point, confirming its direct bandgap char-

acter. The CBM is primarily composed of delocalized In 5s states, while

the VBM originates from Ag 4d and Cl 3p orbitals [36, 55]. However, due

to parity-forbidden transitions at Γ, optical transitions become more al-

lowed as the momentum shifts towards the L point, as evidenced by dipole

transition matrix calculations. The UV–Vis spectrum of its single crystals

displays a sharp absorption edge near 384 nm (3.2 eV). The weak PL spec-

trum is dominated by a broad peak at 595 nm, attributed to free-exciton

emission [56]. Beyond optical performance, Cs2AgInCl6 demonstrates ex-

ceptional stability, maintaining its integrity under ambient humidity (55%

RH) for 300 days and withstanding prolonged LED irradiation at 50 ◦C

without degradation. Its thermal robustness extends beyond 500 ◦C, mak-

ing it a resilient candidate for optoelectronic applications. Another promis-

ing In-based HDP, Cs2NaInCl6, features an even wider direct bandgap of

3.7 eV [56]. Interestingly, the mixed Ag/Na compositions exhibit intense

and tunable photoluminescence from self-trapped excitons (STEs), mak-

ing them highly attractive for phosphor and LED technologies, potentially

revolutionizing next-generation luminescent materials [57].

Iron-based halide double perovskites, particularly Cs2AgFeCl6 and

Cs2NaFeCl6, have recently gained attention due to their remarkable optical

absorption properties. Cs2AgFeCl6, which crystallizes in the cubic crystal

symmetry, exhibits a broad absorption edge near 800 nm, corresponding to

an optical bandgap of approximately 1.62 eV—one of the lowest reported

for Cl-based HDPs [58]. Despite its strong absorption, no detectable pho-

toluminescence (PL) has been observed, even at low temperatures. Charge

transport analysis via the space charge limited current (SCLC) model re-

12



veals trap state densities of 2.92 × 1010 cm−3 for electrons and 1.02 × 1010

cm−3 for holes, with corresponding mobilities of 15.3 cm2 V−1 s−1 and 64.6

cm2 V−1 s−1. Notably, the carrier diffusion length reaches approximately

311 nm [59]. Additionally, Cs2AgFeCl6 demonstrates excellent environ-

mental stability, maintaining structural integrity after 63 days in humid

air (RH = 50%) and 72 hours under light exposure (RH = 30%, LED in-

tensity of 100 mW cm−2). Similarly, Cs2NaFeCl6 single crystals have been

synthesized, exhibiting a larger bandgap of around 2.1 eV. Its absorption

spectrum features a sharp edge near 600 nm along with a weak broadband

absorption at 750 nm, which is attributed to trapped exciton formation.

Like Cs2AgFeCl6, this compound also lacks detectable PL. The estimated

trap state densities are 8.35 × 1010 cm−3 for electrons and 1.77 × 1010

cm−3 for holes. However, charge transport in Cs2NaFeCl6 is notably lower,

with electron and hole mobilities of 1.06 cm2 V−1 s−1 and 2.11 cm2 V−1

s−1, respectively. Furthermore, its carrier diffusion length is significantly

shorter, measuring only around 3.7 nm. [59]

In contradiction to the single perovskite, the B-site symmetry break-

ing can also change the band-edge optical transition in HDPs. Further,

the choice to accommodate the B’ and B”-sites largely depends on the tol-

erance factor, octahedral factor and its formation energy. Along with the

compositional mapping, external parameters like temperature and pressure

significantly affects the band gap of a material. In this regard, grasping

the structure-property correlation is vital for developing and engineering

materials with tailored electronic and optical properties.

1.5 Objective of the thesis

The aim of this thesis is to understand the optoelectronic properties of

HDPs that are influenced by its structural aspects. As stated earlier, the

band gap of these compounds can be tuned by suitable substitution of

elements at B’ and B” sites. With the aim to understand the intriguing

fundamental photophysical properties, we have synthesized the following
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compounds for the present study:

• Cs2NaxAg1−xBiCl6 (0<x<1)

Motivation: Lead-free inorganic halide double perovskites typically

suffer from low photoluminescence efficiency, limiting their perfor-

mance in light-emitting and photovoltaic applications. The indirect

band gap nature of such double perovskites, which leads to inefficient

recombination through self-trapped excitons, further restricts their

optoelectronic potential. Hence, substitution at specific atomic sites

(e.g., Ag or Bi) in Cs2AgBiCl6 is crucial to tune its lattice param-

eters and optical band gap, potentially improving its performance.

The indirect recombination mechanism through the trap states is a

bottleneck that needs further study to unlock the enhanced photo-

luminescent behaviour. With this, we begin with our investigation

into understanding the reason for the enhanced photoluminescence

observed in the mixed Cs2NaxAg1−xBiCl6 compositions. A compre-

hensive study using UV-vis absorption, Raman spectroscopy, and

time-resolved photoluminescence will help uncover the influence of

substitution on the electron-phonon coupling and the dynamics of

self-trapped excitons.

• Cs2AgBi0.9M0.1Cl6 and Cs2AgIn0.9M0.1Cl6 (M = Cr, Mn and Yb)

Motivation: Next, we looked into the Cr, Mn and Yb substituted

Cs2AgBiCl6 and Cs2AgInCl6 that show good PL properties. Here, we

investigate their charge transport properties that are hitherto not well

understood. This study aims to explore the impact of substitution on

the structural, optical, and photophysical properties of Cs2AgBiCl6

and Cs2AgInCl6.

• Cs2NaFeCl6

Motivation: Further, we observe intense thermochromicity in single

crystalline Cs2NaFeCl6 composition. However, the detailed mech-

anisms governing thermochromism and the structure-property re-
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lationship in such lead-free perovskite remains poorly understood.

With the motive to understand this phenomenon we have employed

temperature dependent Raman, and X-ray absorption spectroscopy

(XAS) to probe the local structure of these compounds.

1.6 Organisation of thesis

• Chapter 1: The first chapter provides a brief overview of the re-

cently studied halide perovskite on the basis of its structural as-

pects and applications in various fields. A comparative study on

the organic-inorganic hybrid perovskite and thermodynamically sta-

ble halide double perovskite is included to gain a fundamental per-

spective on these compounds. It also defines the broad objective and

structure of this thesis work.

• Chapter 2: The second chapter presents a short description of

various experimental techniques used to characterize the synthe-

sized samples. The different characterization techniques employed

in the present study for structural analysis include X-ray diffraction

(XRD), single crystal X-ray diffraction (SCXRD), energy dispersive

X-ray spectroscopy (EDX), thermogravimetry analysis (TGA), Ra-

man spectroscopy, electron paramagnetic resonance (EPR), and X-

ray absorption fine structure spectroscopy (XAFS). For optical char-

acterization, we used UV-vis diffuse reflectance spectroscopy, pho-

toluminescence (PL) spectroscopy and time resolved photolumines-

cence (TRPL) spectroscopy. Besides, dielectric and impedance ana-

lyzer and I-V measurement was carried out to study the electronic

properties of the samples.

• Chapter 3: This chapter explains the effect of Na substitution on

the optical properties of Cs2AgBiCl6 halide double perovskite. The

successful incorporation of Na at Ag-site enhance the cationic order-

ing of the compounds. Further, we observed that the trap-assisted PL

emission intensity increases with increase in Na concentration of the
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mixed compositions. The origin for enhanced PL in these mixed com-

positions is speculated to be the competitive interaction of both ra-

diative and non-radiative transitions, influenced by electron-phonon

coupling. A quantitative analysis of Raman spectra along with the

composition dependent Urbach tail states and Fano broadening reveal

a better understanding of trap state stabilization via strong electron-

phonon interaction.

• Chapter 4: In this chapter, we have explored the optoelectronic

properties of Cs2AgBiCl6 and Cs2AgInCl6 introducing Cr, Mn and

Yb at Bi/In sites. Here, we report the impact of d- and f- elements in

HDP on its structural and optoelectronic properties. The structural

changes induced by the incorporation of transition metal and rare

earth metal was investigated by XRD, TGA and EPR study, whereas,

a detailed optical analysis was performed by UV-vis DRS and PL

spectroscopy measurement. However, a copious amount of elemen-

tal doping (10%) did not turn out to be fruitful in PL measurement

due to concentration quenching effect. Further, we have analyzed

the electronic properties with a thorough investigation of frequency

and temperature dependent dielectric and impedance study. In the

temperature dependent impedance spectra, two distinct temperature

dependent regions were observed consisting positive temperature co-

efficient of resistance (PTCR) and negative temperature coefficient of

resistance (NTCR) type behaviour for all the studied compositions.

Interestingly, the transition temperature also reflected in thermally

activated relaxation process. We further explored the relaxation and

charge conduction mechanism by analysing the electric modulus and

AC conductivity of the systems. Moreover, a giant superlinear power

dependence of photo-current was observed in these in these HDPs

enabling their broad application in photo-physics.

• Chapter 5: In this chapter, we explored the temperature depen-

dent band gap engineering leading to reversible thermochromism in

lead free HDP of Cs2NaFeCl6. The single crystal exhibits a dramatic
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colour change from yellow at low temperature to brown at high tem-

perature. To explore the reason behind such optical property, we em-

ployed a comprehensive temperature dependent XRD, Raman and

XAFS study. Though no structural phase transition was seen in

this direct band gap material, octahedral distortion of Fe atom due

to charge localization and strong electron-phonon coupling was ob-

served leading to change in the electronic picture of the lattice which

is responsible for this exotic thermochromic behaviour.

• Chapter 6: The last chapter of the thesis includes the major find-

ings of our experimental results and the possible future scope of the

current research work.
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Chapter 2

Experimental Techniques

2.1 Overview

The first and foremost aspect before proceeding to any characterization

of a compound, is the need for a single phase sample for an unambiguous

analysis of its physical properties. In this regard, using a proper sample

preparation method becomes very important. The complete characteri-

zation of materials include its structural, optical and electrical properties

that help in understanding the fundamental aspects of the materials under

study and their uses in different application. In this chapter, we describe

the methods that we employ for the synthesis of halide double perovskites

and present a concise theoretical background of different experimental tech-

niques used to characterize these compounds.

2.2 Synthesis method

For the synthesis of HDPs, we used a simple and cost-effective solution

based synthesis method. Our aim is to synthesize four compositions as

follows;

• Cs2NaxAg1−xBiCl6 (0<x<1)

• Cs2AgBi0.9M0.1Cl6 (M = Cr, Mn and Yb)
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• Cs2AgIn0.9M0.1Cl6 (M = Cr, Mn and Yb)

• Cs2NaFeCl6 single crystal

For the synthesis of these compositions Cs2CO3 (Alfa Aesar, 99.99%), AgCl

(Sigma-Aldrich, 99%), NaCl (Alfa Aesar, 99.999%), Bi2O3 (Alfa Aesar,

99%), In2O3 (Alfa Aesar, 99.99%), Cr2O3 (Alfa Aesar, 99.999%), MnCl2

(Alfa Aesar, 99.99%), Yb2O3 (Alfa Aesar, 99.99%), HCl (Merck, 37%) were

used as precursor materials, without any further purification process. The

precursors were taken in proper stoichiometric ratios, weighed using high

precision electronic weighing balance (make: Mettler Toledo), and were

added to 25 ml of concentrated HCl in a round bottom flask maintained

at 80 ◦C with continuous stirring. Cs2CO3 was added in the final step

to trigger precipitation of the desired HDPs. After washing with ethanol

and drying through a vacuum filtration process, the obtained powder was

annealed at 210 ◦C for 10 h in order to get a homogeneous phase pure

product.

The single crystal of Cs2NaFeCl6 was obtained by using a solvother-

mal synthesis method. Millimeter-sized single crystals were obtained by

dissolving the solid precursors CsCl (1 mmol), NaCl (0.5 mmol) and FeCl3

(0.5 mmol) in 10 ml concentrated HCl (37% w/v) in a beaker with contin-

uous stirring to get a homogeneous mixture. The solution was transferred

into a Teflon lined autoclave. The properly sealed autoclave was heated

at 180 ◦C for 12 h. Red colour Cs2NaFeCl6 single crystals were formed by

slowly cooling down to room temperature at a rate of 5 ◦C/h. The crystals

were filtered and washed several times with ethanol before proceeding to

further characterization.

2.3 Structural characterization

2.3.1 X-ray diffraction (XRD)

X-ray diffraction (XRD) is one of the most accessible technique for de-

termining the crystal structure, phase identification, strain, crystallite size
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etc. of a material. A monochromatic X-ray is directed towards a crystalline

sample and a constructive interference between the incident beam and re-

flected beam takes place. This inference is governed by the Bragg’s law,

2dhklsinθ = nλ; where, dhkl is the interplanar distance, θ is the incidence

angle, λ is the wavelength of X-ray and n is the order of reflection (Fig-

ure 2.1). Practically, the XRD data obtained is in the form of integrated

intensity as a function of 2θ.

Figure 2.1: Figure shows the schematic diagram of Bragg’s law for X-ray

diffraction measurement (image drawn by author).

In this work, the obtained XRD patterns were further analysed using

Rietveld refinement method [60], which involves a least square fit to refine

the structural parameters of a sample. The best fit of the simulated pattern

to the experimental pattern provides the structural information about the

sample. The quality of Rietveld refinement fitting is measured in terms of

R-factors. The weighted profile R-factor (Rwp) can be defined as,

Rwp =

√∑
iwi|(yi)obs − (yi)cal|2∑

i wi|(yi)obs|2
(2.1)

where, (yi)obs and (yi)cal represents the observed and calculated intensities

at ith step respectively and wi is the weighting factor. Another R-factor

that statistically represent the quality of fit is Rexp and can be expressed

as,

Rexp =

√
(N − P )2∑n
i wi|(yi)obs|2

(2.2)
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where, N is the number of observations and P is the number of refined

parameters. The ratio of Rwp and Rexp gives the goodness of fit (χ2),

where χ = Rwp

Rexp
. The most important R-factor considered for the structural

studies is the Bragg R-factor and is defined as,

RBragg =

∑
hkl |(Ihkl)obs − (Ihkl)cal|∑

hkl |(Ihkl)obs|
(2.3)

The smaller Bragg R-factor indicates the better fitting of the observed data.

In this work, the Rietveld refinement of XRD pattern was performed by

using FULLPROF SUITE software.

The synthesized samples were characterized using a PANanalytical

X’PertPro X-ray diffractometer. The X-ray source was equipped with a

monochromatic Cu Kα (λ=1.5406 Å) rotating anode source operating at

40 KV and 30 mA with a scanned 2θ range from 10◦ to 80◦. For the

single crystals, the Bruker AXS D8 QUEST ECO Single crystal XRD sys-

tem equipped with Mo monochromator (λ=0.71073 Å) and PHOTON 50

CMOS Detector, was employed.

2.3.2 Thermogravimetry analysis

Thermogravimetry analysis (TGA) is a powerful technique which can de-

tect the structural stability and molecular degradation with temperature.

By using high precision balance and carefully controlling the temperature,

one can analyse the mass loss of a material as a function of temperature

as shown in Figure 2.2. It has been widely used to study the thermal

decomposition, moisture content or phase evolution of a compound.

To know the thermodynamic stability of the halide double perovskites

in our studies, thermogravimetry analysis (TGA) was carried out using the

Mettler Toledo TGA/DSC-1 instrument from room temperature to 800 ◦C.

22



Figure 2.2: Figure depicts the working principle of thermogravimetry anal-

ysis (image drawn by author).

2.3.3 X-ray Absorption Fine Structure Spectroscopy

(XAFS)

X-ray absorption fine structure (XAFS) spectroscopy is a unique instru-

mental technique to probe the local structure at atomic scale around a

specific element in a unit cell. It is based on the principle of measuring the

absorption coefficient (µ(E)) as a function of incident X-ray energy. The

experiment can be carried out in both transmission and fluorescence mode.

Based on Beer-Lambert’s principle, for transmission mode,

µ(E)x = log(
I0
IT

) (2.4)

and for fluorescence mode,

µ(E)x ∝ (
IF
I0

) (2.5)

where, IT and I0 represent the transmitted radiation and incident radiations

respectively, IF is the measured intensity of the fluorescence line associated

with the absorption process and x is the thickness of the sample.

The basic principle of XAFS is an intrinsic quantum mechanical phe-

nomenon, in which a notable increase in the absorption coefficient is seen

as the energy of incident X-rays equals to the binding energy of a core-

level electron. This is known as the threshold energy or absorption edge.
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With further increase in incident energy, the atom absorbs it and emits

a photoelectron to vacant state or continuum level with an energy (E-E0)

(where, the incident energy E is greater than the binding energy of pho-

toelectron E0) (Figure 2.3) [61]. Accordingly, the de-Broglie wavelength of

the photoelectron is,

λ =
h√

2me(E − E0)
(2.6)

Here, me is the mass of photoelectron and h is the Planck’s constant.

Figure 2.3: The schematics show the fundamental principle of of X-ray

absorption process (adapted from Ref. 61 with permission).

The photoelectron emits spherical wave around the absorbing atom

and create quantum interference between outgoing and back-scattered

waveform from the nearby atoms. The modulation of this wave gives infor-

mation regarding the local structure such as bond distance, co-ordination

number, structural disorder, thermal vibration etc. The modulation of the

absorption coefficient as a function of X-ray excitation energy is known as

X-ray absorption fine structure. Generally, XAFS is further categorized

into two distinct regions such that X-ray absorption near edge structure

(XANES) falls within 50 eV of main absorption edge followed by the ex-

tended X-ray absorption fine structure (EXAFS) (50-1000 eV) above the

absorption edge (Figure 2.4) [61].

The EXAFS fine structure can be defined as a function of energy,

χ(E) =
µ(E)− µ0(E)

∆µ0(E)
(2.7)

24



Figure 2.4: Schematic shows a typical X-ray absorption spectra having

XANES and EXAFS region (adapted from Ref. 61 with permission).

where, µ(E) is the measured absorption coefficient, µ0(E) is a smooth

background function representing the absorption of an isolated atom and

∆µ0(E) is the jump at absorption edge, or, we can express the fine structure

as a function of wave number (k) as,

χ(k) =
µ(k)− µ0(k)

∆µ0(k)
(2.8)

Considering all the approximation being applicable here, the above

equation can be represented as,

χ(k) =
∑
j

NjS
2
0e

−2k2σ2
j e−2Rj/λ(k)fj(k)

kR2
j

sin[2kRj + δj(k)] (2.9)

where, Nj is co-ordination number of absorbing atom and Rj is the distance

to the neighbouring atom and σ2
j is the thermal mean square displacement,

also known as Debye-Waller factor in the jth shell. fj(k) and δj(k) are the

scattering parameters and λ is the mean free path of the photoelectron.

Further the Fourier transform of χ(k) into a radial structure function, χ(R)

helps to visualize the major contribution of the EXAFS spectrum for the

local structure.

After data collection, extraction of all the parameters in the EXAFS

equation with proper analysis of the spectrum is the most crucial part for
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further structural studies. Preliminary data processing such as background

subtraction of the pre-edge, post-edge of the µ(E) and normalization is car-

ried out using ATHENA software. In the present work, we use ARTEMIS

program which runs on the FEFF code to calculate the scattering ampli-

tude and phase shifts through ab-initio self-consistence real space multiple

scattering.

Using the crystallographic information file (CIF), a FEFF calculation

is performed which generates all single and multiple scattering paths at a

distance up to a certain cluster size. The program allows to refine the

parameters like amplitude, co-ordination number, bond distance and ther-

mal parameter to fit the experimental data, thus providing the requisite

structural information.

The EXAFS spectra of Fe K-edge (7112 eV) were recorded in trans-

mission mode at the P65 beamline, PETRA III, DESY, Hamburg. The

incident and transmitted intensities were measured using gas-filled ioniza-

tion chamber detectors. The spectra were recorded at 6K, 75K, 150K and

295K. The experimental data were analyzed using the Demeter software

package [62].

2.3.4 Raman spectroscopy

Raman spectroscopy is based on the inelastic scattering of monochromatic

light caused by the vibration of atomic bond known as phonons and discov-

ered by Sir C. V. Raman in 1928. The change in molecular polarizability

with the incident electromagnetic radiation produces an induced dipole mo-

ment which emits the scattered radiation elastically (Rayleigh scattering)

or inelastically (Raman scattering). A decrease or increase in the inelastic

energy of the scattered photons is known as Stoke’s or anti-Stoke’s line re-

spectively. Raman spectrum is a plot between the intensity of scattered ra-

diation as a function of wave number consisting different vibrational modes

according to the selection rule ∆l = ±1. Based on the group theory, each

crystal symmetry shows different Raman active modes.
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Figure 2.5: Working principle of Raman spectroscopy and the energy states

related to the Raman scattering process (image drawn by author).

Raman spectra of the samples were measured within a frequency

range of 20 cm−1 to 450 cm−1 by using the Horiba Labram HR Evolution

Raman spectrometer fitted with an He-Ne laser source of wavelength 633

nm with a charge-coupled device detector in back-scattered mode. Temper-

ature dependent spectra were recorded using the Linkam THMS600 stage

controller. The laser was focused on the sample with the help of 50X mag-

nified objective lens.

2.3.5 EPR spectroscopy

Electron paramagnetic resonance (EPR), also known as electron spin reso-

nance (ESR) is a technique to detect the atoms and molecules containing

unpaired electrons. It gives an insight into the identification of free rad-

icals, structural geometry and molecular dynamics. In this process, the

sample is placed inside a cavity or resonator which is kept in between the

electromagnet. When a sample absorbs microwaves under the application

of an appropriate microwave frequency and magnetic field, the microwaves

are reflected back from the cavity, resulting in the detection of EPR sig-

nal as shown in Figure 2.6 [63]. Each electron has a magnetic moment

with spin quantum number s=1
2
. With the application of magnetic field

B, each electron with spin magnetic moment (ms=±1
2
) has specific energy

according to Zeeman effect, E = msgeµBB. Therefore, the Zeeman split-
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ting gives an energy separation between the lower and upper state of an

unpaired free electron as ∆E = geµBB, which is the basic principle of EPR

spectroscopy. However, the interaction of the magnetic fields of the nuclei

of the atom in a molecule can affect the unpaired electrons. This kind of

coupling between the perturbed nuclei and unpaired electron is known as

hyperfine interaction and introduces additional energy states as reflected

in the multi-lined spectra in EPR measurement. Mathematically, the num-

ber of lines raised from the hyperfine interaction is 2nI+1, where n is the

number of equivalent nuclei and I is the spin of the electron. The magnetic

Figure 2.6: Schematic diagram of an electron paramagnetic resonance spec-

trometer (adapted from Ref. 63 with permission).

resonance spectra were recorded with the Bruker BioSpin EPR spectrome-

ter. The solid sample was placed at the centre of the resonant cavity placed

between the two poles of an electromagnet having the X-band resonance

frequency of 9.42 GHz and the data were recorded at room temperature

(300 K).

2.4 Elemental characterization: EDX Spec-

troscopy

Energy dispersive x-ray spectroscopy (EDX) is a commonly used technique

for the identification of elemental composition of an unknown sample and

is an integrated feature of field emission scanning electron microscopy (FE-
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SEM) system. The working principle of EDX is based on the process where

the bombardment of electron beam on the sample surface leads to the

knocking off the electrons from inner shell followed by the occupation of an

outer shell electron in the vacant inner shell as shown in Figure 2.7. The

energy loss in this process is emitted in the form of X-rays with unique

wavelength for different atoms and the intensity of the peak depends on

the concentration of that element in the sample.

Figure 2.7: Figure depicts the working principle of Energy dispersive X-ray

spectroscopy measurement (image drawn by author).

The stoichiometry of the compositions was confirmed from energy

dispersive X-ray analysis (EDX) using SUPRA 55 Zeiss field emission scan-

ning electron microscope equipped with Oxford Instruments AZtec energy

dispersive microanalysis system.

2.5 Optical characterization

2.5.1 UV-visible spectroscopy

UV-visible spectroscopy is an excellent technique to obtain the optical prop-

erties of a material and can be measured in terms of absorption spectra or

reflectance spectra. Generally, in reflectance mode, data is collected from

the reflection of incident light energy off a solid surface, while in absorp-

tion mode, one has to measure the light intensity before and after passing
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through the sample. This is an excellent technique to calculate the band

gap of a material using the Kubelka-Munk function, which is related to the

reflectance of the material as;

F (R) =
(1−R∞)2

2R∞
(2.10)

Where, R∞ =Rsample/Rstandard is the reflectance of an infinitely thick ma-

terial and termed as diffuse reflectance. Again, the band gap and the

absorption coefficient are related through the well-known Tauc relation;

αhν = A(hν − Eg)
n (2.11)

where, α is the linear absorption coefficient, ν is the light frequency, Eg is

the band gap of the material and A is the proportionality constant. The

power n is equal to 1/2 for direct band gap and 2 for indirect band gap.

When the incident radiation scatters in a perfectly diffuse manner, the

Kubelka-Munk function is proportional to the absorption coefficient and

we get the relation for a direct band gap material;

(F (R)hν)2 = A(hν − Eg) (2.12)

and, for an indirect band gap material;

(F (R)hν)1/2 = A(hν − Eg) (2.13)

The UV-Visible diffuse reflectance spectra were measured using Shi-

madzu UV-3600i UV-Vis-NIR spectrometer over a spectral range of 300-800

nm calibrated with a barium sulfite sample as reference. For temperature

dependence band gap study, we use Perkin Elmer Lambda 950 UV/VIS

Spectrometer having a resolution of 0.05 nm equipped with HARRICK

ATC automatic temperature controller.

2.5.2 Photoluminescence spectroscopy

Photoluminescence (PL) spectroscopy is one of the widely used technique to

measure the light emission from the material after photo-excitation. When
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a light is absorbed by a material, the electrons get excited to a higher

energy level and decay to the conduction band minimum (CBM) through

internal conversion process by losing vibrational energy, which is a non-

radiative process. The combination of electron and hole pair is known as

exciton. The decay of exciton i.e., when the electrons return back to the

ground state by releasing energy in terms of photons facilitates the emission

process.

Figure 2.8: Figure depicts the fundamental principle of a photolumines-

cence process (image drawn by author).

Further, time-resolved photoluminescence (TRPL) spectroscopy gives

an insight into both spectral as well as temporal evolution of the emission

of a sample. In general, it measures the decay of electron-hole pairs (exci-

ton) to the lower energy level. However, the decay of exciton is not a linear

process, rather it involves a multi-exponential decay process. Mathemati-

cally, the decay life time can be expressed as, I =
∑

i Iie
−t/τi . According

to the nature of excited state i.e., singlet or triplet state, the life time of

the exciton can vary from ps to ms. Further, the decay process can be

radiative (emits light) or non-radiative (does not emit light) and both of

them affect the life time of the fluorophore.

Photoluminescence spectra were measured at room temperature (300

K) using the Cary Eclipse Fluorescence Spectrophotometer (Agilent Tech-

nologies) having a 2.5 nm entrance slit width and 5 nm exit slit width

equipped with a solid state sample holder.
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2.6 Electrical characterization

2.6.1 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is a commonly used tech-

nology to measure various electrochemical properties of a compound. This

technique gives the frequency response of a system including the ability to

store and dissipate energy in terms of dielectric properties of the medium

and impedance of the system. The data obtained in EIS can be expressed

in the form of Nyquist plot which gives the information regarding the real

and imaginary part of impedance. The dielectric property of a material

depends on the various kinds of polarization process occurred in a certain

frequency range. The dielectric polarization is a sum total of electronic,

vibrational (atomic), orientational (dipolar), ionic and interfacial polariza-

tion as shown in Figure 2.9.

Figure 2.9: Figure depicts the frequency dependence of various polarization

process involved in a dielectric material (image drawn by author).

In order to measure the dielectric properties of the materials, a de-

vice was configured by electroding the top and bottom surfaces of the pellet

with silver paste. Temperature dependent dielectric and impedance mea-

surement were carried out using an LCR spectrometer (HIKOI, MODEL:
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IM 3536) from room temperature to 250 ◦C.

2.6.2 Photoconductivity

Figure 2.10: Figure depicts the fundamental principle of photoconductivity

(adapted from own article Ref. 64).

Photoconductivity is a process where the absorption of incident light

induces conduction of electrons. When light is absorbed by a material,

the number of charge carriers increases resulting in the enhancement of

conductivity as shown in Figure 2.10 [64]. It helps in various applications

like phtodetector, photodiode, phototransistor and so on.

The photoresponse characterization was carried out using Keithley

6517B electrometer and a 450 nm light source.
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Chapter 3

Study of Na substituted

Cs2AgBiCl6 halide double

perovskite

3.1 Overview

Cs2AgBiCl6 is one of the most stable halide double perovskite whose op-

toelectronic properties can be enhanced by incorporating various elements

at Ag or Bi site. Here, the optical gap of the compound is manipulated

by Na substitution at Ag site to understand the structural and optical

effect of the compounds. Further, we explain the trap carrier dynamic

process by probing time resolved photoluminescence (TRPL) technique in

Na substituted Cs2AgBiCl6 compounds. TRPL spectroscopy is a powerful

technique that has been employed to study the charge carrier recombina-

tion kinetics of photoluminescent materials. The competitive radiative and

non-radiative recombination processes happening in these materials affect

the TRPL decay and is therefore useful for extracting information related

to these processes. However, understanding the origin and stability of trap

states is essential, as the underlying mechanism of the radiative and non-

radiative transitions are highly influenced by electron-phonon coupling. A

comprehensive understanding of the electron-phonon coupling phenomenon
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in such halide double perovskites remains elusive. With the intention of

understanding the photophysics via the electron-phonon coupling, we have

synthesized phase pure Cs2NaxAg1−xBiCl6 (0 ≤ x ≤ 1) compounds and

conducted an extensive investigation of the local crystal structure using an

in-depth analysis of the UV-vis absorption and Raman spectroscopy.

3.2 Stability and composition

One of the advantages of inorganic double perovskites is their structural

stability over a wide temperature range. The thermogravimetric measure-

ments carried out in the temperature range of 30◦C to 800◦C for the present

set of compositions bring out this aspect. The plots (see Figure 3.1) demon-

strate no significant weight loss up to 465◦C for Cs2AgBiCl6, whereas, for

Cs2NaBiCl6, the stability extends to 575◦C. The temperature range of sta-

bility for the mixed compositions with varying Ag/Na ratios lies between

the limits set by the end members of the series. With increase in Na con-

centration the stability of the compound increases gradually which is a

good sign from application point of view.

Figure 3.1: Thermogravimetry analysis spectra of Na substituted

Cs2AgBiCl6 compounds.
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Besides, the energy dispersive X-ray spectroscopy (EDS) employed

to analyze the elemental composition of the synthesized compounds indi-

cates that the desired proportion of Cs, Ag, Na, Bi and Cl concentration

is present in the samples, matching its chemical stoichiometry and is pre-

sented in Table 3.1.

Compound Cs Ag Na Bi Cl

Cs2AgBiCl6 22.0 10.7 - 10.8 56.5

Cs2Ag0.75Na0.25BiCl6 21.3 8.5 2.4 10.5 57.3

Cs2Ag0.5Na0.5BiCl6 21.7 5.6 5.7 10.8 56.2

Cs2Ag0.25Na0.75BiCl6 22.6 2.8 7.1 10.9 56.6

Cs2NaBiCl6 23.3 - 10.2 10.3 56.2

Table 3.1: Elemental compositions (in atomic %) for each perovskite com-

pound.

3.3 Structural properties

Room temperature powder X-ray diffraction (XRD) profiles of

Cs2NaxAg1−xBiCl6 compositions presented in Figure 3.2 belong to a cubic

structure having Fm3̄m space group symmetry. The absence of any unac-

counted peak confirms the phase purity of all the compositions. Structural

refinement of the XRD profiles using the Rietveld method [60] yields the

parameters such as unit cell dimensions and atomic site occupancy. De-

spite the ionic radius of Na+ (1.02 Å) being smaller than that of Ag+ (1.15

Å), the lattice constant increases linearly with the Na+ content following

Vegard’s law. Replacing a transition metal ion (Ag+) with a highly elec-

tropositive alkali metal ion (Na+) brings in a higher cationic order in the

rock-salt unit cell, as reflected by the relative increase in the intensity of

the (111) superlattice reflection with respect to the (220) main peak and

introduces a robust ionic character to the bonds. While the long-range
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lattice symmetry is maintained, the diffraction peaks of the mixed Ag/Na

compositions tend to be asymmetric with slightly broader peak widths, im-

plying the manifestation of local lattice relaxation effects.

Figure 3.2: Rietveld refinement of room temperature X-ray diffraction spec-

tra of Na substituted Cs2AgBiCl6 compounds.
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Figure 3.3: Variation of intensity ratio of I(111)/I(220) with Na content.

The dynamic stereo-active 5s2 lone pairs on Bi3+ ions of

Cs2NaxAg1−xBiCl6 contribute to the local lattice distortion and low-

frequency vibrational modes. Raman spectroscopy is a suitable probe for

investigating such local crystal symmetry distortions. Figure 3.4 presents

the room temperature Raman spectra obtained for all compositions using

a 633 nm laser excitation source within a frequency range of 20 cm−1 to

Atom Wyckoff position x y z

Cs 8c 0.25 0.25 0.25

Na 4a 0 0 0

Ag 4a 0 0 0

Bi 4b 0.5 0.5 0.5

Cl 24e 0.25116 0 0

Table 3.2: Refined structural parameters for Cs2Ag0.25Na0.75BiCl6 com-

pound.
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Compound Na-0% Na-25% Na-50% Na-75% Na-100%

a=b=c (Å) 10.78(6) 10.79(6) 10.81(2) 10.82(5) 10.84(1)

α = β = γ 90◦ 90◦ 90◦ 90◦ 90◦

V (Å3) 1255.12(3) 1258.41(2) 1264.00(2) 1268.59(2) 1273.97(1)

χ2 17.7 12.1 6.84 7.42 9.58

Rp 29.3 24.4 20.2 20.2 21.3

Rwp 31.2 25.2 20.8 20.9 22.9

Rexp 7.43 7.31 7.96 7.67 7.41

Table 3.3: Table shows the lattice parameter, cell volume and Rietveld

refinement fitting parameters for all 5 compositions.

400 cm−1. The vibrational properties of Cs2NaxAg1−xBiCl6 attune to its

Fm3̄m symmetry, exhibits four distinct Raman active modes, at ∼46 cm−1

(T1
2g), ∼114 cm−1 (T2

2g), ∼215 cm−1 (Eg) and ∼283 cm−1 (A1g). These Ra-

man modes are also consistent with the other reported results [67].

The local environment of the constituted atoms can be well analysed

from the vibrational spectra of different bonds. The weak mode at 46 cm−1

that results from the translational motion of Cs atoms gain in strength upon

Na-substitution, a direct consequence of the growing ionic character of the

bonds. The Eg mode associated with the asymmetric stretching of [Bi-Cl6]

octahedra shifts towards higher frequency with simultaneous suppression of

its intensity, which is a direct consequence of increased unit cell volume with

increasing Na content. Signatures of local lattice distortion come from the

T2
2g mode, associated with the breathing vibration of Ag/Na-Cl bond and

the A1g mode, associated with the symmetric stretching of both Bi-Cl6 and

[(Ag/Na)-Cl6] octahedral cages. Both these modes are asymmetric in the

direction of increasing wave number for pure Cs2AgBiCl6 composition. As

Na systematically replaces the Ag atoms, a sharp increase in peak intensity

is observed along with a concomitant decrease in the peak width.
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Figure 3.4: (a) Room temperature Raman spectra of Na doped Cs2AgBiCl6

compounds. Variation of (b) T1
2g mode and (c) A1g mode showing Raman

shift and peak broadening with different Na concentration.

3.4 UV-vis spectroscopy

UV-vis diffuse reflectance data were collected over a spectral range of 300-

800 nm to determine the optical band gap of the compositions using the

well established Kubelka-Munk function, which expresses the absorbance

as a function of diffused reflectance as given in the following equation;

F (R) =
(1−R∞)2

2R∞
(3.1)

where, R∞ = Rsample/Rstandard and is known as the reflectance of an in-

finitely thick material. The band gap of a material is calculated by using
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Tauc plot between [F(R)hν]n and hν, where n is 1/2 for indirect transitions

and 2 for direct transitions.

Figure 3.5: (a) Reflectance spectra of Cs2Ag1−xNaxBiCl6 compounds, (b)

Variation of band gap energy and Urbach energy with different Na concen-

tration.

Indeed, the optical band gaps (Eg) seem to increase systematically

with rising Na-content. Figure 3.5(a) displays the diffuse reflectance spectra

of the Cs2NaxAg1−xBiCl6 compositions. The trend of a systematic increase

in the Eg value from 2.7 eV in Cs2AgBiCl6 to 3.42 eV in Cs2NaBiCl6 is

consistent with the electronic structure calculations reported in the litera-

ture [68]. Also, the Tauc plots presented in Figure 3.6, reveal the indirect

nature of the gap. As per the theoretical calculations, the contribution of

4d10 orbital of Ag atoms to the valence band appears at -8.76 eV (d5/2) and

-9.32 eV (d3/2), whereas for the Cs2NaBiCl6 compound, the Na p3/2 level

is at -29.63 eV and p1/2 is at -29.81 eV. Thus, the sequential replacement

of Ag with Na leads to the downward shift of the valance band maximum

and upward shift of conduction band minimum and consequently results in

increasing of Eg. It is worth noting that the variation of Eg as a function

of Na-ion concentration is not a straight line. Rather the data fits the re-

lationship, Eg(x) = (1 − x)Eg(0) + xEg(1) − bx(1 − x), where Eg(0) and

Eg(1) represent the end members of the compositions and b is the bowing

parameter of the band gap. The fitting shown in Figure 3.5(b) yields a con-

siderably large value of b = 1.18 eV, in agreement with the theoretically
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predicted value of 1.03 eV [68]. Thus, in the mixed Ag/Na compositions

the electrons and holes localize within the intermediate states and give rise

to a considerable band gap bowing factor.

Figure 3.6: Tauc plot of Cs2Ag1−xNaxBiCl6 compounds.

3.5 Photoluminescence spectroscopy

Photoluminescence (PL) spectroscopy reveals intriguing aspects of the

band structure and resulting optical properties of Cs2NaxAg1−xBiCl6 com-

positions. Figure 3.7(a) represents the steady-state emission spectra

recorded on solid circular pellets using the excitation wavelength of 365 nm

equipped with 2.5 nm entrance slit width and 5 nm exit slit width. The
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Figure 3.7: (a) Photoluminescence spectra of all the solid compositions and

(b) compositions dissolved in ethanol solvent.

overall emission intensity of the spectra intensifies with the rising Na con-

centration, with a smooth, broad Gaussian-shaped curve that peaks around

the orange-red emission (∼ 600 nm) of the visible light spectrum. Inter-

estingly, the emission spectra also contain sharp spike-like features that

peak at 486 nm and 496 nm (blue emission), 521 nm (green emission) and

576 nm (yellow-orange emission). In contrast to the broad emission peak,

these abrupt spikes appear with the same intensity in all the compositions.

Also, the wavelength at which they appear seems to remain unchanged,

hinting that their origin lies in the surface defect states formed during the

pelletization of the powder samples. To verify this, we recorded the emis-

sion spectra in liquid form by dissolving the sample powders in ethanol.

As expected, the spike-like features disappear (Figure 3.7(b)) due to the

solvent relaxation effect. The main emission peak in Cs2Na0.75Ag0.25BiCl6

results from the 6s16p1 −→6s2 allowed transitions with the highest inten-

sity observed for 75% Na composition. The blue shift in the PL spectra of

the mixed compositions is due to the solvent relaxation effect. In this case

the solvent molecules assist in stabilizing and lowering of the excited state

energy level by reorienting around the excited fluorophore results in the

shifting of the emission peak. Besides, the sharp abrupt peaks which were

earlier present in the PL spectra of solid samples got disappeared because
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the trap states produced by confinement get neutralized due to solvation

of solute molecules in the relaxed phase.

Figure 3.8: Photoluminescence decay profile of Cs2Ag1−xNaxBiCl6 com-

pounds. The circles represent the experimental data of TRPL spectra and

the red line represents the biexponential fitting of the data.

To establish the applicability of such luminescent material, estimating

its charge transfer rate across the band gap is essential. Time-resolved

photoluminescence (TR-PL) is an apt method to access such information.

The intensity decay profiles of the Cs2NaxAg1−xBiCl6 compositions show

that the de-excitation is not a simple one-step radiative decay process. It is

easy to notice from Figure 3.8 that an additional timescale(s) consisting of

fast and slow time components is needed to describe the TR-PL decay. For
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the sake of simplicity, we sum up this process to a bi-exponential function,

I(t) = I1e
−t/τ1 + I2e

−t/τ2 , where τ1 and τ2 are the decay timescales and I1,

I2 are the corresponding amplitudes. The decay life time increases with

increase in Na concentration and the composition with 75% Na displays

the most extended lifetime. However, for pure Na based composition the

life time decreases.

Generally, in luminescent materials the charge carriers that are ex-

cited from the valence band maximum to the conduction band minimum

de-excite through the near-band-edge emission process characterized by the

lifetime τ1. A relatively shorter lifetime, τ2, characterizes the de-excitation

process from an intermediate state between the band edges. In contra-

diction to this general observation, the Cs2NaxAg1−xBiCl6 compositions

display a longer τ2, implying the presence of trap-states between the band

edges [69]. These trap states can be explored by tuning the emission to

higher wavelengths (lower energies) and observing its impact on decay life-

times. Hence, we record TR-PL at three different values of emission wave-

lengths, one matching with the optical band gap energy, E1 (near band-

edge emission), and the other two energies, < E1 (increasing wavelengths).

Increasing the emission wavelength leads to a systematic increase in the de-

cay lifetimes such that the process can be characterized as emerging from

shallow and deep trap states. Further, the presence of deep trap states

in 75% Na substituted compound results in the highest PL among the

studied compositions. Extending the same argument to the end-members,

Cs2AgBiCl6 and Cs2NaBiCl6, quenching of lifetime at higher wavelengths

occurs in these compositions due to the absence of trap states which can

be inferred from Figure 3.9.

At this point, it becomes imperative to explore the origin and sta-

bility of the trap states. Despite the large difference in the cationic radii

of Ag+ and Na+, the XRD results suggest no change in crystal symmetry

with systematic replacement of Ag with Na in the Cs2AgBiCl6 composition.

Though the long-range structural order remains unchanged, the likely fac-

tor to affect the electronic properties of these compositions remains to be
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Figure 3.9: Variation of decay time profile at different emission energy

E1, E2 and E3 with increase in Na concentration in Cs2Ag1−xNaxBiCl6

compositions.

the local lattice distortion, taking place to accommodate the substitution of

a transition metal ion with a strong alkali cation. Moreover, the band align-

ment in transitioning from Cs2AgBiCl6 to Cs2NaBiCl6 leads to a scenario

where the valence band edge shifts downward, and the conduction band

edge shifts upward. In the mixed Ag/Na compositions, the electrons and

holes localize within the intermediate states formed by lattice distortions,

giving rise to a considerably high band gap bowing parameter.

3.6 Electron-phonon interaction

In semiconductors, charge carriers primarily occupy within a narrow en-

ergy band near the edges, where electron-lattice interactions are mainly

governed by long-wavelength phonons. Various factors, including the ran-

dom distribution of crystallographic defects, impurities, doping, and exter-

nal influences such as temperature and pressure, can introduce potential

fluctuations in the electronic structure of the semiconductor. These fluc-

tuations can create energy levels within the forbidden energy gap [70].

Such broadening of energy levels can intensify the electron-lattice scat-
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tering, especially in the doped semiconductors. By analyzing the Raman

line shape and dispersion in the tail states of UV-vis spectra of mixed

Cs2NaxAg1−xBiCl6 compositions, we aim to uncover the electron-phonon

coupling strength and its role in stabilizing the populated trap states, which

ultimately enhances photo-luminescence.

It is well known that the radiative and non-radiative recombination of

carriers, in general, varies due to the exponential trap states near the band

edges. Hence, we further analyze the band-edge broadening of the UV-vis

spectra in terms of the Urbach tail states [71, 72], which can be potentially

influenced by the chemical composition of the compounds. Quantitatively,

the band edge broadening known as Urbach energy (Eu) can be derived

from the slope of the linear exponential regime, [71, 73]

α = α0exp(
hν − Eg

Eu

) (3.2)

where, α is the absorption coefficient, α0 is a constant, Eg is the optical

band gap, and hν is the incident photon energy. We extract the Urbach en-

ergy, Eu, for each of the mixed Ag/Na compositions by plotting the graph

between lnα and hν, where the reciprocal of the slope gives the value of

Eu. Figure 3.5(b) also represents the variation of Eu with changing Ag/Na

concentrations, which is an indication of rising disorder of phonon states in

these mixed compounds. Further, an estimate of the electron-phonon inter-

action strength (Ee−p) comes from Eu using the relation [74], Ee−p =
2Eu

3KBT
.

Thus, a higher Urbach energy implies stronger electron-phonon interaction

and hence, should contribute heavily towards the formation of deep trap

states, which in turn would result in enhanced PL properties. A greater un-

derstanding can be developed by focusing the stability of these trap states

through electron-phonon interaction probing Raman spectroscopy.

The fundamental understanding of Raman spectroscopy is the inelas-

tic scattering interaction of the incident photons with the material, giving

rise to the phonon modes. These phonons are positioned at zone centre of

the reciprocal lattice and give rise to a symmetric Raman profile, thereby

conserving the momentum. However, relaxation process can occur in the
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Figure 3.10: Fano fitting of A1g mode of the mixed Na/Ag compositions.

doped semiconductors wherein the phonons in proximity to zone centre

contribute to the scattering process, leading to an asymmetric broaden-

ing of Raman profile. Such asymmetry in Raman profile, also known as

the Fano resonance effect, is a characteristic feature of the material under

study. In crystalline semiconductors the Fano resonance is known to origi-

nate either from heavy doping or from photo-excitation leading to phonon

interference with the continuum electronic states and has an impact on

the asymmetry broadening of Raman mode. Generally, the ions or atoms

exhibiting longitudinal vibrations having their vibrational amplitudes are

along the electric field and phonon propagation vector, also known as LO

phonons may get affected to a greater extent than the other phonons. Re-

alising this phenomena, here we considered the Raman line-shape of LO

mode (A1g) of these compounds to bring in the Fano effect into the picture.

The asymmetric Raman peak can be expressed by the Breit-Wiger-Fano
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function [75, 76],

I(ω) = I0
|q + S(ω)|2

1 + S(ω)2
+ Ib(ω) (3.3)

where, S(ω) = 2(ω−ωp)

Γ
is the reduced energy variable, ωp is the phonon fre-

quency, and Γ is the linewidth. Here, q is the asymmetry parameter that

characterizes the interference between the discrete phonon and continuum

spectra. A lower q value is an indicator of stronger interference. Con-

versely, the inverse of q signifies the electron-phonon coupling strength [74],

Ee−p ∝ 1/|q|. As depicted in Figure 3.11(a), 1/|q| increases with increase in

Na concentration, reaching a maximum for 75% Na composition. We have

previously obtained the estimate of Ee−p from the Urbach energy analysis

of the UV-vis spectra. Figure 3.11(a) also depicts that the compositional

variation of Ee−p extracted from UV-vis data and 1/|q| obtained from Ra-

man analysis, follow the same trend.

Figure 3.11: (a) Correlation of EPC strength (Ee−p in terms of Urbach

energy and 1/|q| from Fano effect) and (b) variation of Huang-Rhys pa-

rameter (S) with different Na concentration in the mixed compositions.

In polar semiconductors, scattering mechanisms are generally induced

by Fröhlich interactions between electrons and optical (LO) phonons. An

alternate estimate of the strength of such electron-phonon coupling [77] in

the form of Huang-Rhys parameter (S), can be obtained using the relation,

EStokes=2SℏωLO. Taking the LO phonon mode (A1g) energy and the Stokes

shift energy, which is the difference between absorption and emission ener-

gies of the PL spectra, the value of S is extracted for all the compositions.

50



In line with the inference drawn so far from other spectroscopic analy-

sis, S increases with increasing Na content ultimately indicating stronger

electron-phonon coupling as shown in Figure 3.11(b).

A weak electron-phonon coupling in Cs2AgBiCl6 along with the indi-

rect nature of its band gap favours a non-radiative recombination mecha-

nism, where the incident photon with an excitation wavelength of 365 nm

is unable to change the crystal momentum to favour the radiative recom-

bination of free excitons. With the incorporation of Na+ into the lattice,

trap states are produced in between the forbidden energy region which can

easily absorb the difference in crystal momentum between the free excitons

forming the self trapped excitons (STE). An electron which gets excited to

higher levels first moves to the bottom of the conduction band via vibra-

tional relaxation and internal conversion decay mechanisms. The electrons

get trapped in these intermediate states (trap states) before recombination

with the holes. With further increase in Na+ concentration, the trap states

are produced much deeper into the forbidden region as supported by the red

shift of the maxima of the PL emission spectra. Also, the full-width-half-

maximum (FWHM) of the PL spectra can be utilized to infer the lattice re-

laxation energy (ELR) through the equation [78], FWHM ∝
√
2ELRKBT .

As the FWHM is smallest for 75% Na composition, its ELR which enhances

the stable STE states in between the band edges, is also the least in the

series. On the other hand, both the end members of this series display

a much higher ELR, implying metastable trap state with negligible lumi-

nescence. As discussed earlier, widening of the band-gap takes place with

increasing Na content in the Cs2Ag1−xNaxBiCl6 compositions. Formation

of stable STE states within this gap increases the possibility of intra-band

photoexcitation, leading to long lasting luminescence.

3.7 Summary

In summary, the optical properties of Na-substituted Cs2AgBiCl6 have been

explored to find a long-lasting luminescent composition in the lead-free

51



double perovskite family. Time-resolved photoluminescent studies on the

trap-correlative carrier dynamics indicate the long-lived emission compo-

nent increase upon Na substitution. Composition with 75% Na ion replac-

ing the Ag ions in Cs2AgBiCl6 shows the longest-lived decay process. The

substitution of a strongly electropositive ion in Cs2AgBiCl6 composition

leads enhancement of self-trapped exciton states. Such trap-assisted de-

excitation mechanism slows down the electron-hole recombination process.

The origin of the trap states lies in the local lattice distortion, brought

to the fore through various crystal structure and electronic properties in-

vestigations. Combining the Urbach tail state analysis and Fano effect in

Raman spectra laid out the interaction of strong electron-phonon coupling

in the mixed composition that stabilizes the self-trapped exciton states re-

sulting enhanced luminescence. This study achieves a better understanding

of decay lifetime, charge transfer mechanism and optical properties for the

Na-substituted Cs2AgBiCl6 compounds.
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Chapter 4

Study of Cr, Mn and Yb

substituted Cs2AgMCl6

(M=Bi and In) halide double

perovskite

4.1 Overview

The two widely studied HDPs, Cs2AgBiCl6 (CABC) and Cs2AgInCl6

(CAIC) compositions show excellent thermal and air stability [79], but

pose a challenge in its immediate integration into the optoelectronic sector.

Cs2AgBiCl6 is reported to have an indirect bandgap of ∼2.5 eV resulting in

a weak optical absorption and emission response, while Cs2AgInCl6 shows

a wide direct bandgap of ∼3.5 eV which is incompatible with the genera-

tion of solar energy. Numerous endeavors have been undertaken to enhance

the photoluminescence quantum yield (PLQY) of these halide double per-

ovskites, with one such method being elemental substitution [80, 81]. A

substantial improvement in the PLQY was recently reported upon a large

percentage of transition metal substitution in CABC and CAIC. M. Jee-

varaj et al. [82, 83] demonstrated significant NIR emission in up to 68%

Cr-doped CABC and high luminescence in the visible spectrum for 68%
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Mn-doped CAIC. Conversely, Zhao et. al. [84], stated that their attempt

to incorporate 10% Cr into CAIC via a solid-state process resulted in the

precipitation of CrCl3 on the sample’s surface, leading to the integration

of a much smaller percentage of Cr3+ in the final composition. Despite

this, the substituted composition exhibited high emission in both visible

and NIR regions due to the spin-allowed d− d transitions of the transition

metal ions. It is, however, surprising that the substantial amount of Cr3+ or

Mn3+ ions reported in Ref. [82] did not lead to self-quenching, which would

negatively impact the PLQY properties. Instead, a notable improvement

in the PL properties of CABC was claimed.

For potential applications as photodetectors, LEDs and solar cells,

apart from optical properties it is essential to elucidate the underlying

charge transport properties of these materials. Dielectric spectroscopy

offers a profound insight into these challenges by employing a range of

parametric tools, such as dielectric permittivity, AC conductivity, com-

plex impedance, and electric modulus. Recent progress in understanding

dielectric behavior is showcased through the qualitative analysis of imag-

inary modulus plots, characterized by the presence or absence of relax-

ation peaks, which reveal localized or non-localized conduction phenom-

ena. Additionally, a quantitative grasp of transport mechanisms can be

achieved by analyzing the material’s relaxation time and activation en-

ergy. With the keen interest to explore the optoelectronic properties of

halide double perovskites, we have synthesized Cr, Mn and Yb substi-

tuted Cs2AgBiCl6 and Cs2AgInCl6 with 10% doping concentration at Bi

and In sites respectively. We have used the notations for all the stud-

ied compositions, Cs2AgBi0.9Cr0.1Cl6 (Cr-CABC), Cs2AgIn0.9Cr0.1Cl6 (Cr-

CAIC), Cs2AgBi0.9Mn0.1Cl6 (Mn-CABC), Cs2AgIn0.9Mn0.1Cl6 (Mn-CAIC),

Cs2AgBi0.9Yb0.1Cl6 (Yb-CABC), and Cs2AgIn0.9Yb0.1Cl6 (Yb-CAIC) for

reference in this chapter.
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4.2 Stability and compositions

The thermal stability of all the prepared samples was investigated us-

ing TGA measurement (Figure 4.1). Both Cs2AgBiCl6 and Cs2AgInCl6

show higher thermal stability as compared to the conventional hybrid per-

ovskites. Besides, the substituted compounds show further enhanced ther-

mal stability over 500 ◦C.

Figure 4.1: TGA spectra of (a) Bi based HDPs and (b) In based HDPs.

Compound Cs Ag Bi In Cr Mn Yb Cl

CABC 22.0 10.7 10.8 - - - - 56.5

Cr-CABC 21.6 11.0 10.6 - 1.1 - - 55.7

Mn-CABC 22.2 10.7 10.4 - - 0.5 - 56.2

Yb-CABC 23.8 8.8 10.4 - - - 1.0 56.0

CAIC 21.2 9.9 - 9.9 - - - 59.0

Cr-CAIC 20.7 11.6 - 9.3 2.7 - - 55.7

Mn-CAIC 22.3 11.4 - 10.2 - 0.7 - 55.4

Yb-CAIC 21.3 10.5 - 9.5 - - 0.5 58.3

Table 4.1: Elemental compositions (in atomic %) for each perovskite com-

pound.

Energy dispersive X-ray spectroscopy (EDS) measurement indicates

the stoichiometry of the synthesized HDPs as provided in Table 4.1. The
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measured dopant to Bi/In ratio are found to be approximately 9:1 implying

both Cr3+ and Yb3+ ion occupy the desired lattice site by replacing Bi3+

and In3+ in Cs2AgBiCl6 and Cs2AgInCl6 respectively.

4.3 Structural properties

Figure 4.2: Rietveld refinement of Bi based HDPs displaying cubic sym-

metry.

Figure 4.2 and Figure 4.3 represent the Rietveld refinement of X-

ray diffraction (XRD) spectra of the synthesized HDPs. Crystallographic

analysis reveals the formation of single phase cubic crystal structure with

a centrosymmetric Fm3̄m space group. Structural refinements of all the
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Figure 4.3: Rietveld refinement of In based HDPs displaying cubic symme-

try.

compounds carried out by Rietveld method [60] yields the lattice param-

eter to be 10.78 Å for Cs2AgBiCl6 and 10.49 Å for Cs2AgInCl6. High

quality crystalline phase is reflected in sharp and well-defined XRD peaks.

The crystal structure of Cs2AgBiCl6 and Cs2AgInCl6 forms the rock-salt

type ordered structure consisting of alternately arranged [AgCl6]
5− and

[BiCl6]
3−/[InCl6]

3− octahedra with Cs+ ion occupies the centre of the cu-

bic octahedral cavity. Partial substitution of Bi3+ and In3+ with cations

like Cr, Mn or Yb which have smaller ionic radii, leads to a slight decrease

of the lattice constants and no change in the symmetry of the unit cell. The

lattice constants are listed in Table 4.2. Importantly, we do not observe any
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extra peaks in the XRD profile that could be attributed to precipitation of

secondary phases, thus confirming that substitutions as high as 10% of Cr

or Yb do form single phase compositions of CABC and CAIC.

Temperature (K) Lattice constant (Å) Volume (Å3) χ2 Rp Rwp Rexp

CABC 10.78(6) 1255.12(3) 17.7 29.3 31.2 7.43

Cr-CABC 10.76(9) 1249.11(2) 11.5 23.6 24.6 7.25

Mn-CABC 10.76(8) 1249.12(2) 11.4 23.5 24.6 7.25

Yb-CABC 10.76(9) 1249.07(2) 11.1 23.1 23.8 7.15

CAIC 10.49(1) 1154.45(0) 25.9 28.8 29.9 5.87

Cr-CAIC 10.46(7) 1146.74(0) 8.81 24.3 24.1 8.12

Mn-CAIC 10.48(8) 1153.87(1) 14.7 21.6 22.1 5.75

Yb-CAIC 10.47(7) 1150.16(1) 4.11 16.6 16.2 7.97

Table 4.2: Table shows the lattice parameter, cell volume and Rietveld

refinement fitting parameters of all compositions.

4.4 EPR spectroscopy

The fact that Cr, Mn and Yb ions indeed occupy the octahedral lattice

sites by partially replacing Bi and In in Cs2AgBiCl6 and Cs2AgInCl6, re-

spectively, is further confirmed from the electron paramagnetic resonance

(EPR) spectra of all the compositions recorded at room temperature. The

representative g-factor can be calculated from the first-derivative of mag-

netic resonance absorption signal using the formula; g = hν
µBB0

, where h is

Planck’s constant, µB is Bohr magneton, ν is the resonance frequency of

sample cavity andB0 is the centre of the resonance signal. Pure Cs2AgBiCl6

compound shows an intense paramagnetic signal with an effective g-value

at 2.01 due to the presence of lone pair electrons of Bi3+ octahedral species

in the compound at room temperature. (Figure 4.4) A clear signal asso-

ciated with Kramer’s doublet for octahedrally coordinated Cr3+ ions with

an effective g-value of 1.99 is seen from the EPR spectra of Cr-CAIC and

Cr-CABC in Figure 4.4. The EPR spectrum of Cr-CABC shows six equally

spaced hyperfine structure. The 3d3 electronic configuration of Cr3+ has
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an electron spin of s = 3
2
and the ground state is 4F3/2. The four-fold spin

degeneracy of Cr3+ ion results in a zero field splitting of Kramer’s doublet

| ± 3e
2
> and | ± 1

2
>. The application of a microwave frequency field fur-

ther splits the doublet giving rise to another transition of | ± 1 > state in

the EPR spectra showing the sextet hyperfine lines. In contradiction to

CABC, pure CAIC exhibits no EPR spectra due to the absence of any un-

paired electron. However, for Cr-CAIC compound, two EPR signals arise

owing to the the Kramer’s doublet of Cr3+ ion with an effective g-value of

1.99. Again, the substitution of Mn in the compound also verified from the

the presence of hyperfine lines in case of Mn-CABC and Mn-CAIC com-

pounds. Similarly, both the Yb contained compounds show weak hyperfine

line splitting corresponding to Yb3+ ion with an effective g-value of 2.01.

For the present discussion, it suffices to know that the 10% Cr, Mn or Yb

substitution at Bi site in CABC and In site in CAIC has indeed taken

place.

Figure 4.4: EPR spectra of (a) Bi based HDPs and (b) In based HDPs.
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4.5 Optical properties

Figure 4.5: Diffuse reflectance spectra of (a) Bi based HDPs and (b) In

based HDPs.

The impact of elemental substitution on the electronic structure of

the HDPs can be deduced from the UV-vis diffuse reflectance spectra as

shown in Figure 4.5. The Tauc plot using Kubelka-Munk function reveals

an indirect band gap nature of Bi-based HDPs and direct band gap nature

of In-based HDPs. The band gap of each composition is provided in table

4.3. Additionally, the spectra for Cr-substituted compounds show some

peculiar features that reflect the inherent nature of the 3d-level. Firstly,

a sharp decline in the reflectance spectra is observed in Cr-CABC (∼2.75

eV) and in Cr-CAIC (∼3.5 eV), ascribed to the electron transition between

valence band and conduction band. Following the Tanabe-Sugano [85] en-

ergy level diagram for the crystal field splitting of 3d3 energy levels of Cr3+

in [CrCl6]
3− octahedral symmetry, the peak centred at 2 eV in Cr-CABC

is attributed to the d−d transition of 4A2−→4T2 and the peaks centred at

2.65 eV and 2 eV in Cr-CAIC are due to the 4A2−→4T1 and 4A2−→4T2.

Using these peak frequencies we extract the Racah parameter (B) repre-

senting the repulsive strength between the states of same multiplicity to be

553 cm−1. The octahedral crystal field splitting energy (∆) turns out to

be 16590 cm−1. For an isolated free radical of Cr3+, B has a value of 965
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cm−1, hence, its decreased value in Cr-substituted halide perovskites ob-

served here, imply a delocalization of Cr3+ electrons within the octahedral

complex, and should impact the charge transport of these compositions.

Compound Band gap (eV) Compound Band gap (eV)

CABC 2.60 CAIC 3.66

Cr-CABC 2.62 Cr-CAIC 3.69

Mn-CABC 2.70 Mn-CAIC 3.52

Yb-CABC 2.43 Yb-CAIC 3.56

Table 4.3: Band gap of each perovskite compound.

While both the Mn-substituted compounds, no d-d transition feature

is found. This ambiguity can be understood from the chemical hybridiza-

tion model, where Cr based compound has smaller octahedral splitting

energy (∆0) attributed to the reduced electronic repulsion between t2g and

eg level that facilitates the d-d electronic transition. Adversely, Mn based

compound has a larger ∆0 due to the strong electronic repulsion between t2g

and eg level for which no d-d transitional peak is seen in diffuse reflectance

spectra.

Figure 4.6: Photoluminescence spectra of (a) Bi based HDPs and (b) In

based HDPs.

The optical behaviour of such halide double perovskites can be de-
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termined from the photoluminescence property of the material. Figure 4.6

shows the steady state PL spectra of solid samples of all the compositions

which show no photoluminescence behaviour. Indeed, compounds with

such high concentration of substituent ions should not exhibit emission

features as the electron-hole pairs formed during excitation are readily al-

lowed to quench through the formation of intermediate in-gap states. High

doping also increases the probability of charge carrier population in the

conduction band affecting the charge-transport properties and conduction

processes in such halide perovskites. The present PL results seemingly con-

trast the previous reports by Ref. [82] which claimed high PLQY in 68%

Cr substituted CABC. On the other hand, Ref. [84] claims that they could

not achieve 10% Cr substitution in CAIC as Cr precipitates out in the form

of CrCl3 secondary phase, leaving very small amount of Cr (In/Cr ratio of

23:1) in the CAIC halide perovskite matrix and the high PLQY could be

due to the formation of stable trap states in between the band edges. Fur-

ther, to explore the charge conduction process and transport mechanism

in these halide double perovskites, a systematic investigation on electronic

property was carried out.

4.6 Electronic properties

4.6.1 Frequency dependent dielectric and impedance

studies

Complex Impedance Spectroscopy (CIS) has been emphasized as an in-

evitable experimental technique to get a deeper insight into the charge

carrier transport properties and relaxation process of a dielectric material.

A quantitative analysis of dielectric permittivity and impedance measure-

ment was carried out to explore many electrical properties such as dynam-

ics of charge carriers, energy storage and dissipation over a wide range

of frequency and temperature. A direct implication of the band gap is

reflected in the impedance characteristics of these HDPs. Among the Bi-
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Figure 4.7: (a) Frequency dependent real impedance (Z’), (b) ac conduc-

tivity of Bi based HDPs and (c) frequency dependent real impedance (Z’),

(d) ac conductivity of In based HDPs.

based HDPs, Mn-CABC shows higher impedance (Z’) owing to the higher

gap energy between VB and CB. The hybridized Mn orbital makes the

charge carriers more localized hindering the electron transport between the

band edges. In other hand, impedance of Cr-CABC decreases compared to

pure CABC due to the availability of more mobile charge carriers with the

incorporation of Cr3+ ions where the empty eg orbital is readily available

for electron transport. Further, the lower gap energy of Yb-CABC implies

the more conducting nature resulting a lower value of Z’. Again, the peak

broadening in the imaginary part of impedance indicates the enhancement
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of relaxation process. Figure 4.7 shows the impedance curve of all the

perovskite compounds. Considering the In-based HDPs, Yb-CAIC shows

higher Z’ compared to pure CAIC due to the presence of highly localized

Yb-4f orbital and In-4d orbital where it is quite difficult to withdraw elec-

trons for transport. However, Cr and Mn substitution provides availability

of charge carriers that assists in the reduction of impedance value and the

conductivity increases. In both Cr-based halide perovskites, conductiv-

ity increases showing their potency towards semiconductors, batteries and

detector applications.

Figure 4.8: The Nyquist plot of (a) Bi based HDPs and (b) In based HDPs

and the equivalent circuit model used to fit the data.

Compound R(Ω) C(F) R(Ω) A(S.secn) n R(Ω) A(S.secn) n R(Ω)

CABC 4.1E5 9.7E-7 3.2E5 1.2E-6 0.99 3.4E5 1.3E-6 0.65 3.6E5

Cr-CABC 7.4E4 9.9E-6 7.6E4 1.1E-5 0.83 7.8E4 1.1E-5 0.86 7.8E4

Mn-CABC 5.4E5 1.1E-6 4.0E5 1.2E-6 0.72 3.9E5 1.1E-6 0.76 4.1E5

Yb-CABC 1.5E5 2.5E-6 1.6E5 1.0E-6 0.93 3.2E5 1.4E-6 0.98 3.1E5

CAIC 3.9E5 1.1E-6 2.9E5 1.2E-6 0.71 2.8E5 1.1E-6 0.76 2.9E5

Cr-CAIC 8.5E4 1.0E-5 8.4E4 1.1E-5 0.76 8.7E4 1.1E-5 0.82 8.8E4

Mn-CAIC 3.1E5 1.1E-6 2.3E5 1.2E-6 0.71 2.2E5 1.1E-6 0.76 2.4E5

Yb-CAIC 7.7E5 7.5E-7 1.6E5 1.6E-6 0.58 1.4E5 6.4E-7 0.57 1.7E5

Table 4.4: Various parameters derived from Nyquist plot fitting of Cr, Mn

and Yb doped Cs2AgBiCl6 and Cs2AgInCl6 compounds.

Further, the increase in conducting nature of the compounds reflects

in squeezing of Nyquist plot or Cole-Cole plot, which is defined as the plot
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between real part Z ′(ω) and imaginary part Z ′′(ω) of complex impedance

Z∗(ω) = Z ′(ω)−jZ ′′(ω) as shown in Figure 4.8. The inset figure shows the

equivalent circuit model consisting of various resistors and capacitors used

to fit the Cole-Cole plot. The perfect semicircle in a Niquist plot of any

dielectric material corresponds to the effect of grain, grain boundary and

electrode-sample interface varying with high to low frequency. However,

the combined contribution of all these effects along with the addition of

constant phase elements (Q) is seen in the deformed Niquist plot fitted

using ZSimWin software in our case of studies. The constant phase element

impedance is defined as, ZQ = 1/A(jω)n. The constant phase element

varies from an ideal resistance to an ideal capacitance as the value of n

increases from 0 to 1. All the parameters obtained from the fitting of

Niquist plot is provided in Table 4.4.

Figure 4.9: (a) Dielectric constant and (b) dielectric loss of Bi based HDPs

and (c) dielectric constant and (d) dielectric loss of In based HDPs with

varying frequency.

The dielectric characteristics of a material is a complex quantity in-

volving the real part (ϵ′) known as dielectric constant and an imaginary
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part (ϵ′′) known as dielectric loss as given in the following equation;

ϵ∗ = ϵ′ − jϵ′′ (4.1)

The higher value of dielectric constant at low frequency as shown in Fig-

ure 4.9 can be attributed to the inherent polar nature of the molecule.

The polarity of the studied compositions is highly influenced by the elec-

tronegativity difference between the metal-halide bonds in the alternately

arranged octahedra. This leads to the dynamical disorder in the lattice

with the application of external field, which breaks the inversion symmetry

causing the polarization in these compounds. In general, the low frequency

region of dielectric part consists of all types of polarization with the dom-

inated relaxation component (orientational and interfacial polarization),

while the deformation component of polarizibility is governed by the ionic

and electronic polarizations at higher frequency range [86]. Syndicating

with Koop’s theory, the high dielectric constant at low frequency is at-

tributed to the Maxwell-Wagner interfacial polarization which elucidate

the dielectric materials comprising conducting grains separated by highly

resistive grain boundaries [87].

Initially the presence of space charge polarization at the grain bound-

aries generates a potential barrier that leads to the accumulation of charge

carriers at the grain boundaries resulting in high dielectric constant. Fur-

ther, with increase in frequency, dielectric constant gradually decreases due

to the decrease in space charge polarization effect in the compounds. Inter-

estingly, the high conductivity shown by Cr-CABC and Cr-CAIC composi-

tions among the studied perovskites, also shows higher dielectric constant

indicating their potential application as energy storage devices. With the

high electronegativity Cr substitution, the ionic character increases which

can easily polarize the electric field inducing high dielectric constant. While

Mn substituted compounds do not show any significant effect on the dielec-

tric properties compared to their parent compositions. Further, the dielec-

tric characteristic of a material is purely capacitive in nature and a clear

interpretation of the variation of dielectric constant of these perovskites can
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be revealed from the capacitance value obtained from Nyquist plot fitting.

Additionally, as electrical conductivity improves, charge carriers exhibit

greater mobility, enabling more efficient dipole formation and orientation

along the field direction and directly affect the polarization strength of the

material. This leads to an increase in the dielectric constant compared to

the parent compounds.

4.6.2 Temperature dependent dielectric and

impedance studies

Figure 4.10: Frequency dependent (a) Z’(ω), and (b) Z”(ω) plot of

Cs2AgBiCl6 HDP at different temperatures.

Figure 4.11: Frequency dependent (a) Z’(ω), and (b) Z”(ω) plot of Cr

substituted Cs2AgBiCl6 HDP at different temperatures.
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Figure 4.12: Frequency dependent (a) Z’(ω), and (b) Z”(ω) plot of Mn

substituted Cs2AgBiCl6 HDP at different temperatures.

Figure 4.13: Frequency dependent (a) Z’(ω), and (b) Z”(ω) plot of Yb

substituted Cs2AgBiCl6 HDP at different temperatures.

Understanding the charge conduction mechanism along with the re-

laxation process varying the temperature springs out interesting results

in view of the broad applicability of halide double perovskites in opto-

electronic devices. All the studied compositions in the form of circular

pellet with silver coating were mounted inside a tightly closed furnace to

investigate the effect of temperature on their electrical properties. Figure

4.10-4.17 show the variation of real and imaginary part of impedance as a

function of frequency for all the compounds at different temperatures rang-

ing from room temperature to 250 ◦C in steps of 25 ◦C. The higher values

of real part of impedance (Z’(ω)) at lower frequency gradually decreases
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Figure 4.14: Frequency dependent (a) Z’(ω), and (b) Z”(ω) plot of

Cs2AgInCl6 HDP at different temperatures.

Figure 4.15: Frequency dependent (a) Z’(ω), and (b) Z”(ω) plot of Cr

substituted Cs2AgInCl6 HDP at different temperatures.

with increase in frequency for all temperatures indicating the release of

space charges as well as the decrease of grain boundary and electrode con-

tribution to the total impedance in high frequency region. However, due to

the weaker polarization, Z’(ω) first increases with increase in temperature

showing positive temperature coefficient of resistance (PTCR) behaviour

following the decrease in Z’(ω) shows the negative temperature coefficient

of resistance (NTCR) behaviour which is mainly attributed to the reduc-

tion of trapped charge density and increase in charge carrier mobility. The

imaginary part of impedance (Z”(ω)) also known as loss spectrum shows

distinct relaxation peaks at various temperatures. The relaxation peak
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Figure 4.16: Frequency dependent (a) Z’(ω), and (b) Z”(ω) plot of Mn

substituted Cs2AgInCl6 HDP at different temperatures.

Figure 4.17: Frequency dependent (a) Z’(ω), and (b) Z”(ω) plot of Yb

substituted Cs2AgInCl6 HDP at different temperatures.

shifting suggests the presence of thermally activated charge carriers in the

compounds.

The frequency dependent AC conductivity of the prepared samples

are extensively studied to understand the charge conduction mechanism.

Generally, the charge carrier conduction is taking place through hopping

mechanism where the long range dynamics is established at lower frequency

across the grain boundaries and the short range dynamics occur at higher

frequency within the local sites or grains [88]. Figure 4.18 and 4.19 repre-

sent the variation of AC conductivity as a function of frequency from room

temperature to 250◦C. The conductivity for all the compounds are calcu-
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Figure 4.18: (a) Variation of AC conductivity and (b) DC conductivity with

temperature for Bi-based compounds. (The black arrow shows the decrease

in plateau like behaviour up to the transition temperature followed by the

increase in plateau like behaviour with increase in temperature shown by

the red arrow.)
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Figure 4.19: (a) Variation of AC conductivity and (b) DC conductivity with

temperature for In-based compounds. (The black arrow shows the decrease

in plateau like behaviour up to the transition temperature followed by the

increase in plateau like behaviour with increase in temperature shown by

the red arrow.)
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lated from the impedance data at different temperature using the following

equation,

σ(ω) =
t

A

Z ′

(Z ′2 + Z ′′2)
(4.2)

where, t is the thickness and A is the area of the device.

The dynamics of AC conductivity with change in frequency and tem-

perature can be explained by the Jump Relaxation Model (JRM) [89]. The

room temperature AC conductivity showing a plateau-like behaviour can

be categorized in two distinct regions; a frequency independent region at

low frequency mainly attributed to DC conductivity and a frequency de-

pendent region where the conductivity increases with increase in frequency.

According to this model, the low frequency conductivity is mostly caused

by successful hopping which suggests the rearrangement of neighbouring

ions after an ion hops out of its local configuration to maintain equilibrium

in the lattice. This is regulated by the long range translational motion of

the ions. While the high frequency region is mostly dominated by forward-

backward jumping or unsuccessful hopping where the initial hopping ion

reverts to its original position to maintain equilibrium with neighbouring

ions linked to short range dynamics. However, the plateau-like feature de-

creases with increase in temperature indicating the DC conductivity grad-

ually decreases up to the transition temperature and after that at high

temperature the plateau-like feature again arises suggesting the long range

dynamics are found to be more prominent. Figure 4.18 and 4.19 also rep-

resent the variation of dc conductivity with temperature indicating that dc

conductivity first decreases and then increases showing two distinct region.

In such scenario, it is imperative to analyse the variation of this kind

of impedance as well as the dc conductivity behaviour with temperature.

For this we have analysed the temperature effect on dielectric properties of

the materials as shown in Figure 4.20 and 4.21. With increase in temper-

ature, the polar molecules start to break apart and the dielectric constant

as well as the dielectric loss decreases initially and with further increase

in temperature, the molecular vibrations are more energetic causing an in-

crease in dielectric behaviour. The thermal effect of dielectric loss can be
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Figure 4.20: Frequency dependent (a) dielectric constant and (b) dielectric

loss of Bi-based compounds at different temperatures. (c) Variation of the

value of m with temperature calculated using Stevel’s model.
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Figure 4.21: Frequency dependent (a) dielectric constant and (b) dielectric

loss of In-based compounds at different temperatures. (c) Variation of the

value of m with temperature calculated using Stevel’s model.
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explained by the Stevels’ model [90], which defines the loss occur during

the relaxation process to be the combined effect of conduction, dipole and

vibrational loss and can be collectively expressed by the following equation;

ϵ′′ = Aωm(m < 0) (4.3)

where, m=-4KBT/Hmax. Hmax represents the maximum barrier height be-

tween two traps. As presented in Figure 4.20 and 4.21, the value of m

first decreases in region-I (below the transition temperature) indicating the

maximum barrier height increases with increase in temperature, which re-

sults in increase in the total impedance of the material showing the PTCR

type of behaviour. In region-II (above the transition temperature), the

value of m increases causing the reduction of barrier height which facilitates

the charge carrier conduction across the grain boundary and this results

in an NTCR type of behaviour as found in the temperature dependence

impedance curve.

Moreover, the relaxation mechanism in these compounds can be well

understood by the in-depth analysis of complex electric modulus spectra.

The complex modulus spectra is directly associated with the electrical per-

mittivity by the following relation;

M∗(ω) =
1

ϵ∗(ω)
=

1

ϵ′ − jϵ′′
=

ϵ′

ϵ′2 + ϵ′′2
+ j

ϵ′′

ϵ′2 + ϵ′′2

= M ′(ω) + jM ′′(ω)

(4.4)

where, M ′(ω) and M ′′(ω) represents the real and imaginary part of elec-

tric modulus respectively plotted in Figure 4.22 and 4.23 as a function of

frequency starting from room temperature to 250 ◦C. Initially the value of

M ′(ω) is very small at low frequency for all temperatures following by the

gradual increase in modulus with increase in frequency forming a plateau-

like behaviour at high frequency. While the imaginary part of modulus

(M ′′(ω)) shows distinct peaks for all temperatures corresponding to the re-

laxation frequency of the material. Interestingly, both the modulus curve

show red shift upto the transition temperature followed by the blue shift

at high temperature indicating the transition of charge carrier hopping.
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Figure 4.22: Frequency dependence of electrical modulus spectra of Bi-

based compounds: (a) M’(ω) and (b) M”(ω) at different temperatures.
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Figure 4.23: Frequency dependence of electrical modulus spectra of In-

based compounds: (a) M’(ω) and (b) M”(ω) at different temperatures.
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The low frequency region in M ′′(ω) spectra which is below the relaxation

frequency explains the hopping of charge through a long range distance,

whereas the region above the relaxation frequency represents the hopping

of charge carriers through short range distance. Further, the asymmetric

nature of the relaxation peaks is a direct indication of non-localized or non-

Debye type relaxation mechanism in these systems, where the relaxation

process is mediated by ionic or electronic conduction. Further, the tem-

perature induced transition observed in the impedance, conductivity and

dielectric properties also found in all the studied compositions. However,

the transition temperature is purely material dependent and decreases with

Cr, Mn and Yb substitution, which is favourable for various optoelectronic

applications.

4.7 Raman analysis

Raman scattering, which observe microscopic molecular dynamics through

the change in polarizability provides a complementary information on intra-

and intermolecular vibrations. Raman spectra were obtained for all the

studied compositions in the temperature range of 25 ◦C to 250 ◦C to check

the thermal impact of vibrational motion on dielectric relaxation process

and impedance characteristics. All the compounds show four Raman active

modes considering the Fm3̄m space group symmetry with the irreducible

representation: Γ = 2T2g + Eg + A1g. The temperature dependence an-

harmonicity is clearly seen in the peak shifting of Raman active modes.

Figure 4.24-4.31 show the temperature dependent Raman spectra of all the

studied compositions.

Since, the substitution of Cr, Mn and Yb is carried out at Bi or In

site of Cs2AgBiCl6 and Cs2AgInCl6 respectively, it is necessary to focus

on the Bi/In-Cl bond vibration with temperature. Among these Raman

active modes, the Eg mode arises due to the asymmetric stretching of Bi/In-

Cl bond, which shows a red shift throughout the temperature range with

two different slopes in the two separate region as shown in Figure 4.24(b)-
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Figure 4.24: (a) Temperature dependent Raman spectra of Cs2AgBiCl6

compound and (b) Raman shift of Eg mode with temperature.

Figure 4.25: (a) Temperature dependent Raman spectra of Cr substituted

Cs2AgBiCl6 compound and (b) Raman shift of Eg mode with temperature.

4.31(b). Interestingly, the transition temperature found in the phonon

mode shifting coincides with the transition temperature observed in the

dielectric and impedance properties of these perovskites. The temperature

dependent dielectric behaviour can be understood by the thermal motion

of ions as well as the inter-atomic restoring force. The bond weakening

with temperature leads to more degrees of freedom in rotational motion of

ions which causes local structural deformation in the inorganic octahedral

framework, consequently, the bond strength asymmetry results in more po-

larization that affects the dielectric properties of the materials. This clearly

indicates the mutual dependency of charge relaxation and conduction with

the local lattice distortion.
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Figure 4.26: (a) Temperature dependent Raman spectra of Mn substituted

Cs2AgBiCl6 compound and (b) Raman shift of Eg mode with temperature.

Figure 4.27: (a) Temperature dependent Raman spectra of Yb substituted

Cs2AgBiCl6 compound and (b) Raman shift of Eg mode with temperature.

Figure 4.28: (a) Temperature dependent Raman spectra of Cs2AgInCl6

compound and (b) Raman shift of Eg mode with temperature.

82



Figure 4.29: (a) Temperature dependent Raman spectra of Cr substituted

Cs2AgInCl6 compound and (b) Raman shift of Eg mode with temperature.

Figure 4.30: (a) Temperature dependent Raman spectra of Mn substituted

Cs2AgInCl6 compound and (b) Raman shift of Eg mode with temperature.

Figure 4.31: (a) Temperature dependent Raman spectra of Yb substituted

Cs2AgInCl6 compound and (b) Raman shift of Eg mode with temperature.

83



4.8 Photoresponse Application

Figure 4.32: I-V characteristics of Bi-based HDPs. The data was recorded

under dark and, varying light intensity conditions.

The room temperature I-V (current-voltage) characteristics of these

compositions were recorded under varying light intensities. Figure 4.32 and

4.33 depict the photo-current behaviour of all the compositions, recorded

under 450 nm illumination and with light intensity varying from dark to

44 mW/cm2. The dark current (Id) comparatively increases in substituted

compounds, which is an advantage for the photodetector application. In-

crease in light intensity leads to generation of light-activated electron-hole

pairs, which in turn leads to dramatic increase in the photo-current, at both

forward and reverse biased conditions. The increase in photo-current as a

function of incident light intensity can be described by a power law accord-
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Figure 4.33: I-V characteristics of In-based HDPs. The data was recorded

under dark and, varying light intensity conditions.

ing to the equation I∝Pγ. The exponent γ depends on the electron-hole

generation, trapping and recombination process of charge carriers. For

the most ideal case, the linear behaviour of photo-current with incident

power (γ = 1) is solely because of the generation electron-hole pairs. How-

ever, in our case of studies, the superlinear power dependence (γ > 1) of

photo-current is observed which is due to the photo-thermionic effect. The

superlinear behaviour of photo-current with illumination power as depicted

from Figure 4.34 and 4.35 indicates the higher optoelectronic efficiency in

the substituted compositions, which favours in various optoelectronic ap-

plications.
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Figure 4.34: Power law dependence of the photocurrent for Bi-based HDPs.

Figure 4.35: Power law dependence of the photocurrent for In-based HDPs.
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4.9 Summary

A subsequent understanding of the optical properties and the charge con-

duction mechanism of these materials has developed probing the photolu-

minescence and complex impedance and dielectric study respectively. In-

troducing transition metal into the halide double perovskites significantly

affect the electrical properties of the materials and increases the conduc-

tivity. The impedance measurements for all samples revealed a transition

from PTCR to NTCR behavior. This transition correlated directly with

the local environment of the dipoles as resulted from Raman spectra. It

was found that the dielectric properties of the materials were significantly

influenced by the rotational and vibrational motion of ions and this influ-

ence was evident in the temperature-dependent shifting of Raman active

modes. Besides, our work sheds light on the photoresponse behaviour of

these halide perovskites which shows the superlinear photocurrent and are

hence suitable for photodetector application. Thus, dissecting the struc-

tural and electrical properties of these materials suggests their potential

application in various optoelectronic fields.

87



.

88



Chapter 5

Thermochromism in single

crystalline Cs2NaFeCl6 halide

double perovskite

5.1 Overview

One fascinating phenomenon observed in certain compounds is the

temperature-induced colour change, known as thermochromism. This

property holds significant potential for applications in smart windows,

temperature sensors, virtual thermometers, display devices, and more

[91–93]. Recently, various halide perovskites such as MAPbI3−xBrx [94],

Cs3Sb2I9 [95], Cs2AgBiBr6 [39], Cs2AgBiCl6 [96] and (CH3NH3)4PbI6·2H2O

[97] have exhibited thermochromic properties. 2D-layered perovskites,

such as Cs3Bi2Br9 and MA3Bi2Br9, undergo more pronounced band gap

shifts and thermal expansion than their 3D counterparts, Cs2AgBiCl6 and

Cs2AgBiBr6. This behavior arises from the increased structural flexibility

and additional space within the lattice. The changes in band gap and as-

sociated color variations result from a complex synergy between thermal

expansion and electron-phonon interactions, highlighting the dynamic na-

ture of these materials under varying thermal conditions. First-principles

calculations reveal that local disorder and anharmonicity result in strongly
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coupled phonons, which indirectly contribute to the smooth evolution of

the band gap. The alterations in band structure with temperature are

primarily due to thermal expansion driven by anharmonicity in the crys-

tal potential and electron-phonon coupling, which arise from Debye-Waller

and self-energy corrections [98, 99]. The substantial coupling between elec-

trons and phonons is expected to induce lattice distortions, perturbing the

crystal potential experienced by the charge carriers. This perturbation

results in polaronic effects, spectral line broadening, enhanced emission in-

tensity, and influences the optoelectronic properties [100–102]. In halide

perovskites, such effects are significantly influenced by the B-site cations

within the lattice [103, 104]. A recently developed Fe-based halide double

perovskite (HDP), Cs2NaFeCl6, exhibits remarkable and reversible ther-

mochromism [105]. Compared to other thermochromic materials such as

hybrid perovskites, Cs2NaFeCl6 stands out as one of the most stable dou-

ble perovskites, promoting its potential for practical applications. However,

the underlying mechanism of its dramatic colour change is not yet thor-

oughly understood. A deeper comprehension of the structure-property cor-

relation and the dynamic mechanisms in this lead-free HDP will be crucial

for advancing the design of next-generation optoelectronic devices [106].

5.2 Structural characterization

Figure 5.1: (a) FESEM image of synthesized Cs2NaFeCl6 single crystal,

and (b) Crystal structure of Cs2NaFeCl6 compound showing the octahedral

arrangement of [NaCl6]
5− and [FeCl6]

3− octahedra.
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Single crystal X-ray diffraction (SCXRD) suggests the formation of

phase pure Cs2NaFeCl6 halide double perovskite having Fm3̄m space group

symmetry with a lattice constant of 10.33 Å. The cubic structure consists

of alternately arranged [NaCl6]
5− and [FeCl6]

3− octahedra and the mono-

valent Cs cations are embedded at the centre of the octahedral cavity, as

shown in Figure 5.1(a). The detailed structural information extracted from

the SCXRD measurement is provided in Table 5.1. The morphology of sin-

gle crystal of the synthesized Cs2NaFeCl6 is shown in Figure 5.1(b) which

exhibits a truncated octahedron geometry. The analysis of EDX data indi-

cates the presence of nominal concentrations of Cs (19.38 at.%), Na (11.63

at.%), Fe (10.03 at.%) and Cl (58.96 at.%) in the compound, matches well

with its chemical stoichiometry.

Compound Cs2NaFeCl6

Formula weight 557.36 g/mol

Temperature 296.15 K

Crystal color Orange

Crystal system Cubic

Space group Fm3̄m

a=b=c (Å) 10.34(1)

α=β=γ 90◦

Volume (Å3) 1106.0(2)

Z 2

Source Mo-K (λ=0.71073 Å)

θ range for data collection 3.41◦-28.03◦

Index range -9<h<13, -12<k<12, -11<l<13

Reflections collected 1012

Goodness of fit 1.407

R index R1=1.09%, wR2=2.73%

Table 5.1: Parameters obtained from single crystal X-ray diffraction data

of Cs2NaFeCl6 compound.

Figure 5.2 depicts the optical micrographs of the single crystal show-

91



ing the colour change upon temperature rise. The tiny bright-red coloured

crystals exhibit significant colour evolution as a function of temperature,

ranging from pale-yellow at ∼98 K to dark-brown at ∼473 K. Notably,

this transition is completely reversible and consistent over several cycles of

heating and cooling process.

Figure 5.2: The reversible thermochromism shows by the single crystal

with the variation of temperature from 98 K to 473 K.

5.3 Stability

To know the thermodynamic stability of the compound, thermogravime-

try analysis (TGA) measurement was carried out showing a good thermal

stability over a wide range of temperature up to 700K as shown in Figure

5.3.

Again, to check the stability of the compound over several thermal

cycle, we recorded XRD spectra of the compound. Figure 5.4 represents

such profiles recorded at room temperature after 25 and 50 thermal cycles.

It is evident that the XRD patterns remain intact indicating the crystal

structure remains unchanged. In addition, this double perovskite shows

excellent stability over several cycles of heating and cooling as confirmed

from the room temperature Raman spectra and UV-vis diffuse reflectance

spectra as shown in Figure 5.5. There is no significant change in the peak

position of various Raman modes at room temperature after repeated ther-

mal cycles and the reflectance spectra also remains unaltered at each cycle

suggesting its higher stability.
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Figure 5.3: Thermogravimetry analysis (TGA) data of the HDP showing

its thermal stability (the red line shows the weight(%) and blue line shows

the derivative of weight with temperature).

Figure 5.4: Room temperature X-ray diffraction profiles after several ther-

mal cycles.
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Figure 5.5: (a) Room temperature Raman spectra after several thermal

cycles, and (b) room temperature UV-vis diffuse reflectance spectra with

different thermal cycles (A clear distinguished images of reflectance spectra

with different background is presented in the inset figure).

5.4 Temperature dependent XRD study

In general, the change in crystal potential with temperature may induce

structural transition in a compound and also affect the electronic arrange-

ment of the crystal. This leads to various optoelectronic properties showed

by different halide perovskites. Therefore, to investigate the possibility of

any crystallographic phase transition to be the reason for the observed ther-

mochromism in Cs2NaFeCl6, we carried out temperature dependent X-ray

diffraction. Figure 5.6 shows the XRD profiles of the finely powdered crys-

tals, recorded at various temperatures ranging from 100 K to 350 K. Apart

from the gradual shift in all the peak positions towards a lower value of

2θ that occurs as a result of thermal expansion of the unit cell, the crystal

symmetry remains unaltered in the entire temperature range. The possi-

bility of crystallographic transition is thus ruled out. Profile fitting of the

powder XRD data carried out through Rietveld refinement method yields

the unit cell parameters and the temperature variation of unit cell param-

eters is given in Table 5.2. The unit cell dimensions change from 10.29 Å

at 100 K to 10.35 Å at 350 K.
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Figure 5.6: Temperature dependent XRD profiles of Cs2NaFeCl6 com-

pound.

Temperature (K) Lattice constant (Å) Volume (Å3) χ2 Rp Rwp Rexp

100 10.291(5) 1089.89(7) 11.0 16.4 23.2 6.99

125 10.297(5) 1091.95(7) 11.1 16.3 23.2 6.99

150 10.303(6) 1093.76(7) 10.8 16.0 22.9 6.96

175 10.308(6) 1095.43(7) 10.4 15.6 22.4 6.94

200 10.316(4) 1097.91(7) 9.67 15.1 21.5 6.93

225 10.322(4) 1099.80(7) 9.58 14.7 21.4 6.90

250 10.328(4) 1101.86(7) 9.22 14.4 20.9 6.88

275 10.335(3) 1103.97(7) 8.57 13.8 20.1 6.86

300 10.340(3) 1105.79(7) 8.56 13.6 20.0 6.84

325 10.347(3) 1107.99(6) 8.13 13.2 19.5 6.83

350 10.352(3) 1109.38(6) 7.74 12.5 18.9 6.81

Table 5.2: Table shows the lattice parameter, cell volume and Rietveld

refinement fitting parameters of the compound at different temperatures.
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5.5 Temperature dependent Raman study

To gain more insight into the mechanism leading to thermochromic be-

haviour of Cs2NaFeCl6 crystals, we carried out the temperature dependent

Raman spectroscopy measurement to probe its local lattice picture. Figure

5.7(a) represents the spectra recorded in the temperature range from 98 K

to 448 K using an excitation wavelength of 633 nm. Considering the cu-

bic Fm3̄m space group symmetry, Cs2NaFeCl6 exhibits four Raman active

modes at room temperature, with an irreducible representation of Γ = 2T2g

+ Eg + A1g. The low-frequency T1
2g mode corresponds to the translational

motion of Cs atoms. The T2
2g mode arises from the breathing vibrations of

the [NaCl6]
5− octahedra, while the Eg mode results from the asymmetric

vibrations of the [FeCl6]3− octahedra embedded within the lattice. The

longitudinal optical (LO) phonon mode (A1g), is arising from the symmet-

ric stretching of both Na-Cl and Fe-Cl bonds. Through a detailed Raman

analysis, we can better understand how thermal vibrations influence the

physical properties of Cs2NaFeCl6.

Figure 5.7: (a) Temperature dependence of Raman spectra of Cs2NaFeCl6

compound starting from 98K to 448K and (b) variation of peak position of

all Raman active modes with temperature.
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The direct effect of temperature on the single crystal is shown by the

variation of Raman peak position of various phonon modes with increase

in temperature as shown in Figure 5.7(b). The T1
2g mode showing no sig-

nificant change in Raman shift indicates that the Coulomb interaction be-

tween Cs and Cl atoms remains stable across the temperature range. Simi-

larly, the T2
2g mode displays no Raman shift, suggesting consistent isotropic

breathing of [NaCl6]
5− octahedra within the lattice. Notably, the Eg mode

exhibits a red shift of approximately 6 cm−1 with increase in temperature

and merges with the T2g
2 peak above room temperature. Moreover, a sig-

nificant shift in the A1g mode is observed, with the peak shifting from 301.5

cm−1 at 98 K to 291 cm−1 at 448 K. Such anomalies, suggesting a sort of

lattice deformation within the lattice influenced by temperature wherein

the long range crystallographic symmetry is maintained, but locally the

[NaCl6]
5− and [FeCl6]

3− octahedra may be distorted.

5.6 Temperature dependent XAFS study

A quantitative analysis of the local crystal structure of the compound can

be investigated through an extensive study of X-ray Absorption Fine Struc-

ture spectroscopy (XAFS) measurement. Here, the variation of the absorp-

tion coefficient with respect to the energy of the incident X-ray photons

tuned to the K-shell energy of the Fe atoms is recorded, at different tem-

peratures. The data is extracted after subtracting the isolated atom back-

ground from the experimentally obtained absorption spectrum. The χ(k)

spectra in the range of 2 to 12 Å−1 were Fourier transformed to R-space

and a plot of χ(R) as a function of radial distance from the absorbing

atom is obtained, as shown in Figure 5.8(a). From its Fm3̄m space group

symmetry and the unit cell dimensions obtained from XRD analysis, the

local structure around Fe atoms in Cs2NaFeCl6 can be viewed as having 6

Cl atoms as its nearest neighbours at a distance of a quarter of the lattice

constant (∼ 2.57 Å). The next shell around Fe comprises of Cs atoms at a

distance of ∼ 4.46 Å. The third shell is comprising of Na atoms at half of
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Figure 5.8: (a) k2- weighted Fourier transform spectra of Fe-K edge

recorded at different temperatures and (b) XANES spectra of Fe-K edge

showing the shifting of absorption edge towards lower energy with increase

in temperature.

the lattice constant (∼ 5.13 Å), and an equally strong contribution origi-

nating from the Fe-Na-Cl multiple scattering path. We build our structural

model with such parameters as the first guess and refine the XAFS spectra

until a good fit between the model and data are achieved in the range of 1.0

to 5.0 Å in R-space and 2 to 12 Å−1 in k -space. The final fits to the data

are presented in Figure 5.9 and the extracted parameters are tabulated at

Table 5.3. The notable aspect here is the Fe-Cl bond distance extracted

from XAFS data are significantly short in comparison with that calculated

from the lattice constant value expected from the XRD data, while the

Fe-Cs and Fe-Na bond distances show a good match. Further, the change

in temperature has no significant effect on the Fe-Cl bonding and it follows

the natural thermal expansion. Interestingly, the Fe-Na-Cl scattering path

distance is also different, and shows a value higher than the one expected

from the XRD analysis.

The discrepancies in the bond distances between those observed from

XAFS and calculated from XRD analysis are a clear indication that the

local crystal structure within the unit cell of Cs2NaFeCl6 is distorted. Fig-
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Figure 5.9: Magnitude and real component of Fourier transformed Fe-K

edge EXAFS spectra with fitting at (a) 6 K, (b) 75 K, (c) 150 K and (d)

295 K.

ure 5.10 shows a schematic for a feasible distortion of the octahedra while

maintaining the overall perovskite structure. The Fe-Cl-Na bond angle is

ideally 180◦ and the total Fe-Cl-Na bond distance equates half the value of

lattice constant (a/2). A shorter than the expected Fe-Cl distance, at the

same time, as expected Fe-Na distance can be accommodated within the

perovskite structure only if the Fe-Cl-Na bond angle deviates from 180◦,

giving rise to a buckling of Cl ions. In other words, the [FeCl6]
3− octa-

hedra tilt to accommodate the quite rigid and ionic nature of its adjacent

[NaCl6]
5− octahedra. The implication of such a local structural distortion

around Fe atoms is also seen on its near-edge absorption spectrum. As

presented in Figure 5.8(b), the leading edge of the Fe-K edge absorption
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Temperature Distance C.N. R (Å) σ2 (Å2)

6K

Fe-Cl 6 2.369 ± 0.004 0.00314 ± 0.0006

Fe-Cs 8 4.439 ± 0.009 0.00417 ± 0.0010

Fe-Na 6 5.135 ± 0.123 0.01401 ± 0.0230

Fe-(Na-Cl) 12 5.185 ± 0.024 0.01136 ± 0.0040

75K

Fe-Cl 6 2.371 ± 0.004 0.00319 ± 0.0005

Fe-Cs 8 4.438 ± 0.013 0.00602 ± 0.0013

Fe-Na 6 5.145 ± 0.116 0.01294 ± 0.0206

Fe-(Na-Cl) 12 5.195 ± 0.025 0.01240 ± 0.0046

150K

Fe-Cl 6 2.372 ± 0.005 0.00389 ± 0.0006

Fe-Cs 8 4.451 ± 0.020 0.00889 ± 0.0024

Fe-Na 6 5.151 ± 0.106 0.01227 ± 0.0186

Fe-(Na-Cl) 12 5.205 ± 0.028 0.01488 ± 0.0054

295K

Fe-Cl 6 2.381 ± 0.005 0.00638 ± 0.0008

Fe-Cs 8 4.477 ± 0.024 0.01620 ± 0.0062

Fe-Na 6 5.189 ± 0.086 0.01154 ± 0.0149

Fe-(Na-Cl) 12 5.260 ± 0.118 0.02680 ± 0.0089

Table 5.3: Atomic distances, co-ordination number (C.N.) and thermal

mean square variation extracted from EXAFS spectra of Cs2NaFeCl6 com-

pound at different temperatures.

shows a systematic shift towards lower energy with increasing tempera-

ture. Such a shift in the negative direction implies that the valence state

of Fe ions changes from the ideal Fe+3 to a Fe(+3)−δ value, as the temper-

ature is increased. In other words, a localization of charge takes place on

the Fe ions. This localization of charge on Fe atom increases its effective

mass, which alternately decreases the atomic vibrational frequency (since,

ω ∝ 1√
m
) as observed in the red shifting of [FeCl6]

3− octahedral Raman

mode (Eg mode).
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Figure 5.10: Schematic shows the in-plane view of the crystal structure of

(a) an ideal perovskite and (b) distorted perovskite exhibiting octahedral

distortion.

5.7 Temperature dependent band gap study

The change in the crystal potential, brought about by the local lattice dis-

tortion and the associated charge renormalization on Fe cations reflects in

its optical properties. We now examine the temperature induced optical

band gap (Eg) variation of Cs2NaFeCl6 starting from 150 K to 450 K. Here,

we record the diffuse reflectance spectra (R) of Cs2NaFeCl6 at various tem-

peratures of interest, and extract the absorption coefficient (F(R)) from R,

using the Kubelka-Munk function, F(R) = (1−R)2

2R
. The reflectance spec-

tra so obtained are shown in Figure 5.11(a). These spectra are continuous

with no sign of any structural anomaly, and no extra features that could

be associated with exciton or in-gap states. Using the Tauc plot, where

[F(R)hν]2 is plotted against the incident photon energy, hν, the band gap

value is extracted by extrapolating the absorption edge to intercept the

energy axis, as shown in the inset of Figure 5.11(a). Similar to any con-

ventional semiconductor, Eg of Cs2NaFeCl6 decreases systematically with

rising temperature, as can be seen from Figure 5.11(b).

Further, we analyse the band edges at each temperature, in terms

of Urbach energy (Eu). The optical absorption spectrum consists of an

exponential tail near the fundamental absorption edge, also known as Ur-
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bach tail [71, 72], that often results as the combination of thermal disorder

arising from the excitation of phonon modes and static disorder emerging

from intrinsic structural imperfections [107]. Using the empirical equation,

α = α0exp(
hν−Eg

Eu
), where α is the absorption coefficient and α0 is a con-

stant, we extract the Urbach energy from the present optical spectroscopy

plots. The value of Eu extracted at different temperatures is plotted in

Figure 5.11(b). The fact that sizable Urbach energy is observed at a given

temperature, indicates the influence of electron-phonon coupling on the

optical properties of Cs2NaFeCl6, explicitly driven by the local lattice de-

formation.

Figure 5.11: (a) Temperature dependent diffuse reflectance spectra of

Cs2NaFeCl6 compound (The inset shows the Tauc plot of the compound at

300 K) and (b) variation of band gap and Urbach energy with temperature.

5.8 Summary

Various optoelectronic properties exhibited by halide double perovskites

(A2B’B”X6) are highly influenced by the B”-site cations. Further, occupa-

tion of B”-site with ions of smaller radii enhances the structural stability

of perovskites by shortening the bond length between halide and metal

cation. The impact of B”-site cation has been proved vital for tailoring the

thermal and electronic properties of halide perovskites. In Cs2NaFeCl6,
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the excellent thermochromic property is highly dependent on the bond-

ing environment of Fe atoms. The octahedral distortion of [FeCl6]
3− not

only affect the local lattice picture, but also modulates the electronic en-

vironment resulting in electron-phonon interaction. Both the optical band

gap variation and strong electron-phonon coupling with temperature are

responsible for the amazing colour change of Cs2NaFeCl6 crystals. Fur-

ther, we have explicitly shown the charge localization on Fe atom causing

octahedral distortion utilizing temperature dependent XRD, Raman and

XAFS analysis. Moreover, our findings emphasize the significant potential

for harnessing thermochromism in lead free halide perovskites.
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Chapter 6

Conclusions and Future

perspective

This chapter presents a concise overview of the thesis, which is primarily

aimed at unraveling the structure-property correlation in halide double per-

ovskites. The core focus is to delve into the underlying mechanisms that

govern their unique photophysical behavior. Here, we will first empha-

size the innovative findings and key discoveries made during this research,

shedding new light on these materials. This will be followed by a brief

description on potential future research avenues, highlighting areas where

further investigation could lead to significant advancements in understand-

ing and applications.

6.1 Conclusions

The major findings are summarized as follows:

We have successfully synthesized the phase pure HDPs using a facile

solution based synthesis method and prepared compositions are:

1. Cs2NaxAg1−xBiCl6 (0<x<1)

2. Cs2AgBi0.9M0.1Cl6 and Cs2AgIn0.9M0.1Cl6 (M = Cr, Mn and Yb)

3. Cs2NaFeCl6
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While the end-members of Cs2NaxAg1−xBiCl6 series do not show any

photoluminescence property, the Na substituted mixed compositions ex-

hibit enhanced PL. In our study, we show that the enhanced PL is due to

the presence of self-trapped exciton states and the formation and stabiliza-

tion of these trapped states are highly influenced by the strong electron-

phonon coupling.

The enhancement in PL is also seen with the substitution of tran-

sition metal (Cr, Mn) and rare earth element (Yb) in Cs2AgBiCl6 and

Cs2AgInCl6, however, their electrical properties are not well understood.

In this study, we carry out a thorough investigation on their charge trans-

port properties to show the enhancement in conductivity of these HDPs.

Further, the photo-conductivity of these compounds show a superlinear

power dependent behaviour due to the photo-thermionic effect.

We have synthesized the single crystals of Cs2NaFeCl6 that display

reversible thermochromism in this HDP, over a wide range of tempera-

tures. The octahedral distortion of Fe atom in Cs2NaFeCl6 modulates the

electronic environment resulting in electron-phonon interaction. Both the

optical band gap variation and strong electron-phonon coupling with tem-

perature are responsible for the amazing colour change of these crystals.

6.2 Future Aspects

The Cs2NaxAg1−xBiCl6, and (Cr, Mn and Yb) substituted Cs2AgBiCl6 and

Cs2AgInCl6 show good photoluminescence property and enhanced photo-

conductivity, which gives an opportunity to use these compounds in pho-

tovoltaic applications. The optical properties of these materials should be

investigated in NIR region to check for the application like NIR photode-

tector and imaging. To enable this, attempt should be taken for device

fabrication by deposition of thin film. Further, the testing, repeatability,

durability, efficiency and optimization of the devices need to be verified for

commercialization of these HDPs.
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The single crystal of Cs2NaFeCl6 shows reversible thermochromism.

It is necessary to study how these single crystals can be used in tempera-

ture sensors and display devices. Keeping in line with the demands of the

commercial market, the thin film of this perovskite should be synthesized

and optimization of the device is needed for better efficiency, durability

and cost-effectiveness.

Moreover, the high structural stability and concealed physical proper-

ties of halide double perovskites continue to drive researchers toward deeper

investigations of their fascinating optoelectronic behavior. The quest to un-

lock these hidden attributes not only motivates the study of their current

properties but also paves the way for discovering novel perovskites through

suitable compositional mapping. This approach will provide a comprehen-

sive understanding of the processes governing the behavior of excited states

and charge carriers in various perovskites, enabling advancements in the

design and optimization of next-generation optoelectronic devices.
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[69] Péan E. V., Dimitrov S., De Castro C. S., and Davies M. L., In-

terpreting time-resolved photoluminescence of perovskite materials,

Phys. Chem. Chem. Phys., 2020, 22 (48), 28345-28358;

[70] Huso J., Che H., Thapa D., Canul A., McCluskey M. D., and Bergman

L., Phonon dynamics and Urbach energy studies of MgZnO alloys, J.

Appl. Phys., 2015, 117 (12), 125702;

[71] Greeff C. W., and Glyde H. R., Anomalous Urbach tail in GaAs, Phys.

Rev. B, 1995, 51 (3), 1778-1783;

[72] Urbach F., The Long-Wavelength Edge of Photographic Sensitivity

and of the Electronic Absorption of Solids, Phys. Rev., 1953, 92 (5),

1324;

[73] Zeiske S., Sandberg O. J., Zarrabi N., Wolff C. M., Raoufi M., Peña-

Camargo F., Gutierrez-Partida E., Meredith P., Stolterfoht M., and

Armin A., Static Disorder in Lead Halide Perovskites, J. Phys. Chem.

Lett., 2022, 13 (31), 7280-7285;

[74] Yadav V., and Mohanty T., Tuning the electron–phonon interaction

via exploring the interrelation between Urbach energy and fano-type

116



asymmetric raman line shape in GO-hBN nanocomposites, Nanotech-

nology, 2023, 34 (49), 495204;

[75] Fano U., Effects of Configuration Interaction on Intensities and Phase

Shifts, Phys. Rev., 1961, 124 (6), 1866-1878;

[76] Hasdeo E. H., Nugraha A. R. T., Dresselhaus M. S., and Saito R.,

Breit-Wigner-Fano line shapes in Raman spectra of graphene, Phys.

Rev. B, 2014, 90 (24), 245140;

[77] Zhang L., Fang Y., Sui L., Yan J., Wang K., Yuan K., Mao W. L., and

Zou B., Tuning Emission and Electron–Phonon Coupling in Lead-Free

Halide Double Perovskite Cs2AgBiCl6 under Pressure, ACS Energy

Lett., 2019, 4 (12), 2975-2982;

[78] Saitoh A., Komatsu T., and Karasawa T., Exciton–phonon interaction

and conversion of excitons from free to self-trapped states in layered

metal iodide crystals under hydrostatic pressure, J. Lumin., 2000, 87,

633-635;

[79] Manna D., Das T. K., and Yella A., Tunable and Stable White Light

Emission in Bi3+-Alloyed Cs2AgInCl6 Double Perovskite Nanocrystals,

Chem. Mater., 2019, 31 (24), 10063-10070;

[80] Liu Y., Jing Y., Zhao J., Liu Q., and Xia Z., Design Optimization of

Lead-Free Perovskite Cs2AgInCl6:Bi Nanocrystals with 11.4% Photo-

luminescence Quantum Yield, Chem. Mater., 2019, 31 (9), 3333-3339;

[81] Rao Z., Li Q., Li Z., Zhou L., Zhao X., and Gong X., Ultra-High-

Sensitive Temperature Sensing Based on Er3+ and Yb3+ Co-Doped

Lead-Free Double Perovskite Microcrystals, J. Phys. Chem. Lett.,

2022, 13 (16), 3623-3630;

[82] Jeevaraj M., Sivaganesh D., Saravanakumar S., Asath B. S., Sud-

hahar S., and Krishna K. M., Broadband near infrared emission in

Cr3+: Cs2AgBiCl6 double perovskite halides, Opt. Mater., 2023, 143,

114294;

117



[83] Jeevaraj M., Sudhahar S., Nallamuthu N., Devendran P., Saravanaku-

mar S., Sivaganesh D., and Kumar M. Krishna, Solution processed

Mn2+ doped Cs2AgInCl6 lead free double perovskite as a potential

light emitting material, Phys. B: Condens. Matter., 2023, 653, 414679;

[84] Zhao F., Song Z., Zhao J., and Liu Q., Double perovskite

Cs2AgInCl6:Cr
3+: broadband and near-infrared luminescent materi-

als, Inorg. Chem. Front., 2019, 6 (12), 3621-3628;

[85] Tanabe Y., and Sugano S., On the Absorption Spectra of Complex

Ions II, J. Phys. Soc. Jpn., 1954, 9 (5), 766-779;

[86] Lidorenko N. S., Zil’bervarg V. E., and Nagaev E. L., Dielectric con-

stants of solid eletrolytes and transition to superionic state, Sov Phys

JETP, 1980, 51 (1), 89-93;

[87] Koops C.G., On the dispersion of resistivity and dielectric constant

of some semiconductors at audiofrequencies, Phys. Rev., 1951, 83 (1),

121-124;

[88] Zheng X., Wang S., Wang J., Hua W., Zhang J., and Liu L., Long-

Range and Short-Range Transport Dynamics of Li Ions in LiMn2O4,

J. Phys. Chem. C, 2020, 124 (46), 25254-25261;

[89] Funke K., and Hoppe R., Jump-relaxation model yields Kohlrausch-

Williams-Watts behaviour, Solid State Ion., 1990, 40, 200-204;

[90] Stevels J. M., The Electrical Properties of Glass, Springer, 1957, 350;

[91] Shen S., Wu T., Xue J., Li H., Chen Q., Cheng H., Wu L., and Qian

J., A smart material built upon the photo-thermochromic effect and

its use for managing indoor temperature, Chem. Commun., 2021, 57

(69), 8628-8631;

[92] De Bastiani M., Saidaminov M. I., Dursun I., Sinatra L., Peng W.,

Buttner U., Mohammed O. F., and Bakr O. M., Thermochromic

Perovskite Inks for Reversible Smart Window Applications, Chem.

Mater., 2017, 29 (8), 3367-3370;

118



[93] Lin J., Lai M., Dou L., Kley C. S., Chen H., Peng F., Sun J., Lu D.,

Hawks S. A., Xie C., Cui F., Alivisatos A. P., Limmer D. T., and Yang

P., Thermochromic halide perovskite solar cells, Nat. Mater., 2018, 17

(3), 261-267;
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