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Abstract 

 

Organic-inorganic hybrid lead halide perovskite materials have a wide flexibility for tuning 

crystal chemistry and adjusting properties. The prototype of this family is 

methylammonium lead triiodide (CH3NH3PbI3), but several chemical analogues where the 

organic component, Pb2+ or I-, are replaced by compatible chemical entities have been 

described. Recently, this class of compounds has garnered attention due to their potential 

as photoactive materials for deployment in low-cost solar cells, light emitting diodes and 

semiconductor lasers. However, prolonging the device lifetime requires overcoming 

challenges pertaining to phase stability, lead toxicity and moisture sensitivity. This thesis 

is concerned with investigating the phase evolution and local structure in lead halide 

perovskite materials. 

 

CH3NH3PbCl3 (MAPbCl3) and CH3NH3PbBr3 (MAPbBr3) adopt perovskite aristotype 

symmetry (cubic Pm-3m) at room temperature while their Cs analogues exist in the 

CaTiO3–type holotype (orthorhombic Pnma) structure. Methylammonium lead halide 

perovskites (MAPbX3) have been widely investigated for optoelectronic applications with 

the addition of Cs improving structural and thermal stability. This study maps the phase 

evolution during Cs substitution in MAPbCl3 and MAPbBr3. The complete A-site 

miscibility of cesium and methylammonium (MA) in the lead chloride and bromide 

perovskites is demonstrated with mechanochemically prepared samples having a nominal 

stoichiometric composition Csx(CH3NH3)1-xPb(Cl/Br)3 (x = 0, 0.13, 0.25, 0.37, 0.50, 0.63, 

0.75, 0.87, 1). High resolution 133Cs/207Pb/13C/1H magic angle spinning nuclear magnetic 

resonance spectrometry (MAS-NMR) verified each composition was single-phase and 

highly ordered. Single resonances observed in the high resolution 133Cs and 207Pb MAS 

NMR confirm a continuous solid solution across the MAPbX3 – CsPbX3 join. Calibrating 

the compositional space to NMR chemical shifts, the 133Cs NMR can directly establish the 

Cs/MA ratio and probe sample homogeneity; this is especially valuable for nanoparticle 

forms where the X-ray reflections are less separated. In this manner, the advantages of 

solid-state NMR to validate perovskite homogeneity and chemistry simultaneously and 
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non-destructively are demonstrated for this class of materials. The structural evolution 

from cubic to orthorhombic symmetry accompanying changes in composition and 

temperature reflects PbX6 octahedral tilting while maintaining perovskite framework 

topology.  These polymorphic transitions were monitored by Rietveld refinement of 

powder X-ray diffraction (XRD) data to create phase diagrams in composition space. Time-

resolved photoluminescence (TRPL) measurements of nanocrystalline Csx(CH3NH3)1-

xPbBr3 revealed the optimized 13 mol% Cs nanoparticle composition exhibits the longest 

charge carrier lifetime and enhancement in radiative pathways with the highest 

photoluminescence quantum yield (PLQY) of ∼88%. The composition with superior cubic 

phase stability (Cs0.13MA0.87PbBr3) has been identified as having the greatest potential for 

LED applications. 

 

To date, efforts to replace lead with other ions in lead halide perovskites while maintaining 

high functionality in photovoltaic applications met with mixed success. This study 

explored the role of stereochemically active Pb2+ lone pair electrons in stabilizing atomic 

disorder across the CsPbCl3-CsSrCl3 and CsPbBr3-CsSrBr3 chemical joins. Continuous 

solid solutions of CsPbxSr1-xCl3 and CsPbxSr1-xBr3 (x = 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 

0.8, 0.9, 1) have been prepared using solid state synthesis techniques while the composition 

and homogeneity have been verified by solid-state NMR and powder X-ray diffraction 

studies. The 207Pb MAS NMR displayed 7 resonances with a binomial distribution arising 

from 0-6 nearest neighbour cations being replaced with Sr2+. The average chemical shift of 

each environment increases non-linearly with lead content. The presence of cross peaks in 
207Pb-207Pb NOESY spectra further confirm that the resonances from various lead 

environments are arising from a solid-solution and not phase-separated compounds. 35Cl 

MAS NMR proved diagnostic of the disorder at the halide site, providing the relationship 

between lead content and halide ion disorder. This study points towards the structure 

directing role of stereoactive lone pair electrons (SLPe−) in determining halide ion disorder 

making them an essential feature to maintain high halide disorder. 

 

This thesis provides a comprehensive description of the local environment of lead in the 

plumbous perovskites Csx(CH3NH3)1-xPb(Cl/Br)3 and CsPbxSr1-x(Cl/Br)3 integrated with 
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the nature of the average extended crystal structures. In so doing, a complete mapping of 

cubic Pm-3m phase stability as a function of temperature and composition was constructed. 

This was possible by deploying the less common mechanochemical alloying technique to 

prepare the perovskites without the loss of volatile components and maintain putative 

compositions. Solid state NMR has been established as a viable alternative for 

characterizing the composition in these materials. The structural changes correlate with 

improvements in optical properties highlighting the association between phase stability and 

optical performance. Future investigations should include A-site substitutions with 

multiple ions (formamidinium, methylammonium, Cs+, Rb+) to identify the most stable and 

high-functioning compositions. Detailed DFT modelling of the structure directing role of 

stereoactive lone pair electrons would support the experimental observations, however 

modelling the relativistic electrons in Pb remains challenging. 
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Lay Summary 

 

Greenhouse emissions have significantly accelerated global warming, which in turn 

motivated the quest for renewable and environmentally benign sources of energy. The main 

hurdles for extensive use of renewable energy sources are inexpensive and safe. 

Monocrystalline Si is the traditional photovoltaic material due to its exceptional durability, 

efficiency and reducing cost. In recent years, the search for high functioning and cheap 

materials for photovoltaic applications yielded perovskite sensitized solar cells, which 

reached a record efficiency of 22.1%, where the active material is methylammonium lead 

iodide (MAPbI3) that can be described as an organic-inorganic hybrid lead halide 

perovskite. Although the cost of fabrication is low, the limited lifetime due to poor stability 

remains challenging. Nonetheless, encouraged by their potential, lead halide perovskites 

have been studied extensively and prototype solar cells produced.  

 

The resilience of hybrid perovskites can be enhanced by introducing additives such as CsCl, 

CsBr and FABr (formamidinium bromide) which improve the phase stability and inhibit 

degradation into non-photoactive phases. However, the mechanisms leading to these 

superior properties seems poorly understood.  This work systematically examines the 

addition of cesium Cs into methylammonium lead chloride MAPbCl3 and 

methylammonium lead bromide MAPbBr3. The structure of perovskite can be described as 

a cubic framework of corner-sharing of PbX6 octahedra, where X is a halogen atom. The 

methylammonium/Cs ions occupy the resultant cuboctahedral cages. The structure 

contracts as larger methylammonium is displaced with a smaller Cs ion. On further 

substitution, the PbX6 framework of the cubic structure adapts via octahedral tilting to 

reduce the size of the cuboctahedra cavity to better accommodate Cs-X bond lengths. 

Tilting is accompanied by changes in crystallographic symmetry and the appearance of 

polymorphism. A similar contraction can be achieved by lowering the temperature. The 

effects of temperature and composition on the extended structure and local environment of 

the various atoms were investigated by using powder X-ray diffraction and NMR methods. 

Taken together, these data can be collated to prepare a phase diagram that maps the range 
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of compositions and temperatures over which the cubic phase is stable. Enhancing phase 

stability inhibits degradation and generates superior optoelectronic performance when 

these hybrid perovskites are used as active layers in optoelectronic devices such as LEDs. 

The optimal intermediate composition of the cubic polymorph has been identified and these 

crystallochemical insights can direct targeted design of device engineering strategies. 

 

The environmental toxicity of lead is well known. Efforts to replace lead with other 

elements in MAPbX3 perovskites have met with limited success due to loss in 

performance/efficiency. These materials show an unusually high level of disorder at the 

halide site. The underlying causative mechanism has been hypothesized to be the non-

spherical 6s2 lone pair electrons on Pb2+ ions. To answer this question, this study 

systematically replaced Pb2+ with Sr2+ of similar size but lacking the 6s2 electrons. Studying 

localized bonding (as distinct from the average atomic positions) using solid state NMR 

allows correlation of lead content with halide disorder. Such experimental evidence 

provides guidance for the successful replacement with non-toxic elements while 

maintaining the low cost of fabrication. 

 

This thesis delivers systematic experimental evidence concerning the phase stability of 

plumbous hybrid perovskites to support the development of materials with enhanced 

stability, lower defect concentrations and superior efficiency as photovoltaic devices. 

Fundamentally, this research provides insights into understanding the role of 6s2 electrons 

in lead perovskites to guide the design of environmentally benign materials for these 

applications. 
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Figure 2.9 133Cs MAS NMR identified the phase assemblage. Cs incorporation into the 

photoactive α phase and the absence of δ phase has been verified. * indicates spinning side 

bands. † indicates peaks from impurities. Source: Kubicki et al. [119] 

 

Figure 2.10 Fabini et al. show an increasing off-centre displacement of Sn2+ with higher 

temperature in CsSnBr3 using PDF (pair distribution function) analysis of X-ray and 

neutron diffraction data. Source: Fabini et al. [133] 

 

Figure 2.11 Overlay of the raw X-ray PDF data collected over a range of 300 K to Tmax 

for (a) MASnI3 (Tmax 360 K), (b) FASnI3 (Tmax 360 K), (c) MAPbI3 (Tmax 360 K), and (d) 

FAPbI3 (Tmax 480 K). Peak asymmetry of the first B–I correlation at approximately 3 Å 

is observed in all compositions but is most pronounced in the Sn compositions. Source 

Laurita et al. [136] 

 

Figure 3.1 Custom designed glassware enabling the solid-state synthesis at high 

temperatures under evacuated conditions. The samples were placed at the left end can be 

heated >600 °C while the glass valve remains outside the furnace at a relatively safe 

temperature of <60 °C. 

 

Figure 3.2 Typical heating profiles used for chloride and bromide samples. 

 

Figure 3.3 Geometric representation of Bragg’s law showing the relation between the 

angle of incidence and distance between the planes d, under constructive interference 

conditions. 

 

Figure 3.4 Single pulse acquisition illustrating the recycle delay D1, the pulse length P1 

and pulse power PLW1. 

 



 

xvii 
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Figure 4.3 (a)Powder XRD of CsxMA1-xPbBr3 (b) zoom in of powder XRD showing a 
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refinements show excellent agreement between the targeted (grey line) and experimentally 

obtained compositions. 

 

Figure 4.4 HRTEM images and selected area electron diffraction (SAD) patterns of 
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Figure 4.5 (a),(b) 133Cs NMR of the chloride and bromide series of samples having a single 

resonance demonstrating that nanoparticles prepared by mechanical milling are indeed 

solid solutions with high homogeneity. (c) 133Cs chemical shift vs composition showing a 
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Figure 4.6 (a),(b) 207Pb NMR spectra of the chloride and bromide series of samples 

demonstrating that nanoparticles prepared by mechanical milling are indeed solid solutions 
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sensitive as 133Cs T1 to phonon motion close to the phase transition. 
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3m) to tetragonal (P4/mbm) phase transformations in cesium rich end of the series are 

dominated by second order effects. 

 

Figure 4.9 Laboratory PXRD data of Cs0.37MA0.63PbCl3 at 290 K (blue) and 100 K (black). 

The simulated Rietveld fit (red) of the data collected at 100 K is a sum of contributions 

from perovskite phase and CsPb2Cl5 (green). A similar degradation is also seen in 

compositions from Cs0.63MA0.37PbBr3 to Cs0.13MA0.87PbBr3 at low temperatures. 

 

Figure 4.10 Refined lattice parameter evolution (a black, c blue) elucidated from Rietveld 

refinement of synchrotron XRD data collected on the solid solution series CsxMA1-xPbBr3. 

The cubic (Pm-3m) to tetragonal (P4/mbm) phase transformations in cesium rich end of 

the series are dominated by second order effects. The second order effects gradually reduce 

in the MA rich compositions with MAPbBr3 resembling first order behavior. 

 

Figure 4.11 Refined lattice parameters of cubic CsxMA1-xPbBr3 and CsxMA1-xPbCl3 just 

before cubic (Pm-3m) to tetragonal (P4/mbm) phase transition. The Pb-Br6 octahedra can 

be compressed until ~5.872 Å either through compositional variation at the A site or 

varying temperature, beyond which the Pb-Br6 octahedra tilt to avoid further lowering of 

bond length. Similarly, for the Cl series the minimum unit cell size appears to be ~5.62 Å. 

 

Figure 4.12 DSC plots of CsxMA1-xPbCl3 samples showing phase transitions involving a 

change in latent heat. 

 

Figure 4.13 DSC plots of CsxMA1-xPbBr3 samples showing phase transitions involving a 

change in latent heat. 

 

Figure 4.14 Phase diagram of CsxMA1-xPbBr3 showing the cubic to tetragonal transitions 

obtained from powder XRD and DSC. a,b,c phase transitions agree with the published 

literature. [31, 32, 52] 

 

Figure 5.1 Powder X-ray diffraction patterns of end members in the concentration series 

with an intermediate composition (a) CsPbxSr1-xCl3 and (b) CsPbxSr1-xBr3. Green arrows 
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indicate the (020) (101) reflections which show increasing relative intensity with Pb 

content and (022) (220) showing decreasing relative intensity with increasing Pb content. 

Lattice parameters obtained from rietveld fit of powder XRD data  for (c) CsPbxSr1-xCl3 

samples and (d) CsPbxSr1-xBr3 samples. 

 

Figure 5.2 133Cs MAS NMR data (B0 = 14.1 T, νr = 12 kHz) of (a) CsPbxSr1-xCl3 solid 

solution series and (b) CsPbxSr1-xBr3 solid solution series. The chloride series shows a 

gradual shift of the 133Cs resonance, indicating higher miscibility of the intermediate 

compositions. The bromide series shows poorer miscibility as the intermediate 

compositions show a relatively higher intensity of the end member environments. (c) A 

plot of evolution in centroid of the 133Cs chemical shift resonances plotted in (a,b). (d) 133Cs 

T1 data obtained from saturation recovery experiments on the above samples. Dashed lines 

are a guide for the eye. 

 

Figure 5.3 (a) Model of lead halide perovskite structure with the PbX6 octahedra in black 

and SrX6 octahedra in green. The central PbX6 octahedra has 6 corners, each of which 

could either be shared with a Pb2+ or a Sr2+ containing octahedra. All 7 possible 

environments are illustrated. 207Pb MAS NMR data (B0 = 14.1 T, υr = 12 kHz) of (b) 

CsPbxSr1-xCl3 series and (c) CsPbxSr1-xBr3 series. The 7 distinct resonances are assigned to 

the 7 possible combinations of Pb environments. These peaks further split (blue arrows) 

due to bond length distribution within the octahedra making the different site substitutions 

inequivalent. (d) 207Pb spectra of CsPbBr3 at 7.05 T and 14.1 T illustrating the J multiplet 

due to 6 neighbouring spin 3/2 Br atoms. The multiplet was fitted using Dmfit to extract 

the coupling constant. 

 

Figure 5.4 207Pb-207Pb 2D NOESY NMR spectra (B0 = 14.1 T, υr = 12 kHz) of 

CsPb0.5Sr0.5Cl3 (a) and CsPb0.8Sr0.2Cl3 (b). The diagonal is negative (yellow) while the 

cross peaks are positive (blue). The yellow peaks marked with * are spinning side bands. 

It is progressively difficult to observe the correlations with decreasing Pb content. 

 

Figure 5.5 (a) Average chemical shift of  207Pb in various Pb-Sr environments in the solid 

solution series CsPbxSr1-xCl3. The non-linear change in chemical shift is attributed to 
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secondary effects like activation of stereochemical activity in 6S2 lone pair electrons. The 

octahedral expansion due to these is estimated to be 113.3 ppm. (b) Variable temperature 
207Pb NMR of CsPbCl3 correlating temperature, octahedral expansion  (calculated from 

thermal expansion) and chemical shift changes corresponding to 28.1 °C change in 

temperature. 113.3 ppm shift is equivalent to an expansion of 0.11 Å. 

 

Figure 5.6 35Cl MAS NMR data (B0 = 14.1 T, υr = 30 kHz) of selected samples in 

CsPbxSr1-xCl3 solid solution  series(a) and a magnified view of CsSrCl3 and CsPb0.1Sr0.9Cl3 

samples (b). * Unreacted SrCl2 (~3%). Signal sensitivity of resonance with CQ 4.4 MHz 

reduces with decreasing Pb-Cl-Pb content with the pure lead composition showing no 

signal (c). Blue arrows indicate intermediate environments arising due to bond length 

inequality. 

 

Figure 6.1 X-ray photoelectron spectroscopy (XPS) data of the prepared nanoparticle 

samples of the solid solution series CsxMA1-xPbBr3. (a) Survey scan (b) High resolution 

scan encompassing both Cs 4d and Br 3d emission. When normalized with Br 3d intensity, 

the intensity of Cs 4d emission reduces monotonically with composition. Samples are 

named as Cs(x) where x denotes Cs mol%. The peaks from In, Sn and O are from ITO 

substrate used to mount the sample. 

 

Figure 6.2 Comparison of standard powder XRD, with preferred orientation effects and 

the experimental data for MAPbBr3 and CsPbBr3 nanoparticles. 

 

Figure 6.3 (a) Powder X-ray diffraction patterns of drop casted nanoparticle samples on Si 

zero background crystals. The experimental (black line), calculated (red line) and 

difference (grey) curves from Rietveld refinement using a cubic model. Strong preferred 

orientation is observed along (1 0 0) direction. (b) Evolution of lattice parameter a and unit 

cell volume obtained from Rietveld refinement of powder X-ray diffraction pattern in the 

solid solution series CsxMA1-xPbBr3. 

 

Figure 6.4  Transmission electron micrographs of (a) 25 mol% Cs and (b) 75 mol% Cs 

samples showing spherical and cuboid particles of 5-14 nm size. The high magnification 
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images (bottom) show lattice fringes with d spacings of 2.9 Å and 5.7 Å for 25 mol% Cs 

and 75 mol% Cs samples, respectively. 

 

Figure 6.5 (a) UV-vis absorption spectra (blue) and PL emission spectra (green) across the 

solid solution series CsxMA1-xPbBr3. The bulk phase PL emission of end members is 

marked in red lines that are linearly interpolated for intermediate compositions. (* indicates 

an impurity). (b) Plot of PL emission vs composition showing a slight deviation around 50% 

Cs composition due to a higher Cs content as evident from XRD and XPS data. (c) PL 

stability data of Cs13 sample. 

 

Figure 6.6 (a) Time resolved photoluminescence (TRPL) data showing 13 mol% Cs 

yielding the longest charge carrier lifetime in comparison with Cs25 and Cs100 samples. 

Black lines indicate simulated fits.  (b) Photoluminescence quantum yield and carrier 

lifetime of nanoparticle samples, indicating the translation of better carrier lifetime into 

higher quantum yield. 

 

Figure 6.7 (a) Photograph of nanoparticles, LED device architecture and band diagram of 

the active layer along with the hole and electron transporting layers, (b) current efficiency 

vs current density curve of MA0.87Cs0.13PbBr3 and CsPbBr3 LEDs. (c) current density-

voltage-luminance (JV and LV) curves of MA0.87Cs0.13PbBr3 and CsPbBr3 LEDs. 

 

Figure 8.1 Powder XRD data and Rietveld refinement fits from the room temperature 

CsxMA1-xPbCl3 (x = 0 - 1) suite of samples. 

 

Figure 8.2 Powder XRD data and Rietveld refinement fits from the room temperature 

CsxMA1-xPbBr3 (x = 0 - 1) suite of samples. 

 

Figure 8.3 Indexed selected area electron diffraction (SAD) patterns of powder samples 

prepared from mechanochemical synthesis. 
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Abbreviations  

 

DSC  Differential Scanning Calorimetry 

EDX  Energy Dispersive X-ray Spectroscopy 

EXSY  Exchange Spectroscopy 

EPMA Electron Probe Microanalysis 

FA  Formamidinium 

FTIR  Fourier Transform Infrared Spectroscopy 

HRTEM High Resolution Transmission Electron Microscopy 

LEDs  Light Emitting Diodes 

LHPs  Lead Halide Perovskites 

MA  Methylammonium 

MAS  Magic Angle Spinning 

NMR  Nuclear Magnetic Resonance 

NOE  Nuclear Overhauser Effect 

NOESY Nuclear Overhauser Effect Spectroscopy 

PL  Photoluminescence 

PLQY  Photoluminescence Quantum Yield 

PXRD Powder X-ray Diffraction 

SAD  Selected Area Electron Diffraction 

SLPe-  Stereochemically Active Lone Pair Electrons 

SEM  Scanning Electron Microscopy 

TEM  Transmission Electron Microscopy 

TRPL  Time-Resolved Photoluminescence Spectroscopy 

XRD  X-ray Diffraction 

Z  Atomic Number 
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Chapter 1  

 

Introduction 

 

Organic-inorganic hybrid lead halide perovskite materials have a wide 

flexibility for tuning structure and properties. The prototype of this family 

is methylammonium lead triiodide (CH3NH3PbI3), but several chemical 

analogues where the organic component (CH3NH3
+), Pb2+ or I−, are 

replaced by compatible chemical entities have been described. Recently, 

this class of compounds has garnered attention due to their photoactive 

functionality that can be deployed in low cost photovoltaic and 

optoelectronic devices such as solar cells, light emitting diodes and 

semiconductor lasers. This thesis is concerned with the systematic 

investigation of the role and influence of methylammonium (MA) ions by 

substituting Cs with MA in CsPbX3 and stereochemically active lone pair 

electrons (SLPe−) of Pb2+ by substituting Pb2+ with Sr2+ on the structure 

and dynamics in lead halide perovskites (LHPs).  
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1.1 Problem Statement and Hypothesis 

 

Since the industrial revolution, rising living standards have driven an exponential growth 

in energy demand. Initially, fossil fuels, particularly coal, was cheaply available and used 

extensively for transport and electricity generation. Hydro, geothermal and wind energy 

were early entrants for renewable power generation. While fossil fuels remain dominant 

their environmental burden is now well recognized and the search for viable alternates is 

accelerating. Along with nuclear power, hydrothermal and wind technologies, higher 

efficiencies and reduced costs for direct conversion of solar energy to electricity is 

transforming the marketplace. It is expected the cost of solar panels will continue to 

decrease and hasten the end of fossil fuel power generation.  

 

Over the past decade, the search for low cost photovoltaic material research has focussed 

on perovskite structure-type ABX3 based solar cells, where a record efficiency of 25.5% 

[1] was achieved in only nine years from 9.7% in 2012. The organic-inorganic hybrid 

perovskite methylammonium lead iodide (MAPbI3) has garnered interest due to the 

inexpensive starting materials, simple preparation, good hole and electron conductivity, 

and low trap formation/high tolerance to trap states [2]. The key competitive advantage of 

this material is solution processability and power conversion efficiency while the 

limitations are stability and lead toxicity, with a range of alternatives under consideration 

including MASnI3 with an efficiency of 6.4% and bismuth halide perovskites being 

investigated as lead-free alternatives [3]. Developing an understanding of crystallographic 

polymorphism, chemical states and electronic configuration in hybrid perovskites and their 

impact on the optoelectronic properties will be essential to design/target structures with 

superior properties and reproducible synthesis to be deployed as efficient devices.  

 

The photovoltaic efficiency is fundamentally dependent on the hot carrier-lattice 

interactions. In lead halide perovskites (LHPs), the unusually long carrier lifetimes have 

been linked to the ultrafast picosecond rotational disorder in the inorganic sublattice [4]. 

Although attempts have been made to identify the role of stereochemically active lone pair 

of electrons of Pb2+ in determining lead halide framework disorder through X-ray pair 
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distribution function analysis, systematic studies are needed to identify the maximum 

amount of lead that can be substituted without a large decrease in the disorder, which is 

crucial for photovoltaic properties. To this end, this study is directed towards developing a 

better understanding of the role and structure perturbing influence of Pb 6s2 electrons and 

the organic cations on the perovskite structure.  

 

The present research is concerned with the design, synthesis and characterization of LHPs 

where the crystal chemistry will be manipulated to systematically examine the structure 

directing effects of stereo-active lone pair of electrons in the inorganic sublattice and the 

effect of introducing organic ions at the A-site. Using temperature to drive polymorphic 

transformations, experimental data is collected to map the phase stability. 

 

The structure directing effects of the stereochemically active lone pair electrons have a 

decreasing impact in passing from Ge2+ > Sn2+ > Pb2+. In structures with a low degree of 

ionicity like PbO (litharge), the bond length and bond angles are asymmetric around Pb2+ 

while in the rock salt structure of PbS, they are symmetric as the electronic states of the 

anion are different. Poor overlap with S2− electronic states makes the lone pair inactive. [5] 

In the lead halide perovskites, no asymmetry in the bond lengths around lead has been 

detected through X-ray and neutron diffraction studies. [6, 7] As the diffraction techniques 

provide temporally and spatially averaged data, structural dynamics perturbing the electron 

density will not be detected. However, X-ray absorption spectroscopy and the analysis of 

pair distribution function over a short distance regime of a few Å indicated asymmetry 

around Pb and Sn atoms in this class of compounds. [8-10] Solid state NMR is a more 

widely available alternative characterisation technique with a similar distance regime from 

the targeted nuclei/atom.  

 

This thesis tests the hypothesis that stereoactive lone pair of electrons of Pb2+ control the 

ionicity and disorder of lead halide perovskites, and that bond character and halide 

dynamics can be controlled by diluting Pb2+ with Sr2+ of similar size and charge, but 

lacking stereoactive lone pair of electrons. Further, the phase stability and optical 

properties of CsPbX3 can be tuned continuously by controlling the methylammonium ions 

content.  
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The validation of this hypothesis involved the synthesis of chemical series with varying 

composition at the A-site and B-site. Amongst all the divalent cations, only Eu2+ and Sr2+ 

have the same Shannon radii as Pb2+ for six coordinate environment. As Eu2+ is 

paramagnetic making the samples unsuitable for an NMR study, strontium was chosen to 

substitute Pb2+. For this study, a fundamental understanding of the crystal chemistry, 

chemical environment and structural properties of the solid solutions is sought. These 

outcomes provide valuable insights for design/target of materials with more favourable 

optoelectronic properties. 

 

1.2 Objectives and Scope 

 

The objectives of this research are to: 

To map the structural influence of organic cations on the phase stability and the associated 

temperature-dependent polymorphic transformations. 

To understand the near-neighbour and extended lattice influence of the stereo-active lone 

pair electrons of Pb2+ ions in LHPs.  

 

The scope of this study includes: 

Synthesis of ABX3 perovskites with systematic adjustments of A-site and B-site 

substitutions. 

Solid state sintering: High temperature fabrication involving heating the reagents in sealed 

quartz tubes. This technique is favoured for all inorganic samples stable at high 

temperatures (>300 °C), especially wherein reagents or products are hygroscopic and 

unstable under ambient conditions. This approach usually results in high yield and high 

crystallinity without substantial impurities.  

Mechanochemical synthesis: Room temperature fabrication with mechanochemical 

alloying of reagents is suitable for organic-inorganic samples where the organic component 

is prone to volatilization. The reagents are ground by placing them in a vibrating steel vial 

with grinding balls. The kinetic energy of the balls transforms into thermal energy at the 

point of impact transferring the energy to the reagents and drive the reaction.  
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Ligand assisted reprecipitation (LARP): The room temperature LARP method is suitable 

to prepare colloidally stable nanoparticles of the targeted composition and size. Size control 

is crucial when fabricating light emitting diode (LED) devices as excessively large particles 

(> 20 nm) do not form uniform films, while too small (< 5 nm) particles result in films 

having very high electrical resistance due to a significant fraction of insulating ligands. 

The perovskites were comprehensively characterized by: 

Powder diffraction: X-ray diffraction involving laboratory and synchrotron sources were 

employed for phase identification and to obtain crystallochemical information (unit cell 

parameters and site occupancy) and track polymorphic phase transformations.  

Solid state nuclear magnetic resonance (NMR): NMR spectroscopy probed changes in 

chemical environment of 133Cs, 207Pb and 35Cl nuclei. This provides a quantitative map of 

diverse chemical environments arising due to substitution. The nuclei specific probe 

sensitive to 2 to 3 coordination spheres around the target overcomes the difficulties of site 

averaged and distance averaged information from diffraction studies. 

Electron microscopy: Transmission electron microscopy was used to image nanoparticle 

morphology and size distribution. Selected area electron diffraction (SAD) verifies the 

lattice symmetry of selected perovskites. 

Differential scanning calorimetry (DSC): Calorimetry was used to monitor the temperature 

dependent polymorphic phase transformations and correlate these with diffraction 

measurements.  

Other Spectroscopic methods: X-ray photoelectron spectroscopy was employed as an 

independent elemental analysis technique to corroborate the chemical composition data. 

UV-Vis and photoluminescence spectroscopy was used to characterise the evolution in 

optical properties. Photoluminescence quantum yield (PLQY) and carrier lifetime 

estimation from ultrafast time resolved photoluminescence measurements enable 

correlation of optical properties with composition optimisation.  

 

1.3 Dissertation Overview 

 

The thesis addresses the synthesis and characterization of a series of samples with A-site 

and B-site substituted cesium lead chloride and cesium lead bromide. To fulfill the 

objectives of this research study, the lead atoms at the B-site are replaced with an equally 
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sized Sr2+ ions with a general formula Cs(PbxSr1-x)Cl3 and Cs(PbxSr1-x)Br3. Similarly, the 

cesium atoms at the A-site are gradually replaced with methylammonium ions resulting in 

a series of samples with the general composition (CsxMA1-x)PbCl3 and (CsxMA1-x)PbBr3. 

These are prepared using different solid state synthesis techniques tailored to the stability 

of the reagents and products. Finally, the structural changes were investigated through the 

above mentioned characterization techniques. 

 

 Chapter 1 provides a rationale for the research and outlines the goals and scope of this 

study on cesium lead halide perovskites. It also briefly presents the justification and 

strategy used to achieve the goals. 

 

Chapter 2 reviews the literature concerning lead halide perovskite materials and the factors 

responsible for their exceptional performance as active layers in photovoltaic and 

optoelectronic devices. The existing literature and gaps in empirical evidence for 

understanding the structure directing effects in this class of materials are illustrated.  

 

Chapter 3 discusses the principles underlying the synthesis and characterization techniques 

employed to investigate the crystal structure and chemical environment evolution in the 

synthesized samples. The rationale for choosing these techniques is presented along with 

an overview of the data analysis procedure.  

 

Chapter 4 elaborates the first set of results concerning the B-site substitution series of 

samples CsPbxSr1-xCl3 and CsPbxSr1-xBr3. The structural changes in terms of 

crystallochemical parameters were investigated through powder diffraction study. The 

chemical environment changes due to changing composition are highlighted through 

multinuclear solid state NMR spectra of 133Cs, 207Pb and 35Cl nuclei. The changes in 

chemical shift are correlated to changes in bond length in an attempt to map the bond length 

enhancement due to lone pair electrons in the Pb2+ ion. 

 

Chapter 5 describes the second set of results concerning the A-site substitution with 

CsxMA1-xPbCl3 and CsxMA1-xPbBr3 series of samples. The phase transformation across the 

solid solution series are mapped through powder X-ray diffraction investigations. These 
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changes are correlated with changes in chemical shift observed through solid state NMR 

studies. The chemical shift evolution in mixed A-site cation composition maps the 

compositional changes to 133Cs chemical shift. This correlation enables the 133Cs chemical 

shift to be used as a diagnostic scale to establish the absolute composition of the bulk 

sample. The temperature dependent polymorphic transformations are investigated through 

variable temperature powder XRD and DSC. 

 

Chapter 6 describes the reconnaissance investigation of LED compatible nanoparticles 

with a composition CsxMA1-xPbBr3 and mapping their optical property evolution. This 

study correlated the cubic phase stability to highest carrier lifetime and photoluminescence 

quantum yield. The implications of structural stability in minimizing the non-radiative 

recombinant defects is discussed. 

 

Chapter 7 ends with drawing the conclusions of previous chapters together with their 

implications in design of halide perovskite materials for optoelectronic applications.  The 

opportunities and strategies for future work in terms of Density Functional Theory (DFT) 

modelling and experimental verification are discussed. 

 

1.4 Findings and Original Outcomes 

 

This research led to several novel outcomes by: 

i. Establishing 133Cs NMR as a diagnostic tool for composition estimation through 

mapping the influence of A-site cations on the chemical shift. 

ii. Establishing the phase diagram for the investigated composition space: CsxMA1-

xPbCl3 and CsxMA1-xPbBr3. 

iii. Establishing an NMR focused method of monitoring bond length changes in nuclei 

specific environments in lead halide perovskites. 

iv. Estimating an upper limit on the distortion of bond lengths caused by 

stereochemically active lone pairs in Pb2+ environments. 

v. Establishing a composition-structure-property relationship through correlating the 

cubic phase stability with high photoluminescence quantum yield and longer charge 

carrier lifetime for better optoelectronic performance.  
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Chapter 2 

 

Literature Review 

 

The demonstration of low cost solar cells with practically useful 

efficiencies (ECE >9%) in 2012 sparked a wide interest in organic 

inorganic lead halide perovskites. The ease of preparation and 

exceptional properties resulted in these materials being applied as active 

layers in various applications including light emitting diodes (LEDs), 

lasers, photodetectors, optoacoustic transducers among others. These 

studies also highlight the limitations of these materials, especially poor 

thermal resistance, phase instability and lead toxicity. Strategies such as 

encapsulation together with anion and cation substitutions at the A, B 

and X sites have been explored to overcome these limitations. The 

challenges associated with characterizing these materials are discussed 

along with unanswered questions in understanding their 

crystallochemical features. 
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Cesium lead halides have been reported since the 19th century, while the introduction of 

organic ions into the cage-like metal halide framework began around 40 years ago with the 

insertion of methylammonium ions into lead halide and tin halide frameworks by Weber. 

[1-3] These materials with large organic ions (methylammonium, formamidinium, 

tetramethylammonium) replacing cesium in CsPbX3, termed as ‘organic-inorganic hybrid’ 

perovskites, have been in vogue for the last decade since the demonstration of a low cost 

high efficiency solar cells based on methylammonium lead iodide (MAPbI3). Achieving a 

record 10.9% power conversion efficiency (PCE) by Lee et al. using MAPbI3 as the 

absorber layer started a race for higher efficiencies. [4]  Interface engineering and 

compositional engineering resulted in achieving a PCE of 25.5% within a few years. 

 

Figure 2.1 highlights the rapid progress achieved using perovskite solar cells in comparison 

with other emerging photovoltaic technologies. The golden triangle for commercialization 

consists of cost, efficiency and lifetime. [5] Record PCE of 25.5% from a single junction 

perovskite solar cell is comparable to single crystal silicon achieving 26% PCE while a 

silicon perovskite tandem cell achieved 29.8%. [6] The cost of large scale single junction 

perovskite based solar cell has been estimated to be approximately 50% that of crystalline 

silicon.[5] The cost of silicon perovskite tandem cell is predicted to be potentially 10-20% 

lower than current silicon costs provided a similar lifetimes have been achieved.[7] Si solar  

 

Figure 2.1 Progress of solar cell efficiency using emerging photovoltaic technologies. Source: 

NREL. [6] 
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cells last 25 years while the best perovskite devices have been reported to last just more 

than a year. [8] Dye sensitized solar cells have been commercialized although they have 

only demonstrated ~2.5 year lifetime.[9] Although cost and efficiency problem has largely 

been solved, the lifetime (stability) parity is essential for successful commercialization. As 

a result of these cost and device efficiency advantages, lead perovskite materials have been 

extensively studied and used as active layers in various applications. 

 

 2.1 Applications of Lead Halide Perovskites 

 

Record solar cell efficiencies have been reported using methylammonium (MA) and 

formamidinium (FA) lead halide perovskites. Compositional engineering of the active 

layer chemistry of FAPbI3 to Cs0.05FA0.80MA0.15Pb(I0.85Br0.15)3 or Cs0.05FA0.90MA0.05Pb(I0.95Br0.05)3 

has proven effective, [10, 11] with these cells maintaining 96% performance after 100 days 

when stored under controlled conditions. The lifetime of these devices is determined by 

extrinsic and intrinsic factors. External factors like exposure to moisture and oxygen can 

be minimized by engineering physical barriers. The lifetime/long term stability improves 

significantly with advanced encapsulation techniques.[8] Intrinsic factors like ion 

migration and dissociation, metal perovskite reactions, residual strain, grain boundaries 

and defects contribute significantly to the degradation of device performance.  

 

Ion migration causes phase segregation which inturn  induce composition and morphology 

changes. Under continuous exposure to light, migration of MA+ and I- ions could cause a 

collapse of the perovskite lattice leading to formation of PbI2. [12] Chemical engineering 

minimized ion migration by adding various additives like NaF, CdI2, Eu2+-Eu3+, Pb(SCN)2 

which enhance binding of mobile ions and reduce decomposition. [13-16] Long term 

exposure to light causes metal ions from the electrode to diffuse into the perovskite layer 

and react with it resulting in reduced performance from degradation of perovskite layer. 

These reactions are usually minimized by placing an electrically conductive physical 

barrier like a thin layer of reduced graphene oxide or poly(3-hexylthiophene) (P3HT).  

 

The efficiency of perovskite photovoltaics can be improved by minimizing the non 

radiative losses. These nonradiative losses arise from presence of defects like charge carrier 
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traps either in the bulk materials or introduced when the material is interfaced with device 

contacts, poor external light outcoupling and many-body effects such as Auger processes. 

[17] The surface and grain boundary defects have been largely passivated through various 

chemical treatments and addition of molecules which bind strongly to the vacancy defects. 

[18] Further minimizing the bulk defects arising out of ion migration and crystal defects 

necessitate strategies involving compositional engineering along with fine tuning synthesis 

and fabrication procedures. [17] 

 

Conventional LEDs are III-V semiconductors like GaAs prepared using expensive vacuum 

based fabrication techniques.  Subsequently, organic LEDs and quantum dot based LEDs 

made via cheaper fabrication routes became popular due to their high efficiency and long 

device lifetime. Lead halide perovskites have been investigated for LED application due to 

their wide range of tunability from violet to near IR, long radiative lifetimes and high 

quantum yield. [19] Tan et al. demonstrated the first lead perovskite based green LED in 

2014 with an EQE of 0.1%. [20] To achieve high efficiency, the electrons and holes in the 

active layer have been confined using strategies like ultra-thin emissive layers, nano-sized 

crystallites, multiple quantum well structures and the use of quantum dots. [21-24] These 

efforts in device engineering reached an EQE of >20% within 5 years utilizing an active 

layer made of a passivated formamidinium lead iodide thin film. [25] An EQE of >20% is 

comparable to commercial OLEDs and QLEDs, however the long term device stability 

remains a challenge. [26] The high electric field applied across the active layer also causes 

phase segregation in mixed ion perovskites resulting in the loss of spectral purity. [27, 28] 

Understanding the phase stability and controlling phase segregation helps achieve more 

stable devices.  

 

Apart from solar cells and LEDs, the direct bandgap in lead halide perovskites makes them 

excellent media for lasers with optical gain coefficients comparable to that of industry 

standard GaAs. [29] The wide range of tunability enabled via compositional engineering 

and low cost fabrication methods like spin coating and inkjet printing afford electrically 

driven photonic gain media in the visible to IR region. [30, 31] Further improvements have 

been reported with size and morphology control in nanowire lasers from inorganic CsPbBr3 

as well as hybrid lead halide perovskites. [32-35]  
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Low cost, high efficiency solution processed photodetectors have been fabricated using 

hybrid lead halide perovskites. [36-38] The wide range of tunability facilitates IR detectors 

targeted at telecommunication applications as well as visible light detectors for artificial 

photosynthesis applications and γ-ray detectors for medical imaging applications. [39-41] 

The softness of these materials make them compatible for flexible electronics. [42] Apart 

from detectors, these materials have also been used for demonstrating phototransistors, 

flexible memory devices and FETs. [43-47] The large electro/photostrictive response in 

these materials also led to fabrication of actuators and optoacoustic transducers. [48, 49]   

 

These myriad applications require halide perovskites in different forms ranging from bulk 

single crystals, polycrystalline powders and thin films to nanocrystals and nanowires and 

quantum dots. The materials can be compositionally simple or possess complex mixed ion 

occupancy at each crystallographic site. These perovskites are usually post processed for 

further tailoring of properties and device fabrication. The challenges related to synthesis, 

characterisation and understanding the factors responsible for these exceptional properties 

are discussed in the following sections. 

 

2.2 Approaches to synthesis of lead halide perovskites 

 

The particle size, crystallite size, morphology, faceting, composition and defects of hybrid 

perovskites are determined by the synthesis conditions. One or more crystallites make up 

a particle and hence the particle size is always equal to or more than the crystallite size. 

Single crystals of CsPbX3 have been traditionally prepared from dissolving the cesium and 

lead halide salts in appropriate aqueous acid and slowly evaporating the solution. The first 

report of these materials was in 1893 when Wells crystallized CsPbCl3 and CsPbBr3 from 

aqueous HCl and HBr, respectively. [1]  

 

The most common method of synthesis is dissolution of the respective halide salts (MACl, 

MABr, MAI, CsCl, CsBr, CsI, PbCl2, PbBr2, PbI2) and subsequent precipitation from 

solvents like dimethylformamide (DMF) and dimethylsulfoxide (DMSO). Surprisingly, 

increasing temperature reduces the solubility and results in precipitation of large crystals. 

[50, 51] This procedure has been termed ‘inverse temperature crystallisation’ and can 
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synthesize millimetre sized single crystals within minutes. The solubility of the halide salts 

in DMF and DMSO can also be altered by introducing antipolar solvents. Prolonged 

exposure to an anti-solvent vapour like hexane also results in large single crystals with  

much lower crystal defects. [52] To prepare fine crystals or polycrystalline powders, the 

nucleation rate must be higher than that needed for single crystals. This is usually achieved 

by adding an antisolvent dropwise while stirring continuously. [53]  

 

These solvent mediated techniques are heavily dependent on the solubility control. 

Targeting mixed ion compositions are further complicated by differing relative solubility 

of the halide salts. Methylammonium and lead salts are highly soluble in DMF but cesium 

salts are less soluble, which leads to cesium rich compositions precipitating earlier than 

MA ions. This difference in solubility produces a mixture of compositions with varying Cs 

content rather than a homogenous precipitate with uniform composition. To overcome 

these limitations dry synthesis methods like solid state and mechanochemical synthesis are 

used. [41, 54, 55]  

 

Solid state synthesis involves loading the precursor salts in a sealed ampoule followed by 

heating to melting temperature, typically around 400 °C to 500 °C. This is also suitable for 

mixed halide compositions where salts of chloride, bromide and iodide are used in 

stoichiometric amounts. [41, 56] Although this method is exceptionally well suited to 

inorganic perovskites, the organic ions methylammonium and formamidinium degrade 

around 150 -200 °C. [57]  

 

Room temperature mechanochemical synthesis or ball milling can overcome the limitation 

of thermal degradation and is compatible with hybrid organic inorganic perovskites. This 

synthesis route can provide highly homogenous products (polycrystalline powders) in large 

quantities and prepare low dimensional perovskites, [58-61] lead free halide perovskites, 

[62-65] and double perovskites. [66-68] Mixed halide phases have also been prepared to 

study the phase segregation in 3D lead halide perovskites. [55] Repeated cycles of 

fracturing, reforming and annealing during collisions introduces grain boundary defects. 

As bulk powders with high interfacial resistance at grain boundaries cannot be used for 
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electrical devices, this technique has been chiefly used for obtaining pure and homogenous 

single phase products for structural and property investigations. 

 

Polycrystalline thin films maximise electrode contact area between the active layer and the 

electrodes in LEDs, solar cells and other devices. To minimize contact resistance, the 

perovskite precursor solution is directly deposited on the surface of electrode/transport 

layer substrates. [36, 69] These techniques are illustrated in Figure 2.2. Although these 

methods usually control the film thickness, they do not provide a tight control on the 

particle/crystallite size. Hence the nanoparticles or quantum dots are prepared in advance 

and then coated using these techniques in applications wherein the particle size control is 

crucial (LEDs) for quantum confinement effects. Alternatively, vacuum based evaporative 

techniques have also fabricated perovskite nanowires and arrays on the substrate surface 

using chemical vapour or thermal vapour deposition techniques. [43, 70, 71] The 

anisotropy in nanowires and arrays combine the advantages of quantum confinement with 

excellent electrical conductivity resulting in high efficiency devices. Small scale device 

fabrication is amenable to spin coating as it is quick and provides tight control over the 

thickness of the films.  

 

 

Figure 2.2 Various methods of application of perovskite precursor for electronic device fabrication. 

Source: Eslamian. [72] 
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The fabrication technique selected for synthesis usually depends on the targeted application 

and the associated requirements such as film thickness, particle size, crystallite size, 

electrical contact performance, scale of fabrication and reproducibility.  

 

2.3 Validation of structure and composition  

 

The composition of the products is validated by elemental composition analysis techniques 

suitable for solid state characterization including X-ray photoelectron spectroscopy (XPS), 

energy dispersive X-ray spectroscopy (EDX), electron probe micro analysis (EPMA) and 

X-ray fluorescence (XRF). The structural and optoelectronic characterisation methods 

chosen are primarily determined by the intended application and morphology of the 

materials. The long range periodic structure is usually probed via diffraction techniques 

like X-ray/neutron/electron diffraction. The local short range structure can be probed using 

pair distribution analysis, extended X-ray absorption fine structure (EXAFS) and solid state 

NMR. Optical and optoelectronic properties are influenced by particle size, surface 

morphology and defects. The first step of characterisation is usually phase identification. 

 

2.3.1 Structure and phase assemblage 

 

As these materials are used mainly in a crystalline form, the structure and symmetry are 

easily verified through diffraction techniques. Crystallography describes the arrangement 

of atoms in terms of symmetry and positions not considering the nature and number of 

chemical bonds involved. Geometric topology on the other hand describes the atomic 

structure in terms of nodes (atoms) and connectivity (bonds). The structural 

crystallographic topology of perovskite materials consists of [BX6]4- octahedra, extending 

connectivity in 3 dimensions (3D) by corner-sharing to create cuboctahedral interstices 

occupied by large monovalent cations. As the octahedra are hinged, symmetry is modified 

by tilting BX6 octahedra through the influence of temperature, pressure or composition. 

Usually, these polymorphs show little octahedral distortion, which to a first approximation 

can be considered rigid bodies. The structural similarity of CsPbX3 to perovskite and their 

photoconductive nature was established by Moller in 1958. [73, 74]  
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The crystallochemical formula can be generalised as [A][B][X3] with one formula unit per 

unit cell (Z=1)The perovskite aristotype (Figure 2.3) is cubic Pm-3m (space group 221) 

where A occupies the 1a Wyckoff position, B the 1b site and X the 3c site. Strontium 

titanate (SrTiO3) is a typical aristotype compound. The holotype is CaTiO3 which at room 

temperature and pressure is orthorhombic Pnma (space group 62) where Z=4 and Ca, Ti 

and O occupy 4a, 4b, and 4c/8d sites, respectively. Similar structure can also be composed 

of monovalent atoms in the A and X sites accompanied by a divalent cation at the B site, 

as seen in CsPbBr3.  

 

 

Figure 2.3 Transformation of a cubic perovskite aristotype (SrTiO3) structure into a lower 

symmetry hettotype (CaTiO3) caused by octahedral tilting.    

Substituents at the A site should have a radius equal to, or smaller than the radius of the 

cuboctahedral interstice. This can be formulated as the tolerance factor ‘t’. [75, 76] 
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where rA is the radius of A cation; rM the radius of M cation and rX the radius of anion. 

 

When   ̴0.85 ≤ t ≤ 1.0 perovskite compounds arise, preserving the 3D topology. However, 

should a cation have larger radii such that t ≥ 1.0, the corner connectivity of the octahedra 

will be at least partially limited and 3D perovskite destabilised. It is noted that Goldschmidt 
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tolerance factor has been proposed for purely ionic systems and covalent systems cannot 

be estimated by geometric considerations alone.  

 

Although Moller determined the similarity of CsPbCl3 and CsPbBr3 structures to 

perovskite, the room temperature structure has been redetermined to be orthorhombic 

(Pnma). [77] Similarly, the strontium analogues CsSrCl3 and CsSrBr3 also exist in the 

orthorhombic (Pnma) structure. [78, 79] The substitution of monovalent organic ions like 

methylammonium and tetramethylammonium in 1970’s resulted in a perovskite like cubic 

(Pm-3m) lattice. [2] The crystal chemical formula can be represented as [CH3NH3][B][X3]. 

As the MA ion is non-centrosymmetric, it is orientationally disordered to maintain Oh 

symmetry, such that the number of disordered positions is 24 and occupy the 24m Wyckoff 

position [80]. Larger A-site cations have a higher tolerance factor favouring a cubic 

structure. Methylammonium and formamidinium ions have a larger size than Cs+. As 

expected MAPbCl3, MAPbBr3, MAPbI3 exist in cubic (Pm-3m) structure. [81]  

 

APbX3 (X = halide) perovskites occur as cubic polymorphs at higher temperatures (> 330K 

MAPbI3; >235K MAPbBr3; > 178K MAPbCl3). [82] Upon cooling, they transform to 

lower symmetry tetragonal and orthorhombic polymorphs. For example, MAPbI3 is Pm-

3m (α) above 330K and alters to a tetragonal I4/mcm polymorph (β) near room temperature, 

which crystallizes as an orthorhombic Pnma form below 160K. [83] All of these changes 

are displacive, rather than reconstructive, in nature. The α-polymorph is a photoactive 

black phase, which gradually decomposes into a yellow non-photoactive δ polymorph. The 

α-polymorph of FAPbI3 shows a similar transformation (Figure 2.4) below 360 K. Apart 

from a lower temperature β polymorph these compounds exhibit incommensurate 

structures (γ phase) on further cooling. However, these incommensurate structures are not 

discussed in detail as they are not the focus of the present study. 
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Figure 2.4 Phase transformations of FAPbI3. Source: Constantinos et al. [84]  

The loss of photoactivity on cooling highlights the need for controlling the phase transitions 

and establishing the phase stability in these materials. The following section describes 

phase transitions and their mechanism in detail. 

 

2.3.2 Phase transitions 

 

Typical phase transitions are detected either through changes in physical properties like 

heat capacity, magnetism, thermal expansion, thermal and electrical conductivity or optical 

properties like refractive index, photoluminescence, or Raman absorption. However, 

crystallographic investigations by diffraction (neutron, X-ray, electron) enable 

identification of the underlying structural mechanism and order parameters. 

 

The majority of perovskites are hettotypes (Figure 2.3) which are derivatives of the ideal 

Pm-3m aristotype that arise from BX6 octahedral tilting, distortion, or a combination of 

these. The changes in lattice symmetry and space groups due to octahedral tilting were first 
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systematized by Glazer. [85] Howard and Stokes in their group theoretical analysis revised 

the relationships while also proposing a tilt system notation for describing the tilts in rigid 

octahedra. [86] The changes in symmetry due to distortions in the octahedra are described 

by group-subgroup relationships. [87] 

 

The most common distortions are first order Jahn-Teller distortions (Figure 2.5) or second 

order Jahn-Teller distortions in perovskites involving transition metal ions. Metal 

octahedra can distort in several ways, which could be simple as trigonal distortion 

(extension or compression along S6 axis such that the bond angles change but the bond 

lengths remain same), tetragonal distortion (extension or compre ssion along C4 axis such 

that the bond lengths change but bond angles remain 90°) or more complex forms where 

both bond angles and bond lengths change. Since both tilting and distortion play a 

significant role in determining the phase transitions in cesium and methylammonium lead 

halide perovskites, the following discussion focuses on existing literature in terms of phase 

stability and structure-directing mechanisms in each compound.  

 

 

Figure 2.5 Crystal structure of KCuF3 viewed along the c axis with (a) out-of-phase arrangement 

of Jahn-Teller distorted octahedra between layers along the c axis (b) a single layer showing the 

cooperative orbital ordering. Source: Zhou et al. [88] 

 

CsPbCl3 

 

One of the first comprehensive studies of phase transitions in CsPbCl3 was reported by 

Hirotsu through X-ray diffraction, dielectric and birefringence measurements. [77, 89] 
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Although the lattice symmetry for phase II and phase III were determined, the space groups 

were not. These were determined to be P4/mbm and Cmcm, respectively in a later report. 

[90] Scheme 2.1 shows the widely accepted phase evolution in complete agreement with 

the octahedral tilting mechanism described by Woodward. [77, 91] Manifestation of 

octahedral tilting is discussed in detail in section 4.2. 

 

 

 

 

 

 

 

In addition to the above widely recognized transitions, conflicting reports continue to be 

made with claims of a monoclinic phase at room temperature. [92, 93] Although the room 

temperature polymorph has been unambiguously resolved by Linaburg et al. to be 

orthorhombic (Pnma), the confusion is attributed to a large number of conflicting reports. 

Another indication of phase transition at 198 - 231 K has been detected by Iwanaga based 

on photoacoustic spectroscopy results but the structural origins have not been investigated. 

[94] This highlights the poorly studied phase transitions in this material especially at low 

temperatures.  

 

CsPbBr3 

 

Room temperature CsPbBr3 exists in the common orthorhombic (Pnma) hettotype. It also 

shows a similar phase evolution sequence as compared to CsPbCl3 but at different 

temperatures. [95, 96]  

 

 

 

 

 

−88 °C

185 K

37 °C

310 K

42 °C

315 K

47 °C

320 K

Phase V
Monoclinic

(P21/m)

Phase IV
Orthorhombic

(Pnma)

Phase III
Orthorhombic

(Cmcm)

Phase II
Tetragonal
(P4/mbm)

Phase I
Cubic

(Pm-3m)

Scheme 2.1 Phase evolution of CsPbCl3 with temperature. These transitions occur via octahedral 

tilting.  

45 -57 °C

318 - 330 K

88 °C

361 K

130 °C

403 K

Phase IV
Orthorhombic

(Pnma)

Phase III
Orthorhombic

(Cmcm)

Phase II
Tetragonal
(P4/mbm)

Phase I
Cubic

(Pm-3m)

Scheme 2.2 Phase evolution of CsPbBr3 with temperature. These transitions occur via octahedral 

tilting. 
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Phase III (orthorhombic, Cmcm) has been recently reported by Malyshkin et al. [97] but 

there are no reports of further phase transitions below room temperature at least to 95 K. 

[98] Despite the room temperature phase being determined to be orthorhombic (Pnma) 

reports continue to incorrectly identify it as monoclinic by comparison to erroneous 

laboratory XRD data (usually limited by textural effects and Scherrer broadening) 

contained in JCPDF #18-0364. [99-102] This highlights the need for prompt removal of 

incorrect entries from databases.  

 

MAPbCl3 

 

Poglish and Weber[103] determined that cubic MAPbCl3 transforms into a pseudo-cubic 

tetragonal (P4/mmm, a0a0c0) structure below 177 K characterized by distorted octahedra 

rather than octahedral tilting. The PbCl6 octahedra are elongated with two longer axial 

bonds and four equivalent equatorial bonds. They further concluded that it transforms into 

an orthorhombic (P2221) structure on cooling which was redetermined to be in 

orthorhombic (Pnma) structure by Lisheng et al. [104] 

 

 

 

 

 

The structural evolution around 173 - 178 K (Phase II) is poorly understood with Lopez et 

al. reporting that these transitions occur in multiple steps involving orthorhombic 

intermediates. [105] The structure is further complicated due to three fold incommensurate 

modulation of the MA ions along c axis (integer/3,4,0) and the effect of SLPe− on lead.  

[106] Although there are unanswered questions regarding the dynamics and disorder of the 

organic cation, it is accepted that the MA ion is rigid causing the PbCl6 octahedra to distort 

in contrast with cesium analogues. 

  

−100 °C

173 K

−96 °C

177 K

Phase III
Orthorhombic

(Pnma)

Phase II
Tetragonal
(P4/mmm)

Phase I
Cubic

(Pm-3m)

Scheme 2.3 Phase evolution of MAPbCl3 with temperature. These transitions occur due to 

octahedral distortion rather than tilting.  
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MAPbBr3 

 

On cooling, cubic MAPbBr3 also transforms into a tetragonal polymorph but follows a 

slightly different phase evolution sequence as compared to MAPbCl3.   

  

 

 

 

 

 

Although Poglitsch and Weber reported phase IV in Pna21 it was redetermined by 

Swainson et al. to exist in Pnma having a characteristic a–b+a− tilt system. [107] They 

further mention that the PbBr6 octahedra are slightly distorted along with the 

abovementioned tilting. This combination of tilting and distortion is in contrast with a pure 

elongation in MAPbCl3 and could result in interesting structural evolution in the mixed 

halide systems. Furthermore, Wiedemann et al. described an incommensurate intermediate 

having an average orthorhombic (Imma) structure at 150 K between Phase III and Phase 

IV. This structure conforms to the (3+1)D superspace group Imma(00γ)s00 with lattice 

parameters a = 8.4657(9), b = 11.7303(12), and c = 8.2388(8) Å, q = 0.2022(8)c, with Z = 

4 [108] Further the wavevector q has been observed to be temperature sensitive. These 

multiple effects occurring simultaneously make the structural characterization challenging 

in these materials.  

 

2.4 Gaps in understanding 

 

Fundamental studies reporting the structure and phase evolution of hybrid perovskites have 

largely focused on materials with single ions at each of the crystallographic sites. 

Answering the following gaps in understanding will help establish the structure property 

relationships in lead halide perovskite materials and the realization of targeted approaches 

to property optimization in device engineering. 

 

−129 °C

144 K

−120 °C

153 K

−36 °C

237 K

Phase IV
Orthorhombic

(Pnma)

Phase III
Tetragonal
(P4/mmm)

Phase II
Tetragonal
(I4/mcm)

Phase I
Cubic

(Pm-3m)

Scheme 2.4 Phase evolution of MAPbBr3 with temperature. These transitions occur due to a 

combination of octahedral tilting and distortions. 
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 Neutron diffraction studies in the low temperature region of 100 – 200 K for 

CsPbCl3 would validate the phase transition intermediaries and structural 

mechanism. 

 Conflicting reports describing the MAPbCl3 phase transitions around 173 -178 K 

warrant further investigations with neutron diffraction on deuterated samples to 

characterize the transitions and follow the incommensurate modulation.  

 The occurrence of alternating long and short Pb-Cl bonds in Phase IV of MAPbCl3 

has been hypothesized to be stereoactive 6s2 Pb lone pair electrons but requires 

validation by DFT simulations.  

 The low temperature phases of MAPbBr3 exhibit incommensurate modulations and 

most studies have only focused on selected temperatures away from phase 

transitions. The evolution of incommensurate modulations with temperature has yet 

to be investigated. 

 Phase segregation and degradation hamper device performance. Improved phase 

stability has been reported with mixed A-site compositions (Cs, MA, FA) through 

degradation studies. [109] However, systematic studies on the temperature range of 

cubic phase stability are needed to accurately compare the relative stability of 

various compositions. 

 Phase transitions in CsPbX3 have been found to be exclusively determined by 

octahedral tilting, whereas the transitions in MAPbX3 have been determined by 

octahedral distortions. As compositional engineering of devices involves mixed ion 

compositions, the structure determining mechanism (via octahedral tilting or 

distortion) in the mixed ion compositions requires investigation. 

 

2.5 Disorder 

 

Vacancies, interstitial ions, grain boundaries and other defects reduce device performance. 

Device engineering involves strategies to improve efficiency by reducing the concentration 

of defects and altering the unavoidable defects by (i) passivation; (ii) modulation with 

carefully selected ions for strain relief while also improving phase stability; and (iii) 

improving defect tolerance through optimizing the structural dynamics and diffusion rates. 
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[25, 109, 110] As these strategies involve the addition of dopants which fine-tune the 

desired properties through mechanisms requiring detailed characterization and validation. 

 

2.5.1 Static disorder and composition tuning 

 

The properties and performance of MAPbI3 based devices can be enhanced by modulating 

the temperature and pressure, and similar performance enhancements may be achieved at 

ambient conditions by synthesising compositionally intricate perovskites. Mixing cations 

like FA, Cs+ and Rb+ increases the performance of solar cells. [109] For example, partial 

substitution of formamidinium ions (83% in precursor composition) to MAPbX3 improved 

the open circuit voltage, current and efficiency. The addition of Cs+ and Rb+ improved 

stability, both in terms of stabilising the photoactive α-polymorph of (FA/MA)PbI3 and 

decreasing moisture sensitivity[110]. The state-of-the-art device composition for hybrid 

perovskites is reported as Rb5(Cs5(MA0.17FA0.83)95)95Pb(I0.83Br0.17)3 [110] which delivered 

22.1% efficiency. The advantages of compositional tuning include lower number of non-

radiative defects for higher efficiency, better phase stability and thermal stability. 

Incorporation of multiple ions requires validation of homogeneity in the prepared samples. 

Characterisation techniques based on diffraction probe the long-range averaged structure. 

Measurement of optical properties based on electronic structure also are heavily dependent 

on the long-range averaged structure. The need for a robust characterisation technique 

probing short range homogeneity can be met by solid state NMR based investigations. An 

overview of the NMR compatible nuclei and experiments is summarised in Figure 2.6. 

NMR can be used to measure rates of chemical exchange, molecular dynamics like 

restricted bond rotations, conformer flipping and ion dynamics like diffusion and 

adsorbtion.[111-113] As NMR is sensitive to composition and dynamics while also 

providing quantitative information this technique can provide critical insights in 

understanding structure functionality. 

 
207Pb has a chemical shift range of >10,000 ppm making it extremely sensitive to various 

changes in the composition and dynamics. 207Pb NMR has been used to monitor the 

formation and interconversion of MAPbI3 in hydrated (monohydrate and dihydrate) and 

anhydrous forms [114], demonstrating that changes in chemical environment outside the 
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PbI6 octahedra can be observed due to the highly sensitive chemical shift nature of Pb 

nucleus. The effect of varying A-site composition on the Pb nuclei has been investigated 

by Aebli et al. (Figure 2.7) [115]  

 

 

Figure 2.6 All nuclei in lead halide perovskites possess NMR-active isotopes, as exemplified for 

CsPbBr3 using actual solid-state NMR spectra. The versatility of this technique provides a diverse 

range of pulse sequences and signal and resolution enhancement methods like quadrupolar Carr–

Purcell–Meiboom–Gill (QCPMG); rotational-echo double resonance (REDOR); dynamic nuclear 

polarization (DNP); exchange spectroscopy (EXSY); heteronuclear multiple-quantum correlation 

(HMQC); wideband, uniform rate, smooth truncation (WURST); and magic-angle spinning (MAS). 

Source: Piveteau et al. [116] 
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Figure 2.7 Effect of various A-site ions in ABX3 perovskites probed through 207Pb MAS NMR. * 

indicates spinning side bands. Source: Aebli et al. [115] 

 

The 207Pb NMR for the mixed halide (I, Br) phase compositions were first reported by Vela 

et al. [117], where they report chemical shift variation due to halide ion distributions. 

PXRD of mixed halide phases showed a gradual shift in the lattice parameters going from 

iodide to bromide to chloride, in accordance with Vegard’s law. This gradual shift has led 

to an interpretation that mixed halide phases are solid solutions. Figure 2.8 shows more 

than one peak in every mixed halide sample. This implies that Pb2+ ions exist in different 

environments and the sample may contain non homogenous domains. Extrapolating the 

occurrence of such Pb2+ environments in PV devices should be accounted for better 

understanding and modelling capability. 
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Figure 2.8 Effect of various X-site ions in ABX3 perovskites probed through 207Pb MAS NMR.. 

Source: Vela et al. [117] 

 

Figure 2.9 below shows Kubicki et al.’s demonstration of using 133Cs MAS NMR to verify 

Cs incorporation in various perovskite phases. [118] Similar use of 133Cs NMR has been 

reported by Vashishtha et al. in perovskite nanoparticles. [119] If the chemical shift or line 

width changes are sensitive to varying lattice symmetry, such a sensitivity could be 

exploited to detect phase transitions in this class of materials. Spin lattice relaxation 

measurements of 133Cs have been diagnostic of phase transitions as they are sensitive to 

changes in phonon modes due to phase transitions. [120]  
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Figure 2.9 133Cs MAS NMR identified the phase assemblage. Cs incorporation into the photoactive 

α phase and the absence of δ phase has been verified. * indicates spinning side bands. † indicates 

peaks from impurities. Source: Kubicki et al. [118] 

 

Furthermore 133Cs NMR is sensitive to variations of the local environment arising due to 

surface proximity. As the surface to bulk ratio increases, for example in nanoparticles, the 

contribution from surface Cs ions also increases in comparison with bulk Cs ions. This has 

been reported from pure CsPbBr3 and mixed cation (Cs,MA,FA)PbBr3 nanoparticles. [121, 

122] However the change in chemical shift with changes in size of the nanoparticles have 

not been systematically investigated. Moreover, the effects of size and composition 

inhomogeneities have not been deconvoluted in the case of mixed ion nanoparticles. 1H 
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and 31P NMR have also been employed to study the binding of surfactants to the 

nanoparticle surface. [122, 123] 

 

The composition homogeneity and dopant incorporation have been well characterized by 

using solid state NMR techniques providing quantitative information for better DFT 

modelling. Particle size and surface effects have also been investigated using advanced 

NMR experiments. As survey scans for commonly used materials have been reported, 

further insights into the structure property relationships need systematic studies with focus 

on identifying particle/crystal growth mechanisms and control factors, surface stabilisation 

or deconvoluting multiple variables effecting the phase and thermal stability.  

 

2.5.2 Dynamic disorder 

 

The factors effecting the dynamic disorder in these materials can be classified into those 

pertaining the individual crystallographic sites, i.e.  the A-site organic ions, B-site metal 

ion and X-site halogen ions. In addition to the above, lattice vibrations/phonons affect all 

of the atoms simultaneously. These phonon vibrations are affected mainly by temperature 

and lattice symmetry. Hence, these play a critical role in phase transitions. This review is 

focused on the dynamics of individual components rather than the phonon vibrations.  

 

A-site dynamics 

 

In cubic MAPbI3, the inorganic framework shows the usual isotropic atomic displacement 

parameters (Pb: 0.037; I: 0.12), whereas the MA portion (C: 0.14, H1: 0.12, H2: 0.08) is 

mobile and spinning. [81, 124]. Only in the orthorhombic polymorph does the MA pack 

into a fixed orientation. Qiang et al. [125], in their NMR investigation of MAPbI3 found 

that the fast T2 relaxation times in the 1H NMR could arise from spinning CH3NH3
+ ions, 

and have been suspected to be responsible for the high electron and hole conductivity. 

Weller et al. [126] studied the position and disorder of the cation in orthorhombic MAPbI3 

at 100 K using neutron powder diffraction and concluded that the MA ion exists in 4 

different positions closer to the framework and gradually moves to the centre on heating to 

352K. Songvilay et al. used time of flight neutron diffraction to investigate the MA 
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dynamics and determined thermally activated disorder at 95 K while phase transitions from 

orthorhombic to tetragonal and cubic phases are driven by framework vibrations. [127] 

 

Dominik et al. [111] report that in FAPbI3, the FA ion rotates faster than MA in MAPbI3. 

Due to the larger size and a restricted symmetry of rotation, FA would be expected to be 

less motional than MA but the observation is explained by FA having a lesser dipole 

moment than MA, is more weakly bound. They also show that the rotational dynamics of 

the mixed cation system are different from the single cation materials, showing evidence 

of a phase segregation/phase transformation into a lower symmetry lattice. Further 

quantitative studies are required to determine the exact nature of the local environments. 

 

B -site dynamics 

 

Wu et al. measured the light induced inorganic framework dynamics in MAPbI3 in the 

picosecond regime. [128] They observed rotational disorder with the halide ion disordered 

around the central Pb2+ ion. This dynamic disorder has been attributed to the presence of 

SLPe in Pb2+ resulting in superior photovoltaic properties like ionic conductivity, defect 

shielding and long charge carrier lifetimes. [129, 130]  

 

Amongst group 14 elements with SLPe- Ge2+ has the highest stereochemical activity 

causing displacement from the center of GeX6 octahedra. In CsGeX3, Ge ions are displaced 

along [111] direction within the octahedra, having three short bonds and three long bonds 

in an anti-prismatic coordination. In Cl, Br, I analogues Ge2+ is displaced 0.343, 0.337 and 

0.378 Å respectively. [131]  The Cs displacement in the same reduces as 0.185, 0.102 and 

0.063Å. These displacements change the bond lengths and consequently bond strengths, 

which can be probed through NMR investigations. 

 

Increasing temperature has been found to increase the off-center displacement in Sn based 

structures (Figure 2.10). [132] It is possible for a cubic perovskite structure (those made up 

of ions having ns 2 electrons) to lose the higher symmetry due to off centre displacement 

of the ion with SLPe-. This loss of symmetry at higher temperatures is termed as emphanisis 

and has been observed in compounds like PbTe, SnTe. [133, 134] 
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Figure 2.10  Fabini et al. show an increasing off-centre displacement of Sn2+ with higher 

temperature in CsSnBr3 using PDF (pair distribution function) analysis of X-ray and neutron 

diffraction data. Source: Fabini et al. [132] 

Apart from CsSnBr3, a similar investigation by Laurita et al.(Figure 2.11) studied off center 

displacements of Pb2+ at 360 K in MAPbBr3 (Pb displacement 0.15 Å), FAPbBr3 (Pb 

displacement 0.15 Å), MAPbI3 (Pb displacement 0.01 Å), FAPbI3 (Pb displacement 0.06 

Å), and those of Sn2+ in MASnI3 (Sn displacement 0.22 Å) and FASnI3 (Sn displacement 

0.24 Å). [135] The above values show that in general Sn2+ has a larger displacement than 

Pb2+ and Br- analogues have a larger displacement than I- analogues, which is expected 

from the general trend of reducing activity down the group. The A site cations were 

modelled as equivalent ions like K/Mn for MA and FA respectively and their displacement 

could not be analysed. The SLPe- in perovskite system might be better 

understood/modelled using an isotropic A site ion like Cs. 
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Figure 2.11 Overlay of the raw X-ray PDF data collected over a range of 300 K to Tmax for (a) 

MASnI3 (Tmax 360 K), (b) FASnI3 (Tmax 360 K), (c) MAPbI3(Tmax 360 K), and (d) FAPbI3 (Tmax 480 

K). Peak asymmetry of the first B–I correlation at approximately 3 Å is observed in all 

compositions, but is most pronounced in the Sn compositions. Source Laurita et al. [135] 

SLPe- causes lowering of symmetry around Pb2+ in perovskite systems and a corresponding 

change in the local chemical environment. In 207Pb spectra of lead cyanide and pyridine 

complexes, Greer et al. observed the effect of SLPe-
 increasing the average Pb-N 

bondlength from 2.748 to 2.873 Å, a difference of 0.15 Å. [136] Laguta et al. detected 0.28 

Å off centre displacement of Pb2+ in lead niobate samples with perovskite structure using 

solid state 207Pb NMR spectra. Change in environment due to SLPe- of ~ 0.15 Å off centre 

displacement in lead halide perovskites should be observable by NMR techniques, which 

does not require synchrotron facilities and is the focus of this study. 

 

X-site dynamics  

 

It is noted that the atomic displacement parameter for I- in MAPbI3 is considerably higher 

than Pb2+, showing a disordered arrangement of ions. [81] Amow and Greedan termed this 

as incoherent octahedral tilting disorder arising from local distortions averaging out to the 
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observed space group symmetry [137]. Large atomic displacement parameters have been 

reported for the bromide and chloride analogues as well. [138] Wu et al. show that 

irradiation of MAPbI3 induces rotational disorder of the halide octahedra from pair 

distribution function analysis of I-I pair from electron diffraction data. [128]  Hence the 

large displacement parameters are attibuted to a dynamic disorder rather than a static 

positional disorder. This ultrafast dynamics of the halides could be the root cause of 

difficulty in recording solid-state NMR spectra of 35Cl, 81Br, 127I in LHPs. 

 

The above dynamic disorder results in favourable optoelectronic properties like higher 

ionic conductivity. Halide ion dynamics and diffusion coefficients were studied from NMR 

relaxation studies by Senocrate et al. [139], for identifying the nature of ion conduction in 

MAPbI3. If a long-range motion of the MA ion exists, the 1H NMR peak would become 

narrower as the broadening due to different interactions would average out. As reported by 

Senocrate et al. [139], heating the sample to 503K did not show any such narrowing of 1H 

and 207Pb NMR signal. The temperature dependence of 127I NQR spectra showed a definite 

trend, wherein peak width reduces with increasing temperature. It was concluded that the 

I- ion is the major contributor to ionic conductivity and the effect of I2 vapour pressure on 

conductivity was also done to verify the claims of interstitial movement of I- ions. They 

conclude that the ion conductivity is primarily due to vacancies rather than interstitials as 

increasing vapour pressure should have increased conductivity if the latter case was true. 

Hence, understanding halide ion dynamics in LHPs is crucial to high performance 

photovoltaic materials. 

 

2.6 Outstanding questions on static and dynamic disorder   

 

Most MAS NMR reports of mixed cation perovskites focus on validating the composition 

or incorporation of dopants and include chemical shifts due to changes in chemistry. 

However, survey studies of chemical shift evolution with composition cannot be correlated 

to other studies if size effects are not well understood and decoupled.  Modelling and 

validation of compositional homogeneities and particle size distributions can be performed 

only after quantitatively establishing the effects of individual factors effecting chemical 

shifts. The following gaps in understanding are identified in the published literature.  
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 Most of the NMR studies on mixed cation perovskites (Cs, Rb, K) focus on 

composition validation/incorporation of specific dopants. Systematic studies 

establishing the contribution of individual ions to the chemical shielding require 

experimental quantification and correlation with DFT modelling. 

 The size effect on chemical shielding should be deconvoluted by establishing a 

quantitative relationship between the bulk to surface environments in different sizes 

of nanoparticles. 

 A combination of ligand to surface interaction studies and accurate compositional 

characterisation of bulk environments is needed to detect surface passivation due 

to specific ions in a mixed ion particle. Such a study will provide insights to 

effective defect passivation for higher efficiency optoelectronic devices.  

 The dynamics of the organic components have been well characterized by NMR 

relaxation studies, dielectric and THz spectroscopy. However, the dynamics of 

halide ions have only been broached by time averaged studies like diffraction. 

Studying the halide ion dynamics with respect to composition variations is critical 

as halide ion plays a significant role in electrical/ionic conduction in these materials. 

 The effect of stereoactive lone pair electrons in Pb2+ has been established by pair 

distribution function analysis of diffraction data. Simultaneous validation with 

another technique provides a much needed corroboration to verify the role of SLPe− 

in this class of materials. Solid state NMR has the potential to detect such structural 

differences in this distance regime. 

 

2.7 PhD scope 

 

The structure-property relationships in hybrid lead halide perovskites requires 

investigations with multiple experimental techniques (both diffraction and spectroscopy) 

and further validation with DFT modelling of the phenomena. Gaps in understanding and 

challenges to comprehensively characterize structures/properties in organic and inorganic 

lead halide perovskites have been summarized in sections 2.4 and 2.6. Of the above 

mentioned problems, a few have been selected to be the focus of this study.  
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Cubic phase stability is crucial in device engineering as compositions with higher stability 

(i) reduce the concentration of defects, (ii) minimize degradation into non-photoactive 

polymorphs and (iii) limit phase segregation in mixed ion compositions. Although device 

compositions report multiple ions at each crystallographic site, this thesis first describes 

the effect of introducing two cations at A-site, namely cesium and methylammonium as a 

primary step in understanding the structural effects of mixed A-site cations. In this way, 

the cubic phase stability can be mapped with respect to temperature in both the chloride 

and bromide analogues and thereby provide insights into the best compositions for 

optimum phase stability.  Second, efforts to replace lead have met with limited success due 

to an incomplete understanding of the influence of SLPe-
 on the crystal structure and 

dynamics at room temperature. This work examines the effect of SLPe- on PbX6 octahedral 

geometry and symmetry through doping/substitution with aliovalent ions (without SLPe-) 

in CsPbCl3 and CsPbBr3. For this purpose, Sr2+ was chosen as it has a comparable size to 

Pb2+ that minimizes the secondary influence of strain on properties and performance.  
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Chapter 3  

 

Experimental Methodology  

 

Powder diffraction and spectroscopic methods were used to interrogate 

the crystallochemical characteristics of A-site and B-site cation 

substitutions in CsPbCl3 and CsPbBr3 with methylammonium (MA) and 

strontium, respectively. High yield methods to prepare powders of these 

solid solution series in coarse-grained and nanoparticle forms are 

demonstrated. The resulting phase assemblages and compositions were 

established using elemental analysis with X-ray Photoelectron 

spectroscopy (XPS), Nuclear Magnetic Resonance spectroscopy (NMR) 

and Rietveld refinement of the powder X-ray diffraction (PXRD) data. 

Multinuclear solid-state NMR was extensively used to investigate the 

local structure and disorder in the strontium substituted materials. The 

phase diagram of methylammonium substituted samples were mapped by 

Differential Scanning Calorimetry (DSC) and variable temperature 

Powder X-ray Diffraction (PXRD). The functional superiority of the 

methylammonium substituted samples was verified by UV-vis absorption 

spectroscopy, photoluminescence (PL) and photoluminescence quantum 

yield (PLQY) measurements. 
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3.1 Rationale for selection of methods 

 

The most common synthetic strategies of lead halide perovskite materials of appreciable 

crystal size are from aqueous acid media like HBr and HI or organic solvents including 

dimethylformamide (DMF), dimethylsulfoxide (DMSO), γ-butyrolactone (GBL). [1-3] 

Inorganic perovskites, such as CsPbCl3 and CsPbBr3 have also been prepared with solvent-

free solid-state synthesis by heating precursor halide salts above 450°C. [4, 5] In this work, 

this approach was used to prepare Cs(PbxSr1-x)Cl3 and Cs(PbxSr1-x)Br3, however, 

substitution of the A-site cesium cation with an organic methylammonium (MA+) ion 

rendered high-temperature synthesis unsuitable due to the low degradation temperature of 

the organic motifs (typically 200 -300 °C). [6] Cesium halide salts, being less soluble than 

methylammonium salts in aqueous acids and organic solvents (viz. dimethylformamide, 

dimethylsulfoxide and γ-butyrolactone), makes these synthesis routes unsuitable for 

cesium-rich compositions. [7] Consequently, ball milling was appropriate approach as 

direct heating is avoided and delivers homogenous products at high yield. [8] Finally, the 

synthesis of nanocrystal inks suitable for LED fabrication was best achieved by ligand 

assisted re-precipitation (LARP) under toluene due to the higher solubility of nanocrystals 

in non-polar solvents that favour the deposition of device quality thin-films.  

 

The phase assemblages and lattice metrics of inorganic products with putative 

compositions Cs(PbxSr1-x)Cl3 and Cs(PbxSr1-x)Br3 were validated by PXRD as diffraction 

techniques reveal long-range order, symmetry, composition and lattice parameters. 

Although the Rietveld refinement of PXRD data enables phase identification, the 

crystallochemical influence of Pb2+ 6s2 lone pair electrons requires the examination of the 

local situation around the lead ion. The chemical environment and short-range order can 

be investigated using techniques such as Extended X-ray Absorption Fine Structure 

(EXAFS); pair distribution function (PDF) analysis of diffraction data and solid-state NMR. 

PDF analysis of organic-inorganic lead hybrid perovskites has been partially successful in 

measuring the effect of stereochemically active lone pair electrons. [9, 10] This study uses 

commonly available solid state NMR for detecting these effects. 
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3.2 Synthesis 

 

The A-site substituted series were prepared by crystallizing phase pure CsPbCl3 and 

CsPbBr3 under DMSO, while MAPbCl3 and MAPbBr3 were grown with DMF. The 

crystalline products were ball milled in stoichiometric amounts to formulate mixed A-site 

perovskites. These compositions could also be prepared by directly ball milling the halide 

salts in stoichiometric ratios, however the methylammonium and cesium salts are 

hygroscopic and absorb moisture rapidly resulting in poorer quality samples. To limit the 

moisture sensitivity of the reagents during ball milling larger crystallite size perovskites 

were chosen as the preferred intermediates.  

 

The B-site substituted series with strontium replacing lead were made by high-temperature 

solid-state synthesis as the halide salts were stable at temperatures close to the melting 

points of lead chloride and lead bromide. Ball milling was excluded as an alternative 

method as strontium salts are extremely hygroscopic and liquefy with even short exposures 

(< 2 mins) to ambient conditions.  

 

3.2.1 Crystal growth from solution 

 

Organic solvents have been chosen for their ease of handling and ability to exclude 

exposure to moisture while enabling greater control over the growth conditions.  

 

Single crystal  

 

Lead halide perovskite crystals were prepared from halide salt precursors using the inverse 

temperature crystallisation method, following the synthesis protocol recommended by 

Saidaminov et al. [11, 12] Precursor solutions were prepared by dissolving stoichiometric 

amounts of MABr (Greatcell Solar, 99%), PbBr2 (Aldrich, 99.999%), MACl (Greatcell 

Solar, 99%), PbCl2 (Aldrich, 99.999%), CsCl (Aldrich, anhydrous 99.9%) and CsBr 

(Aldrich, anhydrous 99.9%). MAPbBr3 was prepared from 1 M solution in DMF while 

MAPbCl3 was made from 1M DMSO-DMF (1:1) mixture. CsPbCl3 and CsPbBr3 were 

prepared from 0.5 M solution in DMSO. The perovskite solutions were filtered through a 
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0.2 µm PVDF filter and heated to 80 °C for 6 hours. Obtained crystals were washed with 

diethyl ether and dried at 60 °C for 20 minutes. These crystals were powdered and 

characterised by solid-state NMR and PXRD to verify the phase identity and purity. These 

millimeter sized crystals were stable enough to be handled under ambient conditions 

without significant degradation due to moisture and were used for further synthesis of 

mixed cation samples in ambient conditions. 

 

Nanoparticles 

 

The synthesis of (CsxMA1-x)PbBr3 nanocrystals was undertaken using the previously 

reported ligand assisted re-precipitation method. [13] To overcome the poor solubility of 

CsBr, a cesium selective crown ether was added to dissolve the cesium halide salt. A 0.1 

mmol stoichiometric mixture of CsBr, MABr and PbBr2 with 0.1 mmol of dibenzo-21-

crown-7 ether (Aldrich, 97%) were dissolved in 1 ml DMF inside a nitrogen-filled glove 

box. 150 μL of this precursor solution was drop-casted in a solution containing 5 mL of 

toluene with 21 μL of octylamine (Aldrich, 99%), and 471 μL of oleic acid (Aldrich, 90%) 

under continuous stirring. After resting for ~5 min, a bright green colour solution 

developed, which was centrifuged at 10,000 rpm for 10 min, and the precipitate was re-

dispersed in 300 µL of hexane. These nanoparticles were purified by centrifuging at 1,000 

rpm for 10 min and discarding the precipitate to obtain ink suitable for LED fabrication. 

The purified nanoparticles were characterised by UV-Vis, PL and PLQY to identify the 

best composition for LED fabrication.  

 

3.2.2 Solid State Synthesis 

 

Solution methods are limited to reagents with suitable solubility. Mixed ion products 

cannot be obtained where ions have disparate solubilities. Strontium ions and lead ions 

have very different solubilities in most common solvents, e.g. SrCl2 is hygroscopic while 

PbCl2 is slightly soluble in water. [14, 15] To obtain samples spanning the whole range of 

lead substitution, a solvent-free approach was used. Similarly, cesium (Cs) salts are poorly 

soluble in DMF as compared to methylammonium (MA). Hence, a solvent-free room 
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temperature mechanochemical route was chosen for making substantial quantities of mixed 

A-site cation samples. 

 

High-Temperature Synthesis 

 

Solid-state synthesis consists of heating non-volatile reagents to form the required product. 

Cs(PbxSr1-x)Cl3 and Cs(PbxSr1-x)Br3 were prepared by heating the respective halide 

precursors. Strontium chloride and strontium bromide are very hygroscopic and 

deliquescent requiring heating above 300 °C and 200 °C, respectively to maintain 

anhydrous conditions. This high affinity for water prevents synthesis under ambient 

conditions. To avoid exposure to moisture, all reagents and products were handled inside 

argon filled glovebox.  

 

Typically air-sensitive solid-state reactions are performed in a sealed evacuated glass or 

tantalum ampoules. Sealing tantalum ampoules involves welding at temperatures 

unsuitable for volatile lead compounds. Sealing quartz glass ampoules required the use of 

open flame from an oxyhydrogen or oxyacetylene torch. The use of high-temperature 

torches in laboratories wasn’t allowed due to safety concerns. These reactions were 

performed in customised glassware involving the use of a 12 in long quartz tube with a 

ground glass joint enabling fixture of glass valve for evacuation and sealing (see Figure 

3.1). This unusual length enabled the sample at the bottom of the tube to be placed inside 

a tube furnace while the ground glass end with the valve rests at safe temperatures below 

60 °C. 

 

 

Figure 3.1 Custom designed glassware enabling the solid-state synthesis at high temperatures 

under evacuated conditions. The samples were placed at the left end can be heated >600 °C while 

the glass valve remains outside the furnace at a relatively safe temperature of <60 °C. 
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Solid-state reactions are diffusion-controlled and hence favoured by well-mixed reagents 

with small particle sizes with a maximum surface area of contact. Diffusion rates increase 

with higher temperatures up to the melting point beyond which the relative solubilities of 

the reagents affect the composition of the product. Lead chloride has the lowest melting 

point at 501 °C as compared to CsCl at 645 °C and SrCl2 at 874 °C. Similarly, lead bromide 

has a melting point of 373 °C as compared to CsBr at 636 °C and SrBr2 at 643 °C. Hence 

samples were heated in a tube furnace following a tailored heating profile (Figure 3.2) to 

complete the reaction. 

 

 

Figure 3.2 Typical heating profiles used for chloride and bromide samples. 

 

CsPbxSr1-xCl3 and CsPbxSr1-xBr3: CsCl (99.9%), CsBr (99.99%), PbCl2 (99.9%), SrCl2 

(Anhydrous 99.99%), PbBr2 (99.99%), SrBr2 (Anhydrous 99.99%), from Sigma-Aldrich 

were used without further purification. All manipulations were performed in an argon-

filled glovebox to avoid exposure to moisture. The compositions CsPbxSr1-xCl3 and 

CsPbxSr1-xBr3 (where x = 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1) were prepared by 

solid-state synthesis. Stoichiometric amounts of precursor salts were ground and loaded 

into alumina crucibles and placed in vacuum sealed quartz tubes. The chloride perovskites 

were heated at 400°C for 6 h followed by heating at 500 °C for 2 hrs using 5 °C/min ramp 

rate, while the bromide analogues were heated to 300 °C for 6 h followed by heating at 

375 °C for 2 h using a ramp rate of 5 °C/min. In all cases, cooling to room temperature was 
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at a rate of 3.5 °C/min. The products were hand-ground in an agate mortar and pestle for 

characterization. 

 

Room Temperature synthesis: Mechanochemical 

 

Mechanochemical synthesis is a simple, cost-effective synthesis technique producing 

finely ground nanomaterials for advanced applications. Dry milling without the use of 

organic solvents further makes it environmentally friendly.  In a vibratory ball mill, the 

reagents are loaded into milling vials with grinding media and shaken vigorously in a 

lateral motion. This places the reaction mixture in between the grinding balls and the vial 

exposing them to repeated cycles of welding, fracturing and re-welding. Ball milling 

combines both the effects of mixing as well as thermal annealing due to the high kinetic 

energy of the balls being converted to heat to generate high yield and homogeneous 

products. [16, 17]  

 

The perovskite solids MAPbX3 and CsPbX3 (300 mg) were ball milled in hardened steel 

vials with matching steel balls under ambient conditions.  The sample-to-grinding media 

weight ratio was kept constant (1 part perovskite:15 parts grinding media) and milled for 

2 hours. The reaction completion was followed with PXRD and NMR (Figure 4.1) 

 

3.3 Characterisation 

 

A study of local structure and disorder in lead perovskites involves:  

(a) phase identification to monitor any phase transitions, simultaneously verifying that 

samples exist in the targeted phase and mass balance checked in mixed phases;  

(b) quantitative elemental analysis to verify that compositions spanning the whole range 

of miscibility were obtained;  

(c) quantitative phase analysis to confirm the sample integrity and storage conditions as 

exposure to moisture degrades the samples;  

(d) investigation of local structure and chemical environment with respect to each 

crystallographic site; 
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(e) spectroscopic investigation of optical properties to identify the best composition for 

optoelectronic applications such as LEDs.  

 

To gather this information, a suite of diffraction and spectroscopic methods including XRD, 

electron microscopy, solid-state NMR, calorimetry and optical spectroscopy were 

employed. These techniques in combination, provide a more complete picture of the local 

structure and disorder in lead halide perovskites. A detailed description of these techniques 

and experimental conditions used for this study are described in the following sections.  

 

3.3.1 Diffraction methods 

 

Crystals are built from repeating units of atoms, molecules or ions arranged in a highly 

ordered manner forming a crystal lattice, which extends in three dimensions. The 

fundamental motif having all the components of the repeating unit is called a unit cell, 

which is defined as the smallest volume that describes the whole crystal when translated in 

three dimensions. When X-rays, having a comparable wavelength to the size of the atoms, 

are incident on such an ordered arrangement of electron density, it results in a diffraction 

pattern with maxima and minima in the intensity. The occurrence of reflections is described 

by Bragg’s Law (eq 3.1) 

 𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃 (eq 3.1) 

 

where λ is the wavelength of the X-rays, θ is the angle between the incident rays and the 

surface of the crystal, d is the spacing between layers of atoms. Constructive interference 

occurs with a maxima only when the value of n is an integer. For each lattice spacing d, 

Bragg’s Law predicts a maxima at a characteristic diffraction angle θ (Figure 3.3) 
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Figure 3.3 Geometric representation of Bragg’s law showing the relation between the angle of 

incidence and distance between the planes d, under constructive interference conditions.  

 

The sample is scanned by varying θ while recording the intensity to determine the various 

d-spacing in a crystal. As the wavelength of the X-ray source is fixed, d values can be 

solved using the Bragg equation. In a diffractogram, the position and intensity of the peaks 

are characteristic of the crystal structure and scattering electron density, making it a 

fingerprint of the phase. The dimensions of the unit cell determine the lattice d-spacing and 

the spacing of reflections in the diffractogram. The symmetry of the lattice effects which 

planes result in constructive or destructive interference. The intensity of the reflections is 

determined by the unit cell contents with atoms having higher electron density resulting in 

more intensity. Secondary effects affecting the intensity include preferred orientation and 

absorption.  

 

The unit cell contains atoms arranged in a motif defined by symmetry elements of point 

groups, which is extended in all three dimensions by translational elements to make up the 

crystal. One dimensional point groups are defined by the symmetry elements generating 

objects around a point. These combine with two-dimensional plane groups to give rise to 

space groups. All 230 space groups can be constructed from symmetry operators, Bravais 

lattices, and periodic translations in three dimensions. The space group symmetry 

determines the symmetry of the diffraction pattern. As a result, a Fourier transform of the 

diffraction pattern enables us to identify the unit cell dimensions and symmetry elements 

in real space.  
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The structure can be defined as repeating planar arrays of atoms. The positions of the peaks 

are determined by interplanar distance while the composition determines the intensity. The 

structure factor sums the individual scattering factor contributions of all atoms in the unit 

cell along a set of planes resulting in the diffraction peak.  

 

 𝐹(ℎ𝑘𝑙) =  (𝑓 , ∅ )  (eq 3.2) 

 

where F(hkl) is the structure factor of the (hkl) plane and n is a particular atom in the unit 

cell. fn represents the amplitude of the atomic plane made up of nth atoms. The phase factor 

∅  is the repeat distance between the atomic planes measured from a common origin. 

When the phase factor is represented as a vector defining the scattering angle from each 

atom in the unit cell relative to a plane wave through the origin of the unit cell, (eq 3.2 

becomes a more easily calculated  

 

 𝐹(ℎ𝑘𝑙) =  𝑓 exp [2𝜋𝑖(ℎ𝑥  +  𝑘𝑦 +  𝑙𝑧 )]  (eq 3.3) 

 

where xn, yn, zn are the coordinates of nth atom in the unit cell.  

 

In some lattice types, the arrangement and spacing of lattice planes are such that certain 

classes of planes are always exactly 180° out of phase, causing a phenomenon called 

systematic extinction. If such a condition is met, no intensity is observed even if the Bragg 

condition is satisfied. For example, in a body-centred unit cell, there will always be 

identical atoms at x, y, z and x+ , y+ , z+ . This causes the intensity from a set of planes 

meeting h + k + l = odd condition to be summing up to 0. These can also be caused due to 

the presence of screw axes and glide planes. Accidental extinction occurs when the atomic 

scattering factors cancel each other out, as in KCl wherein both the ions are made up of 18 

electrons each and have identical atomic scattering factors.  
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The intensity of diffracted peaks is affected by the size of atoms. Electrons in larger atoms 

cause partial destructive interference due to their displacement from the center of the atom. 

This interference causes the atomic scattering factor to fall off exponentially as a function 

of sin θ/λ. Lattice vibrations cause atoms to oscillate about its lattice site. This motion 

increases the effective size of the atom as diffraction is a time-averaged technique. The 

accompanying decrease in atomic scattering factor is proportional to vibrational amplitude 

which is in turn dependent on the temperature or the available thermal energy. The Debye-

Waller temperature factor B is defined as B = 8π2U2
, where U2 is the mean-square amplitude 

of vibration of an atom. The amplitude of vibration is affected by the temperature, atomic 

mass and the strength and direction of force constants bonding the atom in place. The effect 

of increasing B on the atomic scattering factor is described by (eq 3.4). 

 

 𝑓 = 𝑓 exp −
𝐵 𝑠𝑖𝑛 𝜃

𝜆
 (eq 3.4) 

 

Increasing B increases the effective radii of spherical volume where the atom may exist. 

The amplitude of vibration is usually different in different directions and an isotropic 

description of motion is insufficient. Such anisotropic motion can be better described by 

an ellipsoid with larger amplitudes in some directions than others. Each atom in the unit 

cell requires six parameters to describe the anisotropic displacement. While the Debye 

Waller temperature factor accounts for thermal motion, atomic displacement parameters 

(ADP) describe a similar displacement amplitude about an equilibrium position including 

effects from static disorder and other types of dynamic motion due to factors like conformer 

flipping. These values are different for different atoms in a unit cell and show larger values 

for mobile atoms while static atoms show smaller amplitudes of displacement.  

 

Multiple planes can have the same d-spacing value resulting in a single peak. The number 

of equivalent planes contributing to a single peak is called multiplicity. In a cubic system, 

(001) (00) (010) (00) (100) (100) have the same interplanar spacing as the dimension of 

the unit cell is same in all three axes. All these planes result in a single peak with six times 

the expected intensity from a single plane. The multiplicity of the various family of planes 
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is detailed in Table 3.1. Multiplicity reduces with symmetry where cubic system shows the 

highest value of 48 while the triclinic system only has 2.  

 

Apart from the above-mentioned factors the intensity of the diffracted peaks is also affected 

by other phenomena which need to be corrected to model the experimental intensity 

accurately. These include Lorentz and polarization factor, absorption and extinction 

phenomena and preferred orientation. 

 

Table 3.1 Plane multiplicity factors. [18] The multiplicity reduces with symmetry with the cubic 

system showing the highest values. 

System hkl hhl hh0 0kk hhh hk0 h0l 0kl h00 0k0 00l 

Cubic 48* 24 12 12 8 24* 24* 24* 6 6 6 

Tetragonal 16* 8 4 8 8 8* 8 8 4 4 2 

Hexagonal 24* 12* 6 12 12 12* 12* 12* 6 6 2 

Orthorhombic 8 8 8 8 8 4 4 4 2 2 2 

Monoclinic 4 4 4 4 4 4 2 4 2 2 2 

Triclinic 2 2 2 2 2 2 2 2 2 2 2 

* reduce by half if all permutations do not produce equivalent planes 

When a detector scans 2θ at a constant angular velocity defined by a constant step size and 

time of collection, the high angle reflections (60-140°) move out of the diffracting position 

on the Ewald sphere faster than the low angle reflections. This results in the high angle 

reflections showing lower intensities as the reflections spend less time under diffracting 

conditions. The changes in intensity due to this factor are corrected using the Lorentz term 

L.  

 𝐿 = 1/(𝑠𝑖𝑛 𝜃𝑐𝑜𝑠𝜃) (eq 3.5) 

 

The Lorentz factor is usually combined with polarization factor. When an atom scatters X-

rays, the reflected beam is polarized. The laboratory X-ray source is unpolarized whereas 

a synchrotron radiation is polarized. The unpolarized beam can be resolved into two plane-

polarized components, which combine to give the total scattered intensity, which varies  
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with the scattered angle as described by 

 

 𝑃 = (1 + 𝑐𝑜𝑠  2𝜃)/2 (eq 3.6) 

 

Single crystals of germanium, silicon, or graphite are usually used as a monochromator, 

which adds another source of beam polarization. As the scattering angle of the 

monochromator is fixed, the polarization contribution is not dependent on the angle of 

reflection from the sample.  

 

Crystals with a high degree of perfection also show extinction. Intense reflections from the 

deeper/sub-surface layers are reflected by the underside of the surface layer of atoms. The 

beam from secondary diffraction is 180° out of phase to the incident beam. This results in 

a reduction in intensity of the observed peaks by up to 25%. This can typically be avoided 

by grinding the sample to reduce crystallite size while simultaneously introducing strain in 

the particles. 

 

Absorption correction accounts for the transmission and absorption of the X-rays through 

the irradiated volume of the sample. This depends on the sample geometry and instrumental 

geometry. Samples having a high mass absorption coefficient especially in transmission 

mode show significant reduction in observed intensity. Absorption is wavelength 

dependent with the higher energy X-rays showing lesser absorption effects.  

 

Apart from the above mentioned factors, instrumental attributes like geometry, source 

profile and optics; sample attributes like crystallite size, absorption coefficient and strain 

must be accounted to accurately model the experimental data in a Rietveld refinement. 

Rietveld refinement calculates the entire powder pattern using variable parameters 

accounting for each of the above mentioned factors. The calculated intensity at a point i is 

given by 

 𝐼 (𝑐𝑎𝑙𝑐) =  𝑆 × 𝑀 ×   𝐿𝑃 × 𝐴 × 𝑝 × 𝐸  × |𝐹|  (eq 3.7) 

 

where S represents the scale factor, M is the multiplicity of hkl peak, LP is the Lorentz-

polarisation term, A represents the absorption correction, p is the preferred orientation 
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correction, E is the extinction correction and F is the structure factor.  Further convolutions 

representing peak profile and sample attributes are added onto Ihkl to obtain calculated 

profile y (calc).  The principle of Rietveld method is to minimize the difference between 

the calculated and observed diffraction profile. [19] This is done by using a least square 

minimization of function M, which is defined as  

 

 𝑀 =  𝑊 𝑦 −
1

𝑐
𝑦  (eq 3.8) 

 

where W is the statistical weight, c is the scale factor and y is the intensity at point i in the 

powder pattern. The quality of the refinement is measured by the following figures of merit. 

Profile residual: 

 𝑅 =  
𝑌 −  𝑌

∑  𝑌
 × 100% (eq 3.9) 

Weighted profile residual: 

 𝑅 =  
𝑤 𝑌 − 𝑌

∑  𝑌
 × 100% (eq 3.10) 

Bragg residual: 

 𝑅 =  
𝐼 − 𝐼

∑  𝐼
 × 100% (eq 3.11) 

Goodness of fit: 

 𝜒 =  
𝑌 −  𝑌

𝑛 − 𝑝
  (eq 3.12) 

The profile residual, weighted profile residual parameters and goodness of fit consider the 

contribution of background and are indicative of the sum of all phases present in the 

refinement whereas RBragg is indicative of individual phase fitting. In an ideal case, the 

goodness of fit approaches unity.  
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Laboratory Powder X-ray Diffraction 

 

CsxMA1-xPbCl3 and CsxMA1-xPbBr3: Room temperature powder X-ray diffraction patterns 

were measured on a Bruker D8 Advance diffractometer fitted with a Cu Kα X-ray tube (λ 

= 1.54187 Å) operating at 40 kV and 40 mA. Each sample was mounted in a silicon single 

crystal zero background sample holder which was rotated at 40 rpm in the beam. The data 

was measured over the 10° - 100° 2θ range using a 0.02° step size and a time duration of 

1.5 s per step. 

 

CsPbxSr1-xCl3 and CsPbxSr1-xBr3: The powdered samples were loaded into 0.5mm OD 

Mark tubes and flame sealed. Powder X-ray diffraction scans were collected in 

transmission mode on a Malvern Panalytical Empyrean diffractometer equipped with a Cu 

LFF HR source and PIXcel3D-Medipix3 detector. The incident and diffracted beam were 

filtered using 0.04 rad soller slits. The samples were mounted on a capillary goniometer 

and spun at 40 rpm during the measurement. Data was collected from 5-100° with a 

resolution of 0.02° and counting time of 68 s per step.  

 

Rietveld fits were performed using TOPAS v6 software. The crystal structures were refined 

from CsPbCl3 and CsPbBr3 model compounds with orthorhombic Pnma (62) symmetry. 

The background was modelled using a 5 coefficient Chebychev polynomial and 1/x 

background. A peak phase was used to model the contribution from the amorphous 

capillary walls. The peak profile was refined using fundamental parameters with a simple 

axial model. The scale, background parameters, unit cell parameters and crystallite size 

were refined sequentially, followed by anion positions then cation positions and site 

occupancy.  

 

Synchrotron Powder X-ray Diffraction 

 

CsxMA1-xPbCl3 and CsxMA1-xPbBr3: High resolution powder X-ray diffraction patterns 

were collected at the I11 beamline at Diamond Light Source, UK using a wavelength of 

0.82646 Å. A wide-angle Mythen microstrip point sensitive detector (PSD) was used to 

collect data in transmission geometry. Data was collected in the range 2 - 92° with a 
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resolution of 0.004°. The exposure time was set to 20 s. The finely ground samples were 

packed in 0.3 mm sealed Mark tubes and spun at 40 rpm during the data collection. The 

sample temperature was regulated using an Oxford cryostream which enabled a 

heating/cooling rate of 6 °C/min. For variable temperature studies, the range of 

temperatures was limited to ± 25 °C of the phase transition temperature identified by DSC. 

Rietveld analysis of the collected data was performed, starting with CsPbCl3 and CsPbBr3 

as model compounds in orthorhombic Pnma space group. The background was modelled 

using 3 coefficient Chebychev polynomial and 1/x background. The peak profile was fit 

using a pseudo-Voigt peak shape as defined by Thompson-Cox-Hasting. [20] The 

methylammonium ion (MA+) was modeled as a sphere of 18 electrons using an 

isoelectronic K+ ion.  The scale, background parameters, zero error, unit cell parameters 

and crystallite size were refined sequentially. The cation positions were refined, followed 

by anion positions. The site occupancy was refined with isotropic atomic displacement 

parameters (ADPs) fixed to 1. 

 

3.3.2 Multi-nuclear solid-state Nuclear Magnetic Resonance (NMR) spectroscopy  

 

Nuclear Magnetic Resonance (NMR) spectroscopy measures the energy level separation 

between the nuclear spin ground state and the excited state in an applied magnetic field. 

Nuclei with an odd number of protons or neutrons have intrinsic magnetic moment 

generated due to the unpaired nucleon. When such a nucleus is placed in an external 

magnetic field, the nuclei can exist in different spin states with their magnetic vectors 

aligned parallel to the external field (ground state) or aligned anti-parallel to the ground 

state (excited state). In NMR spectroscopy, the energy of the emitted photon when a 

nucleus returns to the ground state is measured. The energy of the emitted photon is 

dependent on the electron shielding around the nucleus. This dependence on electron 

density makes NMR sensitive to changes in the composition of the coordination sphere of 

the atom. The exceptional sensitivity of some nuclei enables changes even in the third 

coordination sphere to be detectable. This is in addition to detecting the changes in 

chemical bonding as any change in bonded electron state changes the electron density 

distribution around the central nucleus. All of these make NMR a versatile, non-destructive 
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and sensitive probe of chemical environments and local structure suitable for solids, liquids 

and gases.   

 

Nuclei with an even number of protons and neutrons do not have any unpaired nucleons 

resulting in a net spin of 0. If either of the number of protons or neutrons is odd and the 

other even, it results in a nucleus with a net spin. An odd number of both protons and 

neutrons make up an integer spin nucleus. If only one of them is odd, it results in a nucleus 

with half integer spin. The nuclear shell model describes the filling of protons and neutrons 

in different energy levels described by the different angular momentum quantum number 

l. The filling of protons and neutrons is independent of each other and the resultant spin is 

a sum of both. For example, 14N has 7 protons and 7 neutrons. Such an arrangement 

comprising of one unpaired proton and one unpaired neutron results in the net spin I to be 

an integer value of 1. The various shells with possible spin states and their net spin are 

detailed in Table 3.2 

 

This arrangement of energy levels creates ‘magic numbers’ at which various shells are 

completely filled and the nuclei are exceptionally stable. These magic numbers 2, 8, 20, 

28, 50, 82, 126 arise out of a sum of all possible spin states including those of the lower 

shells. 

 

Table 3.2 Nuclear shell model describing possible spin states and net resultant spin of protons or 

neutrons 

Shell Possible spin states Net spin (j) Magic numbers 

1 2 1⁄2 2 

2 6 1⁄2 or 3⁄2 8 

3 12 1⁄2, 3⁄2 or 5⁄2 20 

4 8 7⁄2 28 

5 22 1⁄2, 3⁄2, 5⁄2, or 9⁄2 50 

6 32 1⁄2, 3⁄2, 5⁄2, 7⁄2 or 11⁄2 82 

7 44 1⁄2, 3⁄2, 5⁄2, 7⁄2, 9⁄2 or 13⁄2 126 

8 58 1⁄2, 3⁄2, 5⁄2, 7⁄2, 9⁄2, 11⁄2 or 15⁄2  
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Nuclei with net magnetic moment also have angular momentum, which interacts with the 

external magnetic field. The interaction of angular momentum with the applied magnetic 

field exerts a torque on the nucleus resulting in a precessing nucleus. This precession of 

the magnetic moment is named after Larmor with the frequency of precession, ω0 given 

by. 

 𝜔 =  𝛾 𝐵  (eq 3.13) 

   
where γ is the gyromagnetic ratio between the magnetic moment and its angular momentum 

and B0 is the applied magnetic field. As the gyromagnetic ratio is constant for any given 

nucleus, the Larmor frequency is directly proportional to the applied magnetic field. 

 

When placed in an external magnetic field, nuclei with net magnetic moment will split the 

ground state energy levels into 2I + 1 energy states. The energy of each state depends on 

the orientation of the magnetic moment vector with respect to the applied magnetic field 

and is called the Zeeman effect. The magnetization vector of the sample is along the applied 

magnetic field. The fraction of nuclei in an excited state is described by 

 

 
𝑛

𝑛
= exp 

−∆𝐸

𝑘𝑇
 (eq 3.14) 

 

where n is the number of nuclei, ΔE is the difference in energy levels, T is the temperature 

in kelvin and k is the Boltzmann constant. The energy levels split due to Zeeman interaction 

are further perturbed due to interactions of neighboring electrons and nuclei. These internal 

interactions may be expressed as  

 

 𝐻 = 𝐻 + 𝐻 + 𝐻 + 𝐻 + 𝐻   (eq 3.15) 

 

where HCS  is the chemical shielding interaction, HJ represents the indirect spin-spin 

interaction (scalar), HD is the direct spin-spin interaction (dipolar) and HQ defines the 

quadrupolar interactions. Furthermore, the quadrupolar interaction of the nucleus with the  
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electric field gradient in the PAS system expressed as 

 

 𝐻 =
𝐶

4𝐼(2𝐼 − 1)
3𝐼 − 𝐼(𝐼 + 1)

1

2
𝜂 (𝐼 + 𝐼 )    (eq 3.16) 

 

Where quadrupolar coupling constant, CQ is a measure of the quadrupolar interaction in 

Hz, ηQ defines the anisotropy.  I is the spin quantum number and Ix,Iy,Iz describe the nuclear 

spin vector.      

 

Detecting the tiny magnetization changes in the same axis as the applied field is not within 

instrumental detection limits.  Hence, a radiofrequency pulse is applied to reorient the 

magnetization into a plane perpendicular to B0. After the application of the radio frequency 

pulse, the same coil is used to detect the changes in the magnetic field. The nuclei in the 

excited state return to their ground state by emitting a photon. This emission induces a 

current in the coil and the collected signal is defined as free induction decay. The changes 

in intensity of the induced current is recorded in the time domain. For data analysis and 

identification of chemical environments, this signal is Fourier transformed into the 

frequency domain. The intensity of the current depends on the natural abundance/number 

of nuclei in the sample, gyromagnetic ratio and B0. To compare the results from different 

field, a relative chemical shift scale is used instead of Hz. 

 

The simplest NMR experiment (Figure 3.4) involves an excitation pulse followed by signal 

acquisition. Multiple scans with different phase cycling are used to maximize the signal to 

noise (S/N) ratio. A saturation recovery pulse sequence shown in Figure 3.5 was used to 

determine the spin lattice relaxation constant T1. The variable delays enable quantitative 

measurement of the signal lost to longitudinal spin relaxation with time and fit the resulting 

data using exponential models.  
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Figure 3.4 Single pulse acquisition illustrating the recycle delay D1, the pulse length P1 and pulse 

power PLW1.  

 

Figure 3.5 Saturation recovery pulse sequence illustrating a saturation pulse train (L20 loop) 

followed by a detection pulse after variable delays. D20 is the delay between the pulses in the pulse 

train.  

The magnetization curve is plotted using integrated area under the peaks for each delay. 

The data were fitted using 

 

 𝐼(𝑡) = 𝐼(0) 1 − 𝑒  (eq 3.17) 

where I(t) and I(0) are the signal intensities at time ‘τ’ and 0, respectively.  

 

For samples with spins experiencing fast inhomogeneous dephasing, possibly due to large 

chemical shift distribution, the diffusion or field inhomogeneity, the collection of free 

induction delay (FID) after prescan delay loses a large part of the signal due to loss in 

coherence. This can be avoided by applying a refocusing pulse which flips the incoherent 

spins as shown in Figure 3.6. This forces the spins to refocus after a delay (echo time/2) 

resulting in detection of the spin echo.  
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Figure 3.6 Hahn echo pulse sequence illustrating the application of 180° refocusing pulse. A delay 

D6 corresponding to the rotor period is used to maintain rotor synchronized conditions.  

The experimental data was processed ignoring the echo build up i.e. only the data from top 

of the echo until the end of acquisition is considered for Fourier transformation. 

 

Nuclear Overhauser Effect (NOE) describes the transfer of spin polarization from one 

population of nuclei to its neighbours. Enhancement in the signal when the neighbouring 

nuclei are saturated by irradiation is measured. Two dimensional Nuclear Overhauser 

Effect Spectroscopy, (NOESY) (Figure 3.7) is used to identify correlations between 

various chemical environments. The off diagonal peaks arising due to NOE signal 

enhancement help in the identification of neighboring nuclei in space.  

 

Figure 3.7 Phase sensitive NOESY pulse sequence illustrating the series of π/2 pulses where D8 is 

the mixing/evolution time and D0 is the increment for the indirect dimension 

As NOE is directly proportional to the distance between the nuclei, a quantitative analysis 

of the enhancements can be used to estimate interatomic distances. The data is processed 

using a Fourier transformation in both the dimensions.  

 

The presence of amorphous phases and their compositions cannot be ascertained directly 

by PXRD, and solid state NMR proves more appropriate as it is sensitive to the chemical 
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environment around each nuclei rather than a long range order. Further, the application of 

powder methods is complicated by crystallite size and preferred orientation effects, 

whereas NMR chemical shifts are not perturbed by the physical form and can be used as a 

diagnostic scale to analyse phase composition in nanocrystalline and amorphous samples. 

Hence, solid state NMR has been extensively used to probe the local structure and chemical 

environments in this study. The pulse sequences, experimental parameters and conditions 

used for measurement are detailed below. 

 

CsxMA1-xPbCl3 and CsxMA1-xPbBr3 

  

Multinuclear solid state MAS NMR data were acquired at 14.1 T using a Bruker Avance 

600WB Avance III spectrometer operating at 1H, 133Cs and 207Pb Larmor frequencies (υo) 

of 600.13, 78.7 and 125.5 MHz, respectively. Single pulse 133Cs MAS NMR data were 

obtained a using a Bruker 4 mm HX probe enabling a MAS rate (υr) of 12 kHz for all data 

acquisition. A CsNO3 0.1 M aqueous solution was used for pulse calibration and 

referencing. A non-selective (‘solution’) π/2 pulse duration of 6.0 µs was calibrated on 

solid CsCl, with a selective (‘solids’) π/2 pulse time 1.5 µs being used for acquisition of 

the I = 7/2 nucleus. A recycle delay of 300 s was used for all 133Cs measurements in the 

CsxMA1-xPbCl3 and CsxMA1-xPbBr3 (where x = 0.0, 0.13, 0.25, 0.37, 0.5, 0.63, 0.75, 0.87, 

1.0) series which represented 5 × T1 to ensure complete relaxation, as determined on the 

slowest relaxing (CsPbCl3) system. The 133Cs T1 values were determined using a saturation-

recovery experiment which implemented 100 pulses in the saturation pulse train with a 50 

ms delay between pulses. All 133Cs chemical shifts were calibrated to the IUPAC 

recommended 0.1 M CsNO3 (in D2O) reference (δ 0.0 ppm) via a secondary solid CsCl 

reference (δiso 223.2 ppm) (representing a frequency ratio (Ξ) of 133Cs = 13.116142% to 

the 1H signal from 1% TMS in CDCl3).[21] The corresponding 207Pb MAS NMR data were 

measured using a rotor-synchronized Hahn echo (90°- τ -180°) experiment on a Bruker 4 

mm HX probe enabling MAS rate (υr) of 12 kHz. A π/2 pulse with a pulse width of 4 µs 

was calibrated using solid PbNO3 from which a π/2 / π pulse pair of 4 µs / 8 µs was used 

for all measurements. A recycle delay of 30 s was used for all 207Pb experiments in both 

series which represented 5 × T1 to ensure complete relaxation, as determined on the slowest 

relaxing (CsPbBr3) system. In similar fashion to the 133Cs measurements, the 207Pb T1 
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values were determined using a saturation-recovery experiment which implemented 100 

pulses in the saturation pulse train with a 50 ms delay between pulses. All 207Pb chemical 

shifts were calibrated to the IUPAC recommended PbMe4 (neat) reference (δ 0.0 ppm) via 

a secondary solid PbNO3 reference (δ -3490 ppm) (representing a frequency ratio (Ξ) of 
207Pb = 20.920599 % to the 1H signal from 1% TMS in CDCl3).[21] The 1H MAS NMR 

data were acquired using single pulse methods using a Bruker 4 mm HX probe enabling 

MAS rate (υr) of 12 kHz. A a π/2 pulse length of 4.0 µs duration was calibrated solid using 

adamantane and π/4 pulse excitation pulses of 2 µs were sued throughout. A recycle delay 

of 120 s was used for all 1H measurements within both series which represented 5 × T1 to 

ensure complete relaxation, as determined on the slowest relaxing (MAPbBr3) system. In 

similar fashion to the 133Cs and 207Pb measurements above, the 207Pb T1 values were 

determined using a saturation-recovery experiment which implemented 100 pulses in the 

saturation pulse train with a 50 ms delay between pulses. All 1H chemical shifts were 

calibrated to the IUPAC recommended TMS (δ 0.0 ppm) reference via a secondary solid 

adamantane reference (δ 1.82 ppm).[21] 

 

CsPbxSr1-xCl3 and CsPbxSr1-xBr3 

 

As these samples are air sensitive, they were packed in a glove box under argon to prevent 

exposure to moisture. 133Cs and 207Pb MAS NMR spectra have been recorded and 

processed as described above under similar experimental conditions and equipment.  35Cl 

MAS NMR required higher spinning speeds due to quadrupolar broadening. 35Cl MAS 

NMR spectra were acquired at a Larmor frequency (υo) of 58.8 MHz using a rotor 

synchronised (90°- τ -180°) Hahn echo pulse sequence on a Bruker 1.9 mm HXY probe 

operating in a double resonance mode which enabled a MAS rate (υr) of 30 kHz. A non-

selective π/2 pulse with a pulse width of 1.9 μs was calibrated using solid NaCl. The spectra 

were referenced using NaCl set to 0 ppm. A recycle delay of 5 s was used to ensure 

complete relaxation of the spins. The spectra were fitted with quadrupolar models for each 

resonance using Dmfit software. [22] 

 

The results from the above mentioned XRD and NMR techniques have been corroborated 

and supplemented using high resolution TEM. 
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3.3.3 High Resolution Transmission Electron Microscopy (HRTEM) 

 

Resolution of optical microscopes is fundamentally limited to 0.2 μm, half the wavelength 

of 400 nm light. To achieve higher resolution, an electron microscope uses a beam of high 

energy electrons as the medium. A scanning electron microscope can achieve a resolution 

of 50 nm while higher energies (>200KV) in HRTEM enable atomic resolution. Apart from 

a conventional depth profile image, diffraction, spectroscopy and a combination of these 

are possible in different modes.  

 

A tungsten or LaB6 crystal is used as a cathode and emitted electrons are formed into a 

beam. These are further accelerated using electrostatic plates to reach the desired energy. 

Electromagnets generating magnetic fields are used as lens to manipulate the emitted 

electrons. These are formed into a beam using condenser lens, which is further focused by 

the objective lens onto the sample. Usually the sample is thin enough that it is partially 

transparent to electron beam. This has both chemical and diffraction information. The 

electron beam/image is magnified using projector lens and detected using a fluoroscope or 

CCD detector. Various intrinsic factors like stability of the material, sample thickness and 

extrinsic factors like aberration corrections effect the final image and its spatial resolution. 

 

CsxMA1-xPbCl3 and CsxMA1-xPbBr3 specimens were prepared by ultrasonically dispersing 

a small quantity of powder in absolute acetone and placing a drop of suspension on a holey 

carbon-coated copper grid. These preparations were air dried. High-resolution transmission 

electron microscopy (HRTEM) was performed using a JEOL 2100F TEM with a field-

emission gun operating at 200 kV and beam current of 146 µA. Samples were orientated 

with a double tilting holder and the selected area electron diffraction (SAD) patterns 

recorded (Figure 4.4). Observation times were limited to a few minutes due to electron 

amorphization, especially when a more converged beam was used for imaging.  

 

HRTEM of CsxMA1-xPbBr3 nanoparticles was carried out using a JEOL 2010 UHR TEM 

with a field-emission gun operating at 200 kV of accelerating voltage and 108 µA of beam 

current. Samples were prepared by diluting purified nanoparticles in anhydrous hexane. 
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The sample was then drop casted on a Cu-200 mesh on forvar grid. Observation times were 

limited to a few minutes due to electron amorphization, especially when a more converged 

beam was used for imaging. Approximately 150 particles were measured for each sample 

to estimate the average size of nanoparticles using ImageJ software (Figure 6.4). 

 

3.3.4 Differential Scanning Calorimetry (DSC) 

 

Calorimetry is measurement of heat energy. In this technique the heat energy required to 

heat or released while cooling a sample to the target temperature is measured. This is 

usually done in reference to a standard material. This technique is used to monitor phase 

transformation involving a change in latent heat. A peak or valley indicates an exothermic 

or an endothermic first order phase transition while a gentle slope indicates a second order 

phase transition. The area under the peak can be integrated to measure enthalpy of 

transition, for example: melting and crystallization. 

 

In this study, DSC has been used to pinpoint the phase transitions in bulk CsxMA1-xPbCl3 

and CsxMA1-xPbBr3 systems. DSC was performed using a Mettler Toledo DSC 1 Stare 

system. Standard aluminium pans with 40 µl volume were used to load the samples. The 

ramp rate for both the cooling and heating segments was maintained at 10°C/min (Figure 

4.12 and Figure 4.13). 

 

3.3.5 X-ray Photoelectron Spectroscopy (XPS) 

 

In this technique, a sample is irradiated with an X-ray beam of known energy and the 

emitted photoelectrons are analysed. The difference between the energy of incident 

photons and the kinetic energy of the emitted electrons gives binding energy BE, the energy 

needed to knock out electrons from an atom.   

 

 ℎ𝜐 = 𝐾𝐸 + 𝐵𝐸 + 𝛷 (eq 3.18) 

 

where KE is the kinetic energy of the emitted electrons and BE the binding energy. Φ is a 

constant representing work function and is specific to each instrument.   
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The energy level distribution of electrons in atoms of a particular element is unique and is 

used as a fingerprint for that particular element. Photons in the UV range knock out valence 

electrons whereas X-rays have sufficient energy to knock out core electrons. The emitted 

electrons can further interact with outer shell orbitals, hybridized and valence shell orbitals, 

neighboring atoms etc. Since only those electrons escaping the sample are detected, the 

probability of electrons from the surface escaping the sample is much larger than those 

from inner layers. The sensitivity decreases exponentially from the surface. The BE is 

modulated by the oxidation state and the neighboring atoms. This shift in BE is used to 

identify the chemical state like NMR.  

 

X-ray photoelectron spectroscopy (XPS) analysis was performed on CsxMA1-xPbBr3 

nanoparticles ( see chapter 6 for results) using a Kratos AXIS Supra spectrometer with a 

monochromatic Al K-alpha source (15 mA, 15 kV). An area scan was used for elemental 

analysis. Measurements were performed on drop casted samples on a conductive glass 

substrate.  The spectra were calibrated by setting the C 1s peak to 284.8 eV. The 

nanoparticles being stabilized by the oleic acid and octylamine ligands give rise to an easily 

detectable C 1s signal. The background correction, calibration and quantification were 

done using ESCApe software. Cs 4d, Pb 4f and Br 3d peaks have been integrated, corrected 

for sensitivity and then used to calculate the atomic concentrations reported in Table 6.1. 

 

3.3.6 Absorption and photoluminescence spectroscopy 

 

In this technique the absorbance or transmittance of the sample is measured in UV and 

visible region.  Non-bonding electrons or delocalized π electrons in organic molecules 

typically absorb photons in this energy range and go to the excited state from the ground 

state. The UV-Vis absorption spectra have been measured for CsxMA1-xPbBr3 

nanoparticles.  

 

The absorption spectra were collected using a Cary 5000 UV–vis–NIR spectrophotometer. 

Each sample was prepared by diluting the purified nanoparticles in hexane in a 1 cm path 
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length quartz cuvettes. A baseline was corrected using only hexane solvent before 

measurements.  

 

An electron in an excited state returns to the ground state releasing the energy as a photon. 

This emission is measured in photoluminescence spectroscopy. The sample is irradiated 

with light of sufficient energy (> band gap) and the emissions are recorded. The time delay 

between absorption and emission is called the excited state lifetime/PL lifetime. The ratio 

of emitted photons as a fraction of absorbed photons is called the photoluminescence 

quantum yield.  

 

In this study, photoluminescence spectra (PL), photoluminescence quantum yield (PLQY) 

and PL lifetime have been measured for a comprehensive characterisation of CsxMA1-

xPbBr3 nanoparticles. All PL measurements were performed using a Cary Eclipse 

spectrophotometer. The same solution of nanoparticles as UV-Vis measurements were 

used to collect the PL measurements at excitation wavelength of 400 nm with 1 nm slit-

width.   

 

Photoluminescence quantum yield (PLQY) dependencies on the excitation fluence were 

measured with a Thorlabs IS20 integrating sphere. Purified nanoparticle suspensions in a 

cuvette were placed inside the sphere and excited using a 200mW and 445 nm continuous-

wave laser beam. An optical fibre was attached to the sphere to direct the light to an Ocean 

Optics spectrometer. The excitation beam intensity was attenuated by means of calibrated 

Thorlabs neutral interference filters. This method has been widely used for PLQY 

measurements.[23, 24] 

 

The PL lifetime was measured by first collecting the PL using a lens pair, before directing 

the emission toward a Princeton Instrument SP2360i monochromator coupled with 

Optoscope streak camera. Nanoparticle solutions were photoexcited using a 400 nm ~50 fs 

pulsed laser, with 1 kHz repetition rate.  
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Chapter 4 

 

Phase evolution and local structure in CsxMA1-xPbCl3 and 

CsxMA1-xPbBr3 

 

Methylammonium lead halide perovskites (MAPbX3) have been widely 

investigated for optoelectronic applications with the addition of Cs 

improving structural and thermal stability. CH3NH3PbCl3 and 

CH3NH3PbBr3 adopt the perovskite aristotype symmetry (cubic Pm-3m) 

while their Cs analogues exist in the CaTiO3 holotype (orthorhombic 

Pnma) structure. This study reports the complete A site miscibility of Cs 

and MA in mechanochemically prepared samples with nominal 

composition Csx(CH3NH3)1-xPb(Cl/Br)3 (x = 0, 0.13, 0.25, 0.37, 0.50, 

0.63, 0.75, 0.87, 1). To monitor the structural evolution from cubic to 

orthorhombic symmetry reflecting PbX6 octahedral tilting within the 

perovskite framework, these materials were studied using powder X-ray 

diffraction (XRD) and multinuclear 133Cs/207Pb/1H MAS NMR. It is 

demonstrated that 133Cs and 207Pb chemical shifts are particularly 

sensitive to composition and sample homogeneity and can be used to 

directly calibrate the Cs/MA ratio in samples where X-ray 

diffractograms are limited by Scherrer broadening and textural effects. 

The temperature induced transitions have been investigated using 

calorimetry and variable temperature powder XRD. The results were 

collated to map the phase diagrams. The sample composition with best 

stability can be identified for potential optoelectronic applications.
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4.1 Introduction 

 

Organic-inorganic hybrid Lead Halide Perovskites (LHPs) have been widely investigated 

for photovoltaic and optoelectronic applications resulting in solar cells with a record power 

conversion efficiency (PCE) of 25.5% and light emitting diodes (LEDs) with an external 

quantum efficiency (EQE) reaching 20.1%. [1, 2] The prototype material for solar cells is 

methyl ammonium lead iodide (CH3NH3PbI3). The key advantages of this class of 

materials are solution processability, inexpensive starting materials, good hole and electron 

conductivity and a high tolerance to defects. [3] Apart from solar cells and light emitting 

diodes LEDs, LHPs show promise as semiconductor lasers with an ultra-low threshold as 

lasing media. [4] Moisture and thermal sensitivity remain major challenges to the lifetime 

of perovskite photovoltaic devices and have delayed widespread adoption. Multiple 

strategies can inhibit moisture sensitivity including encapsulation, polymer coatings and 

fluoride additives, hydrophobic cations and so on. [5-7] Saliba et al. were the first to report 

the advantages of a Cs additive in solar cell materials by using CsI to enhance the structural 

and thermal stability of photovoltaic devices; this produced smoother and more 

reproducible films and superior phase stability and moisture resistance. [8] The presence 

of Cs+ cation incorporation in perovskite films was indirectly observed via changes in the 

material band gap, however the nature of Cs+ and Rb+ incorporation in lead halide 

perovskite powders was unambiguously identified using solid state MAS NMR techniques. 

[9, 10] 

 

LHP nanoparticles have been successfully employed to fabricate the active layer in LEDs 

and are widely investigated for better efficiency and stability of these devices. [11] This 

class of materials show excellent tunability of emission properties when prepared from 

facile, yet robust, synthetic methods employing ultrasonic mixing, hot injection and anti-

solvent addition for low cost photovoltaics and optoelectronics. Organic salts such as 

MACl and FACl are hygroscopic and have poor thermal stability as they decompose above 

180 °C. Partial replacement of organic cations with Cs+ improves both moisture and 

thermal stability. Zhang et al. reported the then brightest and most efficient LEDs (EQE 

~10.4%) having an active layer composition of Cs0.87MA0.13PbBr3 demonstrating that the 

mixed cation varieties have better optoelectronic properties than single A-site ion 
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equivalents. [12] Although the reported composition is precise, it was indirectly estimated 

from the valence band edge shift. Alternatively, others have assumed the precursor ratio as 

the nominal and actual composition. [13] Without direct analysis of the phase purity and 

composition, sample reproducibility based on target nominal compositions alone can be 

difficult as experimental conditions can vary subtly between syntheses. This study 

demonstrates that the solid state NMR technique is a reliable, non-destructive method of 

analysis to ensure the targeted composition was obtained and verifying phase purity. 

 

Optimising precipitation parameters including precursor ratios realized composition-

tunable and morphology-controlled nanoparticles with high photoluminescence quantum 

yield (PLQY) of > 90%. [12] The feasibility of targeted compositions can be limited by the 

relative solubility of precursors, especially that of Cs salts in the common solvents 

dimethylformamide (DMF) or dimethylsulfoxide (DMSO). The low solubility of Cs salts 

in DMF restricts the quantities that can be added to the precursor solution, limiting the final 

Cs content to ~16 atom%. Alternatively, thermal annealing has successfully synthesised 

many inorganic halide perovskites with large grain size and precise compositions, 

including those of mixed halide compositions. [14] This involved heating the precursor 

salts to high temperatures in a sealed ampoule, followed by a slow cooling. The 

temperatures needed to achieve homogeneity are close to the melting points of the 

precursor salts (>400 °C); consequently, this approach is unsuitable for organic-inorganic 

hybrid perovskite systems containing MA+ and FA+ cations that decompose above 200 °C. 

Hence, low temperature, solvent-free approaches are far more advantageous for these 

syntheses. Karmakar et al. explored the mechanochemical fabrication of limited suites of 

hybrid lead and tin halide perovskite systems to achieve better compositional control. [15-

18] Other studies by Mozur et al. attempted hand grinding followed by thermal annealing 

for 5 days at 150 °C for the synthesis of mixed cation hybrid perovskites; however, this 

was only partially successful as Cs+ cation incorporation levels of >40 mol% could not be 

achieved. [19]  

 

This study demonstrates that mechanochemical synthesis techniques represent a simple, 

cost-effective approach for the production of wide-ranging compositional suites of dual-

cation lead halide perovskites of nominal stoichiometry CsxMA1-xPbCl3 and CsxMA1-
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xPbBr3 (x = 0.13, 0.25, 0.37, 0.5, 0.63, 0.75, 0.87). Mechanochemical synthesis routes 

avoid the use of organic solvents (thus representing a more environmentally compatible 

option) and facilitate ultra-clean reactions that proceed to completeness subsequently 

rendering homogeneous and highly-ordered products. [20-23] Mechanochemical reaction 

syntheses can be achieved using hand grinding methods (using mortar and pestle),[20-23] 

however more recent studies have reported that improvements in reaction efficiency and 

time can be achieved using ball milling techniques. [15-18] Ball milling efficiently 

combines the effects of mixing and thermal annealing by exploiting the conversion of 

kinetic energy to heat at the precise point of reaction, thus leading to extremely high yields 

and homogeneity. [20-23] Through the use of characterisation techniques such as powder 

XRD, high resolution TEM (HRTEM) and multinuclear 133Cs/207Pb/1H MAS NMR, this 

study aims to demonstrate the success of mechanochemical ‘alloying’ to achieve complete 

miscibility within these hybrid perovskites series. The very high quality, single phase 

reaction products permit the unambiguous observation of the phase evolution from cubic 

MA lead halides to lower symmetry hettotypes to be demonstrated. 

 

The CsxMA1-xPbCl3 and CsxMA1-xPbBr3 (where x = 0.13, 0.25, 0.37, 0.5, 0.63, 0.75, 0.87) 

series of dual cation lead halide perovskites were prepared mechanochemically from 

stoichiometric combinations of CsPbX3 and MAPbX3. The milling time was optimized (2 

hrs) to obtain optimally reacted and highly ordered products. The crystallinity and 

homogeneity were analysed by powder XRD and solid state NMR to follow the reaction 

progress (see Figure 4.1). The mechanochemically derived perovskites exhibit a single 
133Cs and 207Pb MAS NMR resonances confirming complete homogeneity and phase purity. 

Furthermore, each powder XRD confirmed a solid solution without an observable 

amorphous component. The reaction time was limited to 2 hours to avoid thermal 

degradation and amorphization. 
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Figure 4.1 (a) and (b) show 207Pb and 133Cs solid-state NMR spectra of Cs0.5MA0.5PbCl3 with 

different duration of hand grinding (HG) and ball milling (BM) illustrating reaction progress in 

terms of homogenization (c) Powder XRD spectra of Cs0.5MA0.5PbCl3 showing the hand ground 

sample to be a mixture of phases, whereas the ball milled sample is a solid solution without any 

detectable amorphous component. 

4.2 Crystallochemical investigations 

 

As mentioned earlier, the structural topology of perovskites consists of [BX6]4- octahedra, 

extending connectivity in 3 dimensions (3D) by corner sharing that in the aristotype creates 

A-centered cuboctahedral interstices. As the octahedra are hinged, symmetry is readily 

modified by cooperative BX6 octahedral tilting that is mediated through varying 

temperature, pressure or composition. Significantly, the radius of MA+ (2.17 Å) is larger 

than Cs+ (1.88 Å). [24, 25] A chemical substitution of methylammonium with cesium 

reduces the unit cell size, similar to cooling. Hence similar structural changes can be 

expected in both chemical substitution with a smaller ion and lowering temperature. 

CH3NH3PbCl3 and CH3NH3PbBr3 satisfy Pm-3m symmetry whereas CsPbCl3 and CsPbBr3 
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exist in orthorhombic lattice Pnma (space group no. 62). The evolution from cubic to 

orthorhombic structures is discussed below.  

 

Hettotypes arise when the A cation is too small to reside in an undistorted cuboctahedron 

and must reduce their coordination number from 12.  To satisfy the bond valence criteria, 

the BX6 octahedra (that to a first approximation can be considered rigid bodies) tilt about 

the pseudocubic (100/010/001) axis. Howard and Stokes proposed a notation to describe 

perovskite tilt systems using the rotation of octahedra in successive layers about each of 

the orthogonal cartesian axis. [26] In this nomenclature, a,b,c represent rotation about the 

x,y,z - axes respectively with a sense of the rotation, 0/+/− denoted as a superscript. The 

aristotype, in which the octahedra are not tilted, is represented as a0a0a0. In phase tilts are 

denoted + while out of phase tilts are noted −. In total, 23 tilt systems were initially 

described by Glazer and subsequently reanalysed in greater detail by Howard and Stokes 

[26] and Woodward et al. [27] Scheme 4.1 below illustrates the octahedral tilt systems and 

the resultant lowering of symmetry in accordance with the group-subgroup relationships 

of octahedral tilting as described by Howard and Stokes. [26] 

 

Scheme 4.1 Schematic representation of octahedral tilting modes and their group-subgroup 

relationships. The cubic aristotype (Pm-3m) transforms into tetragonal P4/mbm or I4/mcm with 

tilting in one direction while tilts in more than one direction give rise to lower symmetry space 

group settings. This schematic relationship shows that P4/mbm is an intermediate pathway between 

Pnma and Pm-3m. This relationship allows second order phase transformations according to 

Landau theory. At low temperatures MAPbCl3 transforms into P4/mmm which doesn’t occur in the 

above relationship confirming that it occurs via octahedral distortion rather than tilting. 
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Tilt angles can be calculated absolutely from atomic fractional coordinates and be 

monitored from bond angles, cell dimensions and polyhedral volumes. [28, 29] However, 

in the latter cases, calculated tilt angles will differ when the octahedra distort. The process 

of octahedral tilting creates superlattices with respect to the aristotype, which results in 

distinct powder XRD patterns, where Bragg reflections are split or change in intensity 

depending on symmetry and composition. In this respect, it is advantageous to use 

synchrotron X-ray or neutrons when collecting diffraction data to enhance the observation 

of weak superlattice peaks, especially as X-ray scattering is dominated by Pb. Nonetheless, 

as the corner-connected octahedral morphology is fixed and the possible symmetry 

relations conform to a fixed mathematical hierarchy of symmetry operations, it is relatively 

straightforward to construct models that may be tested by Rietveld analysis of diffraction 

patterns. Typical peak splitting observed in CsPbCl3 and CsPbBr3 are illustrated in  

Table 4.1. At room temperature, CsPbCl3 was found to be orthorhombic (Pnma), but on 

heating above 37 °C it transforms into a tetragonal (P4/mbm) phase which on further 

heating >47 °C, transforms into a cubic (Pm-3m) structure. [30, 31] These transformations 

are characterized by octahedral tilting as described by a+b−b− and a0a0c+ tilt systems 

respectively. 

 

Table 4.1 Peak splitting patterns of perovskite hettotypes based on octahedral tilting. [26] 

Cubic 
Pm-3m 

Tetragonal 
P4/mbm 

Tetragonal 
I4/mcm 

Orthorhombic 
Cmcm 

Pseudo- 
Orthorhombic 

Pnma 
a* √2 ⋅a, a √2 ⋅a, 2a 2a, 2a, 2a √2 ⋅a, √2 ⋅a, 2a 

a0a0a0 a0a0c+ a0a0c− a0b+c− a+b−b− 

100 
001 
110 

002 
110 

020 
002 
200 

110 
002 

110 
200 
111 

200 
112 

022 
200 

020 
112 
200 

111 201 202 222 
202 
022 

200 
002 
220 

004 
220 

040 
004 
400 

220 
004 

* a is cubic unit cell length. 

  



Phase evolution and local structure in CsxMA1-xPbCl3 and CsxMA1-xPbBr3 Chapter 4 

87 
 

4.2.1 Structure evolution with composition 

 

Figure 4.2 and Figure 4.3 illustrate the evolution of crystallographic parameters obtained 

from Rietveld refinement of powder XRD data collected from CsxMA1-xPbCl3 and 

CsxMA1-xPbBr3 samples at room temperature. The simulated fits from Rietveld 

refinements are plotted as Figure 8.1 and Figure 8.2 in Appendix. The a,b lattice parameters 

of CsPbCl3 sample differ from each other by <0.005 Å indicating that the room temperature 

structure is close to a phase transition. While in the PbCl6 octahedra displacements of the 

Cl would be characteristic of octahedral tilting, the relatively weak scattering of Cl- 

compared to Pb2+ weakens the intensity of superlattice peaks. However, lattice dilation 

through chemical substitution of Cs with methylammonium ions is unequivocal and a 

transition to cubic symmetry, as indicated by the converging a,b lattice parameters (see 

Figure 4.2c) in Cs0.87MA0.13PbCl3. Although the phase transitions are usually easy to notice 

as converging lattice parameters, the poor sampling rate of one sample per 12.5% change 

in composition  result in the non linear behaviour seen in Figure 4.2c. The subtle changes 

(<0.005 Å) might involve an undetected tetragonal intermediate between these data points. 

A combination of these effects result in a non linear behavior seen in Figure 4.2c. 

 

Although compositions ranging from Cs0.87MA0.13PbCl3 to MAPbCl3 exist in a cubic 

structure, the orthorhombic equivalent cell was used for comparison with CsPbCl3.  

Substitution of Cs with MA, a larger ion causes a predictable monotonic change in the size 

of the unit cell and cell volume as seen in Figure 4.2d. The difference in the X-ray scattering 

factors of Cs and MA ions causes a monotonic change in the relative intensity of 1 0 0 peak 

at ~15.9° and 1 1 0 peak at ~22.2° (Figure 4.2 a,b) and permits compositional refinement 

of Cs content that shows excellent agreement with the nominal composition (Figure 4.2d). 

These results validate the viability of the mechanochemical synthesis in obtaining 

homogenous products with targeted compositions.  
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Figure 4.2 (a) Powder XRD of CsxMA1-xPbCl3 (b) zoom in of powder XRD showing a monotonic 

change in intensity due to different scattering powers of cesium and methylammonium (c) lattice 

parameters of CsxMA1-xPbCl3 obtained from Rietveld refinement of the powder XRD data using 

an orthorhombic model. The lattice parameters gradually converge within experimental error 

indicating an increase in symmetry (d) Cell volume and cesium occupancy from Rietveld 

refinements show excellent agreement between the targeted and experimentally obtained 

compositions. 

At room tempeature, CsPbBr3 exists in orthorhombic (Pnma) structure wherein the lattice 

parameters a,b differ by >0.05 Å (see Figure 4.3c). This is a larger difference in comparison 

with that of CsPbCl3 indicating CsPbBr3 structure is farther away from the cubic phase 

transition. This is also supported by the fact that CsPbBr3 transforms into a cubic phase 

above 130 °C, which is about 105 °C above room temperature as compared to 23 °C above 

room temperature for CsPbCl3. [32]  The super lattice peaks in the bromide samples show 

a higher intensity and are easily detected as Br has a higher electron density than Cl. The 

emergence of these peaks is observed for the bromide series of samples with < 25% MA 

composition as the incorporated Cs destabilises the cubic perovskite structure and tilts the 

octahedra. 
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Figure 4.3 (a)Powder XRD of CsxMA1-xPbBr3 (b) zoom in of powder XRD showing a monotonic 

change in intensity due to different scattering factors of cesium and methylammonium (c) lattice 

parameters of CsxMA1-xPbCl3 obtained from Rietveld refinement of the powder XRD data using an 

orthorhombic model. The lattice parameters gradually converge within experimental error 

indicating an increase in symmetry from Cs0.25MAPbBr3 to Cs0.37MA0.63PbBr3 (d) Cell volume and 

Cs occupancy from Rietveld refinements show excellent agreement between the targeted and 

experimentally obtained compositions. 

Table 4.2 Atomic site parameters used for Rietveld refinement of Cs0.87MA0.13PbBr3. 

Space Group Pnma a = 8.236(4) Å b = 8.254(5) Å c = 11.776(8) Å RB = 3.2  

Site Multiplicity x y z Occupancy Beq 
Cs1 4 0.990 0.971 0.25 0.89 1 

MA2 4 0.990 0.971 0.25 0.11 1 
Pb3 4 0.5 0.0 0.0 1 1 
Br4 4 0.046 0.505 0.25 1 1 
Br5 8 0.793 0.205 0.025 1 1 
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Table 4.3 Refined lattice parameters from Rietveld refinement of room temperature powder XRD 

data of (CsxMA1-x)PbBr/Cl3 samples. The cubic refinements were fitted using Pm-3m space group 

while the orthorhombic refinements were fitted using Pnma. 

Nominal 
composition 

Lattice symmetry 
a,b,c  
(Å) 

Refined Cs 
occupancy  

(± 0.03) 
Cell volume 

Measured  
tilt angles 

MAPbBr3 Cubic 5.9325(7) 0 208.79(9)  
Cs0.13MA0.87PbBr3

 Cubic 5.9193(3) 0.11 207.40(4)  
Cs0.25MA0.75PbBr3 Cubic 5.9052(9) 0.22 205.93(2)  
Cs0.37MA0.63PbBr3 Cubic 5.8946(7) 0.37 204.82(9)  
Cs0.5MA0.5PbBr3 Cubic 5.8838(5) 0.52 203.69(8)  
Cs0.63MA0.37PbBr3 Cubic 5.8747(2) 0.65 202.75(1)  

Cs0.75MA0.25PbBr3 Orthorhombic 
8.261(6) 
8.272(1) 
11.790(9) 

0.75 805.79(9) 
in-phase 159.5° 

out-of-phase 
169.2° 

Cs0.87MA0.13PbBr3 Orthorhombic 
8.236(4) 
8.254(5) 
11.776(8) 

0.89 800.67(3) 
in-phase 158.4° 

out-of-phase 
167.8° 

CsPbBr3 Orthorhombic 
8.207(3) 
8.255(9) 
11.758(4) 

1 796.73(3) 
in-phase 157.2° 

out-of-phase 
165.9° 

MAPbCl3 Cubic 5.6849(0) 0 183.72(5)  
Cs0.13MA0.87PbCl3 Cubic 5.6761(9) 0.14 182.88(1)  
Cs0.25MA0.75PbCl3 Cubic 5.6597(6) 0.23 181.29(8)  
Cs0.37MA0.63PbCl3 Cubic 5.6529(1) 0.34 180.64(0)  
Cs0.5MA0.5PbCl3 Cubic 5.6393(3) 0.46 179.34(2)  
Cs0.63MA0.37PbCl3 Cubic 5.6258(6) 0.62 178.06(0)  
Cs0.75MA0.25PbCl3 Cubic 5.6172(0) 0.77 177.23(9)  
Cs0.87MA0.13PbCl3 Cubic 5.6090(7) 0.89 176.47(0)  

CsPbCl3 Orthorhombic 
7.903(2) 
7.908(0) 
11.252(3) 

1 703.25(1)  

 

CsPbBr3 in Figure 4.3b shows peak splitting described in 

Table 4.1. The (100) peak at 15° splits into (110) and (002) in the orthorhombic setting and 

these progressively converge in passing from Cs0.25MAPbBr3 to Cs0.37MA0.63PbBr3 

indicating orthorhombic to cubic phase transition (Figure 4.3a,b,c and d). It can be inferred 

that PbBr6 octahedral tilting is also eliminated to satisfy the change in symmetry. Following 

the hierarchy of space groups proposed by Howard and Stokes (Scheme 4.1) it can be 

inferred that during thermal expansion of the orthorhombic CsPbBr3 lattice involves a 

tetragonal intermediate occurring >88 °C before transforming into the cubic aristotype. 

While not explicitly detected, a tetragonal phase may exist over a narrow temperature and 

compositional range. The discontinuity in cell volume (Figure 4.3d) change coincides with 

the other indicators of a phase transition.   
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Transmission Electron Microscopy 

 

Figure 4.4 HRTEM images and selected area electron diffraction (SAD) patterns of powder 

samples prepared from mechanochemical synthesis. The indexed reflections confirm the lattice 

symmetry of Cs0.75MA0.25PbBr3 sample to be orthorhombic while the others are cubic. These 

images also indicate the exceptional stability of Cs-MA hybrid perovskite samples under an 

electron beam in high vacuum conditions.  
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X-ray diffraction patterns do not indicate significant amorphization arising from 

mechanochemical processing. These results are also reflected in the HRTEM images 

(Figure 4.4). Previous attempts at HRTEM of MAPbBr3 only showed lattice fringes, with 

no evidence of atomic positions. [33, 34] Incorporation of Cs into the structure coupled 

with the high purity products exhibiting high short range order (i.e. no solvent inclusions) 

increases the electron beam stability and enables near atomic resolution imaging. 

Cs0.5MA0.5PbBr3 (Figure 4.4a) shows equidistant (20) and (20) as expected from a 

[111]cubic zone axis. Although a similar projection can arise out of (001) hexagonal close 

packed structure, PXRD data excludes the possibility of a hexagonal lattice. 

Cs0.75MA0.25PbBr3 on the other hand shows (02) and (20) to be different distances from 

the center. The bromide samples show higher electron beam stability on the order of a few 

minutes whereas the chloride samples degrade within 30s under the e− beam. Multiple high 

resolution images from the same region/particle in different orientations were not possible 

due to electron beam amorphization. Comparing Cs0.75MA0.25PbCl3 (Figure 4.4d) and 

Cs0.5MA0.5PbCl3 (Figure 4.4c) indicates that increasing Cs content reduces e−
 beam 

sensitivity. Within the limits of detection in selected area electron diffraction (SAD) these 

crystals are cubic as expected from PXRD determinations. The high e− beam stability as 

compared to pure methylammonium analogues suggests that these materials may be more 

stable under high electric fields, which is critical for applications like LEDs where the 

active layer experiences an electric field on the order of 2,000 kV/m.  

 

4.2.2 Chemical environment evolution with composition 

 

In this suite of samples, the isotropic chemical shift of resonances would be affected by 

both structural, electronic and chemical compositional variations. The structural variations 

could be changes in bond length, bond angle and changes in dynamics of the structural 

components. These structural changes are also accompanied by changes in the electronic 

structure. Any change in the covalency of the bonds or bond length changes the electron 

density distribution around a nucleus which in turn effect the chemical shielding. From the 

PXRD data (Figure 4.2c and Figure 4.3c), it is evident that the lattice parameter increases 

proportionally with MA % which also means that the bond length increases simultaneously 

in the cubic phase. The chemical composition changes in this suite of samples is 
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characterized by the substitution of Cs with MA in the A site. MA cation is larger than Cs 

and has a lesser number of electrons, making the electron density more diffuse. The 

changes in NMR spectra are discussed considering these effects. 

 

Octahedral tilting induces distortion in the A site coordination sphere resulting in lowering 

of A site coordination number, such that in the space groups like Pnma and R-3c, the A-

site cation is displaced from the center of the coordination sphere. For example, in 

CsPbBr33 at room temperature (orthorhombic, space group: Pnma), the Cs-Br bond lengths 

in the coordination sphere CsBr12 range from 3.6 to 4.8 Å. Above 403 K, CsPbBr3 becomes 

cubic (space group: Pm-3m) and the cuboctahedral coordination is restored with CsBr12 

coordination with a Cs-Br distance of 4.1 Å. As the change in Cs coordination sphere 

changes the electron density around Cs, we expect a detectable difference in the resultant 

chemical shift. 

 

As mentioned earlier, the 133Cs spectra show a single resonance in all samples indicating 

the phase purity of the solid solutions (Figure 4.5a, b). The chemical shift decreases with 

increasing MA % in both the chloride and bromide series. This indicates that the Cs nucleus 

is more effectively shielded with increasing MA. Here we see that the large size of MA as 

compared to Cs has a predominant effect on the shift with the MA shielding more 

effectively than Cs due to its size. It is interesting to note that the shift is linearly 

proportional to concentration within the same phase. At the cubic to orthorhombic phase 

transition, we can see that there is an abrupt change in the rate of shift, which is highlighted 

in Figure 4.5c. This linear behaviour can be used to map the phase transitions in chemical 

space.  
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Figure 4.5 (a),(b) 133Cs NMR of the chloride and bromide series of samples having a single 

resonance demonstrating that nanoparticles prepared by mechanical milling are indeed solid 

solutions with high homogeneity. (c) 133Cs chemical shift vs composition showing a linear 

dependence of chemical shift with composition within the same phase. (d) 133Cs T1 spin-relaxation 

times showing a minima at the compositions close to a phase transition. The blue lines represent 

phase transitions from XRD data.   
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Spin lattice relaxation refers to the interaction and efficiency of energy transfer between 

the nuclear spin states and the lattice. The lattice comprises of the neighbouring atoms 

along with their rotational and vibrational motion. This relaxation is characterized by T1, 

the time needed for the system to reach 63% of the equilibrium magnetisation. T1 is 

sensitive to changes in the lattice dynamics and their interaction with the probed nucleus. 
133Cs nucleus has a small quadrupolar coupling constant (CQ −0.343×10-30 m2). The smaller 

quadrupolar coupling results in a smaller contribution of quadrupolar relaxation to T1. 

Hence, the T1 relaxation rates are dominated by dipolar relaxation in this case. Changes in 

dipolar relaxation rates are routinely used as diagnostic probes of mobility and dynamics. 

[35-38] The 133Cs T1 relaxation rate has been used to study the dynamics and phase 

transitions in halide perovskite materials. [17, 37, 38] Reduction in spin-lattice relaxation 

rates have been correlated to phase transitions and associated increase in electrical 

conductivity due to increase in halide mobility. [39] Figure 4.5d illustrates the changes of 
133Cs T1 with respect to composition. The T1 initially reduces from 51 s in CsPbCl3 to 8 s 

in Cs0.87MA0.13PbCl3 going from orthorhombic to cubic structure and then increases 

gradually to 44 s in Cs0.13MA0.87PbCl3. Similar to the chloride series there is a reduction 

from 54 s in CsPbBr3 to 17 s in Cs0.75MA0.25PbBr3 which is again going from orthorhombic 

to cubic structure. Beyond Cs0.75MA0.25PbBr3, it gradually increases to 47 s in 

Cs0.13MA0.87PbBr3 in spite of the structure remaining in a cubic lattice. This reduction in 

relaxation rate could be due to change in dynamics/mobility or due to changes in the 

phonon modes.  As compositions close to a phase transition have an overlap of multiple 

phonon modes making the energy transfer efficient, the rate of relaxation is fastest leading 

to shorter T1 values. However, they do not explain the subsequent rise in T1 with no change 

in lattice symmetry. This difference is attributed to changes in mobility or dynamics. This 

increase in mobility could be dominated by either halide mobility or A cation mobility. 

Studies of similar lead iodide analogues have shown that the electrical conductivity is 

dominated by halide mobility rather than cation mobility in these materials. [40-42] We 

further study the phase transformations through variable temperature PXRD and DSC to 

understand the relationship between structure and composition.  
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The chemical shift changes in 133Cs are sensitive to changes in composition and phase 

whereas the dipolar relaxation dominant T1 rates are sensitive to mobility and lattice 

dynamics. This chemical shift scale can be used as a calibration scale for characterisation 

of mixed cation nanoparticle/quantum dot amorphous samples of unknown composition. 

As nanoparticles and amorphous phases exhibit a poor PXRD resolution due to crystallite 

size effects, the Cs-MA ratio can be experimentally verified from 133Cs chemical shift alone. 

Further, the sample homogeneity with respect to Cs incorporation can be verified as a 

homogenous sample gives a single resonance. 

 

The experimental data from 207Pb spectra (Figure 4.6a,b) show that the 207Pb resonance 

from the CsPbX3 samples is the most shielded with other samples showing a progressive 

downfield shift. This downfield shift with increasing MA is attributed to the longer bond 

lengths (Pb-X) effectively expanding the first coordination sphere around Pb2+ and 

resulting in poorer chemical shielding. This downfield shift could also be due to the MA 

having a smaller number of electrons than Cs resulting in poorer shielding. Surprisingly, 

the changes in Pb2+ spectra are dominated by the structural changes (bond length) of 

neighbouring atoms in the first coordination sphere of Pb2+ whereas the 133Cs spectra are 

more sensitive to compositional changes in the second coordination sphere of Cs+. The 
207Pb and 133Cs show opposite behaviour with the 133Cs resonance shifting upfield with 

increasing MA whereas the 207Pb resonance shifts downfield. The spin-lattice relaxation 

time T1 of 207Pb resonance (Figure 4.6d) are not as sensitive to phase transitions as those 

of 133Cs.  
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Figure 4.6 (a),(b) 207Pb NMR spectra of the chloride and bromide series of samples demonstrating 

that nanoparticles prepared by mechanical milling are indeed solid solutions with high homogeneity. 

(c) 207Pb chemical shift vs composition showing a positive slope with increasing MA % (d) 207Pb 

T1 spin-relaxation times show that the 207Pb T1 are not as sensitive as 133Cs T1 to phonon motion 

close to the phase transition.  
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1H NMR is especially sensitive to presence of moisture and can be used to detect it. All 

samples only show two resonances attributed to methyl group in the 1H NMR spectra 

plotted in Figure 4.7 a,b. Absence of any impurity peaks from moisture highlight the 

exceptional stability of mechanochemically prepared samples to moisture exposure as 

these samples were milled and handled under ambient conditions. 1H T1 plotted in Figure 

4.7 show similar trends between the chloride and bromide analogues. The long T1 rates 

observed in pure methylammonium analogues are in agreement with published reports.[43-

45] The short correlation times are caused due to rapid reorientation in the fast motion 

regime. [38] A lowering of T1 lifetime with increasing Cs content going from 18 s in 

MAPbBr3 to 5 s in Cs0.13MA0.87PbBr3 indicates a slowing down  of methylammonium 

reorientations. As a similar trend is observed in the chloride analogue, it is extrapolated 

that a smaller Cs ion reduces the average bond length and restricts the A-site dynamics. 
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Figure 4.7 (a),(b) 1H NMR spectra of the chloride and bromide series of samples exhibiting a 

methyl resonance at ~ 3 ppm and ammonium resonance at ~ 6.5 ppm. (c) 1H T1 spin-relaxation 

times show that the 1H T1 reduces from a purely methylammonium analogue (MAPbX3) indicating 

that methylammonium dynamics and mobility are relatively unaffected by phase transitions. The 

reduction in unit cell size due to the addition of a smaller Cs ion would be the dominant factor 

causing this reduction in MA dynamics.  
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4.2.3 Structure evolution with temperature 

 

The addition of Cs to organic lead halide perovskites, improves electrical performance and 

carrier lifetime of organic lead halide photovoltaics while simultaneously expanding the 

thermal stability.[8] The effect of temperature on  Cs substituted cubic (Pm-3m) polymorph, 

especially in iodide analogues,[8] has been studied by quantitative powder XRD. However, 

such a study hasn’t been reported in the bromide and chloride analogues. This investigation 

aims to plug this gap in understanding. The temperature dependent phase transitions of 

CsPbCl3 and MAPbCl3 have been reported as follows.  

 

In CsPbCl3, the low temperature orthorhombic (Pnma, a-b+a-.) structure transforms at 310 

K to the tetragonal (P4/mbm, a0a0c+) by eliminating the out-of-phase PbCl6 octahedral 

tilting. Conversion to cubic (Pm-3m, a0a0a0) phase as a second order transformation rapidly 

follows above 320 K. [14, 31] and is comparable to well-studied NaTaO3 and NaNbO3 

perovskites.  

 

Poglish and Weber[46] determined that cubic MAPbCl3 transforms into a pseudo-cubic 

tetragonal (P4/mmm, a0a0c0) structure below 177 K with disordered methylammonium ions. 

[46] The tetragonal P4/mmm polymorph of MAPbCl3, has non-tilted AX6 octahedra similar 

to the cubic Pm-3m aristotype, but the PbCl6 octahedra are elongated to accommodate the 

rigid methylammonium ions leading to a reduction in symmetry, and consequently is not 

captured in Scheme 4.1. Kawamura et al. [47] reported that methylammonium ions are 

incommensurately modulated along the c-axis of the tetragonal cell. Although this 

tetragonal to cubic transition occurs at 177 - 178 K, plotting the evolution of tilt angles as 

the order parameter illustrated the second order nature of the transition. [48]   

 

The temperature dependent phase transitions of CsxMA1-xPbCl3 and CsxMA1-xPbBr3 are 

studied using variable temperature XRD and the results are presented in Figure 4.8 and 

Figure 4.10. For CsPbCl3, Pawley refinements of laboratory XRD data shows 

transformation from a tetragonal (P4/mbm) to a cubic structure at 320 K (Figure 4.8). [31, 

49] The cubic to tetragonal transition temperature declines inversely with MA content (320 

K in CsPbCl3 to 220 K in Cs0.63MA0.37PbCl3). From Cs0.63MA0.37PbCl3 to  
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Figure 4.8 Refined lattice parameter evolution elucidated from Pawley refinement of laboratory 

XRD data collected on the solid solution series CsxMA1-xPbCl3. The cubic (Pm-3m) to tetragonal 

(P4/mbm) phase transformations in cesium rich end of the series are dominated by second order 

effects.  
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Cs0.13MA0.87PbCl3 there is a slow and irreversible degradation reaction below 210 K that 

yields the 2D layered CsPb2Cl5 structure (Figure 4.9). However, pure MAPbCl3 alters to 

tetragonal (P4/mmm) perovskite below 177 K in agreement with earlier reports. [47] In 

conclusion, the phase transition temperature can be tuned by replacing the smaller A-site 

cation with larger methylammonium so that the cubic phase persists at room temperature. 

 

 

Figure 4.9 Laboratory PXRD data of Cs0.37MA0.63PbCl3 at 290 K (blue) and 100 K (black). The 

simulated Rietveld fit (red) of the data collected at 100 K is a sum of contributions from perovskite 

phase and CsPb2Cl5 (green). A similar degradation is also seen in compositions from 

Cs0.63MA0.37PbBr3 to Cs0.13MA0.87PbBr3 at low temperatures.  

Tetragonal (P4/mbm) CsPbBr3 transforms into cubic (Pm-3m) structure above 403 ±10 K 

(130 °C). [32] Unlike MAPbCl3, cubic MAPbBr3 cools into a tetragonal (I4/mcm) structure 

described by the tilt system a0a0c−. [48] The tetragonal MAPbBr3 has been found to be 

incommensurately modulated similar to the chloride analogue. [50, 51] The disorder of the 

methylammonium ions in the tetragonal phase have been characterised using neutron 

diffraction. [52] The difference between CsPbBr3 and MAPbBr3 in tetragonal structures is 

octahedral tilting is in-phase in the former while tilting is out-of-phase in the latter. 

Although this change in symmetry causes peak splitting, the peaks from P4/mbm and 

I4/mcm cannot be resolved via lattice parameter information alone. As the spacegroups of 

intermediate compositions cannot be resolved into in-phase or out-of-phase tilts with only 

powder X-ray diffraction data, neutron diffraction would help answer this. The changes in 

lattice parameters certainly indicate the changes in lattice symmetry, however due to lack 

of phase information of the reflections, the space groups of end members are extrapolated 

to the intermediate compositions. 
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Figure 4.10 Refined lattice parameter evolution (a black, 𝑐  blue) elucidated from Rietveld 

refinement of synchrotron XRD data collected on the solid solution series CsxMA1-xPbBr3. The 

cubic (Pm-3m) to tetragonal (P4/mbm) phase transformations in cesium rich end of the series are 

dominated by second order effects (grey). The second order effects gradually reduce in the MA 

rich compositions with MAPbBr3 resembling first order behavior.  
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With increasing MA content, the phase transition temperature is depressed to 195 K for 

Cs0.25MA0.75PbBr3. Thereafter, Cs0.13MA0.87PbBr3 exhibits an unusually stable cubic phase 

up to 150 K, which is even lower than MAPbBr3 at 177 K and Cs0.25MA0.75PbBr3. 

Identifying this composition with exceptional phase stability could potentially help fine 

tune optoelectronic device efficiency and stability. Further, the phase transition is spread 

over a range of temperatures in CsPbBr3, narrowing with increasing MA content, such that 

it resembles the first order transition for the MAPbBr3.  

 

A survey of the unit cell sizes just before cubic to tetragonal phase transitions is plotted in 

Figure 4.11. Although individual A-site constituents are different, the unit cell size at which 

cubic to tetragonal transformation occurs is approximately constant for a given halide. The 

minimum unit cell size or Pb-X6 octahedra size turns out to be 5.872 Å for the bromide 

samples and 5.62 Å for the chloride samples. Compressing the octahedra any more via 

cooling or chemical substitution induces octahedral tilting. Since it occurs independent of 

the A-site composition, octahedral tilting is described as a geometric effect. A few data 

points in the chloride series are missing as the cubic to tetragonal phase transitions could 

not be detected definitively in the present study. 

 

 

Figure 4.11 Refined lattice parameters of cubic CsxMA1-xPbBr3 and CsxMA1-xPbCl3 just before 

cubic (Pm-3m) to tetragonal (P4/mbm) phase transition. The Pb-Br6 octahedra can be compressed 

until ~5.872 Å either through compositional variation at the A site or varying temperature, beyond 

which the Pb-Br6 octahedra tilt to avoid further lowering of bond length. Similarly, for the Cl series 

the minimum unit cell size appears to be ~5.62 Å.  
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These observations are supplemented by differential scanning calorimetry to measure 

changes in latent heat capacity near the transition temperatures (Figure 4.12 and Figure 

4.13) and collated as a phase diagram (Figure 4.14). All end members (CsPbCl3, CsPbBr3, 

MAPbCl3, MAPbBr3) show sharp transitions while only some intermediate compositions 

have a detectable change in latent heat capacity. In the bromide series, Cs0.87MA0.13PbBr3, 

Cs0.75MA0.25PbBr3 and Cs0.63MA0.37PbBr3 have heat capacity corresponding to 

successively smaller changes in the cell volumes with increasing MA content. Phase 

transitions indicated in DSC plots are in excellent agreement with diffraction.  
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Figure 4.12 DSC plots of CsxMA1-xPbCl3 samples showing phase transitions involving a change 

in latent heat. 
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Figure 4.13 DSC plots of CsxMA1-xPbBr3 samples showing phase transitions involving a change 

in latent heat.  
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Figure 4.14 Phase diagram of CsxMA1-xPbBr3 showing the cubic to tetragonal transitions obtained 

from powder XRD and DSC. a,b,c phase transitions agree with the published literature. Data points 

indicated as circles have been taken from literature and were not investigated as part of this study. 

[30, 31, 53] 
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The phase diagram of the chloride series indicates transformations to lower symmetry in 

addition to the cubic to tetragonal transition, especially for CsPbCl3. A transition to 

orthorhombic perovskite was not detected under these experimental conditions. The 

reported value of 10 K lower than the cubic to tetragonal transition is extrapolated to 

Cs0.87MA0.13PbCl3 and Cs0.75MA0.25PbCl3. Compositions with higher MA content are 

unstable below 210 K slowly degrading into CsPb2Cl5 with loss of methylammonium. The 

room temperature XRD data (Figure 4.2 and Figure 4.3) represent a slice of the phase 

diagram marked with a dashed line. When viewed along this line, the transition from 

orthorhombic to cubic is apparent as a crossover for compositions with MA content of 

more than Cs0.63MA0.37PbBr3 and Cs0.87MA0.13PbCl3. 

 

4.3 Conclusion 

 

Mechanochemical synthesis is demonstrated to be a viable method to prepare hybrid 

perovskites with high Cs content for both the Br and Cl containing compositions. These 

syntheses in yielding continuous compositional variation demonstrate that Cs and MA are 

completely miscible with phase purity verified through powder XRD and solid-state NMR 

studies. A cubic to orthorhombic transition is evident for 0.63 < x < 0.75 in CsxMA1-xPbBr3 

and between 0.87 < x < 1 CsxMA1-xPbCl3 from PXRD data at room temperature.  Electron 

microscope examinations are challenging as the chlorides are electron beam sensitive and 

rapidly degrade at low beam currents although lattice fringes can be obtained 2,3. The hybrid 

lead bromide perovskites were more resilient with examination of up to 20 minutes possible. 

 

The 207Pb NMR chemical shift resonance is sensitive to changes in the first co-ordination 

sphere of Pb2+ and can detect variations in Pb-X bond lengths and halide composition. In 

contrast, the 133Cs resonance is sensitive to compositional changes in the A-site. Further, 
133Cs NMR peak shift linearly with composition for a given polymorph while phase 

transitions are marked by a change in slope of the chemical shift. The powder XRD data 

and 133Cs solid-state NMR show excellent agreement in identifying the phase transitions, 

indicating that the local structural changes seen from NMR are accurately reflected in the 

long range structure, observed with XRD.  
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The phase transitions across the compositional range have been mapped using variable 

temperature powder XRD and was used to construct a phase diagram of Cs-MA 

compositional space for the lead bromide and lead chloride perovskites. The 

Cs0.13MA0.87PbBr3 perovskite possessed an exceptionally wide stability field of the cubic 

polymorph that extended to < 150 K, which is a lower temperature than all other 

compositions ranging from 403 K to 195 K. This exceptional phase stability has promising 

potential for optoelectronic devices as phase stability minimises thermal degradation and 

phase segregation.  
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Chapter 5  

 

Phase evolution and local structure in CsPbxSr1-xCl3 and 

CsPbxSr1-xBr3 

 

Methylammonium lead iodide (CH3NH3PbI3) demonstrates exceptional 

optoelectronic properties including high conductivity and long charge 

carrier lifetimes derived from its unique crystallochemical features. To 

date efforts to replace lead with other ions while maintaining high 

functionality has met with mixed success. This chapter examines the role 

of stereochemically active Pb2+ lone pair electrons in stabilizing atomic 

disorder across the CsPbCl3-CsSrCl3 and CsPbBr3-CsSrBr3 chemical 

joins. Solid-state nuclear magnetic resonance (NMR) and powder X-ray 

diffraction confirmed CsPbxSr1-xCl3 and CsPbxSr1-xBr3 as continuous 

solid solutions. The 207Pb MAS NMR displayed up to 7 resonances with 

a binomial distribution arising from 0-6 nearest neighbor cations being 

progressively replaced with Sr2+. The average chemical shift of each 

environment increases non-linearly with lead content. The presence of 

cross peaks in 207Pb-207Pb NOESY spectra further confirm that the 

resonances from various lead environments are arising from a solid-

solution rather than phase-separated compounds. 35Cl MAS NMR proved 

diagnostic of the disorder at the halide site, providing the relationship 

between lead content and halide ion dynamics. 
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5.1 Introduction 

 

Superior photovoltaic efficiency and optoelectronic properties are observed for halide 

perovskites containing Pb2+ or Sn2+ that have stereochemically active lone pair electrons. 

Sn2+ has been the most promising lead-free alternative with FASnI3 yielding >15% power 

conversion efficiency (PCE) in solar cells while other lone pair bearing ions like Bi3+ show 

very low efficiency (< 2%). [1-3]  Photovoltaic efficiency is fundamentally dependent on 

the hot carrier-lattice interactions with plumbous and stannous perovskites pairing high 

electrical charge conductivity with efficient shielding of defects and charge carriers to 

deliver extended steady-state carrier lifetimes of up to 3 ms and unusually long diffusion 

lengths of 650 μm. [4] In lead halide perovskites (LHPs), protracted carrier lifetimes are 

linked to the ultrafast picosecond rotational disorder of the organic group in the PbX6 

sublattice. [5] Finally, time resolved pair distribution function (PDF) analysis of ultrafast 

electron diffraction data show the lead halide octahedra reorient/tilt on exposure to light. 

[5] 

 

The Pb2+ ion has a 6s26p0 electronic configuration whereas Sn2+ has a similar 5s25p0 

configuration, and as noted, the non-bonding electron pair may be stereochemically active 

and perturb neighboring atoms leading to structural disorder in the PbX6 framework.  Fabini 

et al. [6]  investigated the stereochemical activity and B-site ion displacement in CsSnBr3 

using PDF treatment of X-ray and neutron diffraction data. As mentioned in section 2.5 an 

extensive investigation conducted by Laurita et al. [7] measured off center displacements 

in MAPbBr3 (Pb displacement 0.15Å), FAPbBr3 (Pb displacement 0.15Å), MAPbI3 (Pb 

displacement 0.01Å), FAPbI3 (Pb displacement 0.06Å), MASnI3 (Sn displacement 0.22Å) 

and FASnI3 (Sn displacement 0.24Å). These results show that Sn2+ has a larger 

displacement than Pb2+, and Br− analogues have a larger displacement than I− analogues, 

as expected from the general trend of reducing stereochemical activity down a periodic 

table group. 

 

The best performing perovskite solar cells are based on Pb with > 25% PCE or Sn with >15% 

PCE, both having a stereochemically active 6s2 and 5s2 lone pairs, respectively. [2, 3] 
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Efforts to replace these with other materials resulted in limited success. Thus, the work to 

date does suggest stereochemically active lone pair electrons of Pb2+ modify lead halide 

framework order, but further study was required to identify the maximum amount of lead 

that can be tenanted on the B-site before the onset of disorder necessary for delivering 

photovoltaic properties. [5] This study is directed towards developing a better 

understanding of the role and structure-perturbing influence of Pb 6s2
 lone pair electrons 

on the perovskite structure through diluting the stereoactive electrons by introducing an 

ion of comparable size but lacking non-bonding electrons. 

 

An evaluation of Shannon radii of divalent cations in 6 coordinate environments for a 

comparable sized ions to replace Pb2+ (1.19 Å) results in Sr2+ (1.18 Å) and Eu2+ (1.17 Å). 

[8] As Eu2+ is slightly smaller than Sr2+, paramagnetic and could introduce Jahn teller 

distortions in the structure, [9] Sr2+ was chosen to dilute lone pair activity with minimal 

geometrical distortion of the perovskite structure. Kye et al. [10] prepared solid solutions 

of non-perovskite PbxSr1-xNO3 using a solution method. PbNO3 and SrNO3 were dissolved 

in 60:40 ratio but the resulting product contained ~5% Sr. [10] To avoid such solubility 

distortions in product composition,  solid state synthesis method was chosen for this study.   

 

The evolution of crystallochemical ordering in CsPbxSr1-xCl3 and CsPbxSr1-xBr3 

perovskites was monitored through X-ray diffraction and solid state MAS NMR 

spectroscopy analysis, where the former examined long range unit-cell scale order and the 

latter probes the local surroundings. The large chemical shift range of 207Pb, at >10,000 

ppm, makes it an extremely sensitive probe of the chemical environments. [11, 12]  

 

5.2 Structure and phase assemblage 

 

As noted earlier, the ABX3 perovskite aristotype is a flexible vertex-linked BX6 octahedral 

framework where the A-site cations occupy the AX12 cuboctahedral interstices so formed. 

Hettotypes of lower symmetry can arise from octahedral tilting of these rigid units or 

through BX6 distortions. The room temperature structure of CsPbCl3 existing in 

orthorhombic (Pnma), progressively transforms into tetragonal (P4/mbm) and cubic (Pm-

3m) polymorphs at 37 °C and 47 °C respectively. CsSrCl3 is also Pnma orthrohombic, but 
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with a slightly larger octahedral tilt angle at room temperature, converting to a cubic (Pm-

3m) phase at 113 °C (Scheme 5.1). [18]  

 

 

 

Scheme 5.1 Phase evolution of CsSrCl3 with temperature. These transitions occur via octahedral 

tilting. 

Similarly CsSrBr3 transforms from an orthorhombic (Pnma) to cubic (Pm-3m) phase >200 

°C (Scheme 5.2) [19] whereas CsPbBr3 adopts this cubic form at >130 °C. [20] As all of 

end members of the CsPbxSr1-xCl3 and CsPbxSr1-xBr3 solid series are orthorhombic Pnma 

at room temperature this model was used to fit the intermediate compositions, as 

demonstrated in Figure 5.1(a,b). 

 

 

 

Scheme 5.2 Phase evolution of CsSrBr3 with temperature. These transitions occur via octahedral 

tilting. 

Rietveld fitting against the orthorhombic Pnma model confirmed a continuous solid-

solution series without miscibility gaps (Figure 5.1c,d). However, some preparations (viz. 

CsSrBr3 in Figure 5.1b) contained minor impurity peaks assignable to cesium halide salts 

(~3-4 wt%) believed to arise from partial volatilization of lead salts during low pressure 

synthesis and/or the solubilization of strontium salts. 

 

The Pb analogues transform to the cubic phase (47 oC for CsPbCl3) at a lower temperature 

(113 oC for CsSrCl3) than the strontium equivalents, with lattice parameters (a/2, b/2 and 

c/2) approaching convergence for all the intermediate compositions as the tilt motif 

evolved from a+b-b- towards aoaoao isometric lattice. The average Pb-Cl bond length in 

CsPbCl3 is 2.826 Å whereas the average Sr-Cl bond length in CsSrCl3 is 2.842 Å. Although 

the Shannon radii of Pb2+ and Sr2+ are approximately the same the metal halide bond length 

and bond angles appear to be changing. 

 

113 °C

386 K

Phase II
Orthorhombic

(Pnma)

Phase I
Cubic

(Pm-3m)

200 °C

473 K

Phase II
Orthorhombic

(Pnma)

Phase I
Cubic

(Pm-3m)
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Figure 5.1 Powder X-ray diffraction patterns of end members in the concentration series with an 

intermediate composition (a) CsPbxSr1-xCl3 and (b) CsPbxSr1-xBr3. Green arrows indicate the (020) 

(101) reflections which show increasing relative intensity with Pb content and (022) (220) showing 

decreasing relative intensity with increasing Pb content. Lattice parameters obtained from Rietveld 

fit of powder XRD data  for (c) CsPbxSr1-xCl3 samples and (d) CsPbxSr1-xBr3 samples. 

 

The substantial difference in atomic scattering factor for Pb2+ (80 electrons) and Sr2+ (36 

electrons) allows determination of B-site chemical substitution using X-ray diffraction.  

For example, the relative intensity ratio between (020)/(022) in CsPbCl3 is 63:1 whereas 

in CsSrCl3 the same ratio of intensities is 1:332. Similarly, as seen in Figure 5.1(a,b), the 
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relative intensity of (020) and  (101) increases whereas (022) and (220) reduces with 

increasing Pb2+ content. Further this difference in relative intensity of the reflections 

enables a refinement of Pb/Sr occupancy at the 4a crystallographic site. The refined 

occupancy values are reported in Table 5.1 along with the refined lattice parameters. 

 

Table 5.1 Refined lattice parameters and Pb occupancy values of CsPbxSr1-xCl3 and CsPbxSr1-xBr3 

samples obtained from Rietveld refinement (Pnma) of powder X-ray diffraction data.   

Composition 
Calculated Pb  

(mol%) 
a  

(Å) 
b  

(Å) 
c  

(Å) 

Refined Pb  
Occupancy  

(± 0.05) 

Cell Volume 
(Å3) 

CsSrCl3 0 7.917(9) 11.259(3) 7.902(6) 0 704.51(6) 

CsPb0.1Sr0.9Cl3 10 7.914(2) 11.256(9) 7.902(6) 0.10 704.03(7) 

CsPb0.2Sr0.8Cl3 20 7.912(1) 11.256(3) 7.902(6) 0.19 703.81(3) 

CsPb0.3Sr0.7Cl3 30 7.910(6) 11.254(8) 7.902(9) 0.28 703.61(2) 

CsPb0.4Sr0.6Cl3 40 7.910(5) 11.253(6) 7.902(8) 0.40 703.51(9) 

CsPb0.5Sr0.5Cl3 50 7.908(3) 11.251(7) 7.902(5) 0.55 703.17(8) 

CsPb0.6Sr0.4Cl3 60 7.906(2) 11.250(5) 7.902(8) 0.62 702.94(3) 

CsPb0.7Sr0.3Cl3 70 7.905(4) 11.249(3) 7.902(5) 0.74 702.77(1) 

CsPb0.8Sr0.2Cl3 80 7.905(0) 11.249(1) 7.902(9) 0.78 702.75(8) 

CsPb0.9Sr0.1Cl3 90 7.904(9) 11.247(9) 7.902(6) 0.94 702.64(8) 

CsPbCl3 100 7.903(1) 11.246(8) 7.902(9) 1.00 702.44(5) 

CsSrBr3 0 8.313(8) 11.794(9) 8.242(1) 0 808.22(3) 

CsPb0.1Sr0.9Br3 10 8.306(9) 11.790(4) 8.230(0) 0.11 806.05(9) 

CsPb0.2Sr0.8Br3 20 8.307(4) 11.789(6) 8.229(8) 0.21 806.03(4) 

CsPb0.3Sr0.7Br3 30 8.302(6) 11.785(5) 8.220(4) 0.34 804.36(8) 

CsPb0.4Sr0.6Br3 40 8.297(8) 11.780(4) 8.214(3) 0.39 802.95(9) 

CsPb0.5Sr0.5Br3 50 8.288(7) 11.779(0) 8.211(7) 0.51 801.72(9) 

CsPb0.6Sr0.4Br3 60 8.276(2) 11.769(8) 8.211(6) 0.61 799.88(5) 

CsPb0.7Sr0.3Br3 70 8.277(3) 11.769(2) 8.210(2) 0.70 799.81(4) 

CsPb0.8Sr0.2Br3 80 8.270(4) 11.765(8) 8.207(9) 0.82 798.69(3) 

CsPb0.9Sr0.1Br3 90 8.256(9) 11.765(4) 8.209(0) 0.92 797.46(9) 

CsPbBr3 100 8.255(9) 11.760(2) 8.208(5) 1.00 796.97(1) 
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5.3 Chemical environment evolution with composition 

 

Lim and Jeong [21] have shown that the octahedral tilting accompanying phase transitions 

are easily observed through changes in the NMR T1 spin-lattice relaxation times and 

quadrupole coupling constants. Spin-spin and spin-lattice relaxation times are known to be 

heavily influenced by structural dynamics and phonon vibrations. Here we examine the 

effect of SLPe− by monitoring changes in chemical shift, quadrupole constants, spin-lattice 

(T1) and spin-spin relaxation (T2) times. 

 
133Cs MAS NMR spectra of the CsPbxSr1-xCl3 and CsPbxSr1-xBr3 series not containing 

resonances of CsCl and CsBr (200 - 240 ppm) indicate reaction is complete. This appears 

to confirm that cesium salts detected as impurities in XRD arise from exposure of the mixed 

ion perovskite samples to moisture.   As the lead nucleus is shielded by 80 electrons, 

whereas strontium nucleus is shielded by only 36 electrons, the 133Cs resonance in CsSrCl3 

at 93 ppm is gradually shifted upfield to 86 ppm with the introduction of Pb. This shielding 

effect is more pronounced in the bromide series with the Cs resonance moving from 45 

ppm in CsSrBr3 to 122 ppm in CsPbBr3. The change in the bromide series is not as smooth 

as the chloride series with multiple environments observed between the end members. 

Furthermore, the intensity from the end members is relatively higher than the intermediate 

environments, as seen from 133Cs NMR spectra of CsPb0.5Sr0.5Br3. As the peaks from each 

spectra can be fitted to 3 resonances of varying widths and intensity (Table 5.2) for each 

composition, tracking only the changes in chemical shift of individual peaks does not 

capture the changes in intensity. Calculating a centroid can be described as weight averaged 

chemical shift wherein the intensity determines the weighing factor. Hence centroid is a 

better parameter to track changes in chemical shift when resonances of varying intensity 

and widths or when the exact number of resonances is not clear and the chemical shift has 

to be averaged. Centroid of 133Cs resonances plotted in Figure 5.2(c) shows a 

disproportionately large downfield shift for compositions above 90 mol% Pb in both the 

series of samples. This is attributed to correspondingly significant structural changes, 

which need further investigation. 
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Figure 5.2 133Cs MAS NMR data (B0 = 14.1 T, νr = 12 kHz) of (a) CsPbxSr1-xCl3 solid solution 

series and (b) CsPbxSr1-xBr3 solid solution series. The chloride series shows a gradual shift of the 
133Cs resonance indicating higher miscibility of the intermediate compositions. The bromide series 

shows poorer miscibility as the intermediate compositions show a relatively higher intensity of the 

end member environments. (c) A plot of evolution in centroid of the 133Cs chemical shift resonances 

plotted in (a,b). (d) 133Cs T1 data obtained from saturation recovery experiments on the above 

samples. Dashed lines are a guide for the eye.  
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All the 133Cs spectra in the bromide series show preference to form end members, i.e. the 

intensity of resonances at 121 ppm and 145 ppm is higher than intermediate environments, 

indicating that the end members are more stable than the intermediate compositions. 

However, this segregation is limited to short range inhomogeneity as a long range phase 

segregation results in appearance of multiple phases in diffraction studies. The appearance 

of a single intermediate resonance in the CsPbxSr1-xCl3 series shows these perovskites to 

be chemically homogenous at the unit cell scale, while multiple resonances in the CsPbxSr1-

xBr3 series indicates more complex atomic ordering with variable, but systemic changes in 

near-neighbor chemistry as a function of overall composition. As powder XRD revealed 

single phase perovskite within detection limits, it can be surmised the solid state 133Cs 

NMR is recognizing confined chemical environments that average over longer distance 

regimes observed by diffraction. It is reasonable to conclude that the Pb and Sr clustering 

observed in the bromide series, but not the chloride analogues, is driven by the BX6 

octahedral dilation as Br- (Shannon radius 1.96 Å) is substantially larger than Cl- (Shannon 

radius 1.81 Å). The heterogeneity observed in 133Cs NMR highlights the sensitivity of 

NMR techniques in probing short range chemical environments. 

 

The 133Cs T1 spin lattice relaxation rates have been determined using saturation recovery 

experiments (Figure 5.2d). The data for each sample were fitted using a single exponential 

function as the variations within various components/resonances were within experimental 

error. In the chloride series, the T1 value goes from 196 s for CsSrCl3 to 51 s for CsPbCl3. 

The bromide series exhibit analogous reduction going from 257 s to 54 s. It is noted that 

the trend is not linear. The chloride series approximates an exponential decay whereas the 

bromide series retains a high value of 188 s even at 80% Pb content and then falls rapidly 

to 54 s. Variable temperature studies of CsPbCl3 report a reduction in T1 values with 

increasing temperature. [15] A similar behavior in this system indicates an increase in 

dynamics with increasing Pb content. The fwhm values in Table 5.2 for the bromide series 

indicate that the resonance attributed to Pb rich environment at 122 ppm consistently has a 

lower peak width as compared to the other higher field resonances. This effect is more 

pronounced for compositions with higher lead content with the 90% Pb containing sample 

showing a 3 fold narrowing as compared to the resonance at 139 ppm. This can be 

explained by an increase in dynamics leading to a longer T2. In the bromide series, an 
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increase in dynamics is also corroborated by a narrowing of peak width for the Pb rich 

resonance at ~ 122 ppm. The composition with the highest amounts of Pb2+ show the least 

width of 336 Hz. However, spin lattice relaxation experiments are more suitable to probe 

dynamic disorder as linewidth could increase due to a greater distribution of chemical 

environments.  

 

Table 5.2 133Cs NMR parameters measured from solid state MAS NMR studies on CsPbxSr1-

xCl3 and CsPbxSr1-xBr3 solid solution samples at 12 kHz MAS rate. 

Composition 
133Cs δiso  
(ppm) 

fwhm 
(Hz) 

Intensity 
Centroid 

(ppm) 

133Cs T1  
(± 10 s) 

CsSrCl3 93.5 139 100 93.5 196 

CsPb0.1Sr0.9Cl3 92.9 319 95 92.6 191 
 86.4 391 5   

CsPb0.2Sr0.8Cl3 92.1 425 92 91.5 140 
 84.1 425 8   

CsPb0.3Sr0.7Cl3 92.4 550 94 91.9 154 
 82.7 517 6   

CsPb0.4Sr0.6Cl3 92.0 452 100 92.0 105 

CsPb0.5Sr0.5Cl3 92.2 496 85 91.4 75 
 86.4 513 15   

CsPb0.6Sr0.4Cl3 91.9 641 100 91.9 67 

CsPb0.7Sr0.3Cl3 92.2 791 93 91.8 61 
 86.6 254 7   

CsPb0.8Sr0.2Cl3 92.1 789 88 91.5 46 
 87.2 256 12   

CsPb0.9Sr0.1Cl3 91.9 246 55 89.9 51 
 87.4 620 45   

CsPbCl3 86.0 204 100 86.0 51 

CsSrBr3 145.0 381 100 144.90 257 

CsPb0.1Sr0.9Br3 144.9 425 89 143.2 252 
 137.4 842 4   

 124.9 402 7   

CsPb0.2Sr0.8Br3 144.9 469 79 142.0 236 
 133.5 1169 16   

 122.9 464 5   

CsPb0.3Sr0.7Br3 144.9 459 69 140.2 247 
 133.7 1290 20   

 122.7 408 11   

CsPb0.4Sr0.6Br3 144.9 546 62 139.2 231 
 133.7 1213 25   

 122.4 430 13   
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CsPb0.5Sr0.5Br3 144.9 593 51 136.9 227 
 133.5 1088 28   

 122.2 422 21   

CsPb0.6Sr0.4Br3 144.9 625 40 134.8 225 
 133.0 1197 33   

 122.0 342 27   

CsPb0.7Sr0.3Br3 145.0 818 33 134.4 198 
 132.6 1214 46   

 121.8 420 21   

CsPb0.8Sr0.2Br3 143.6 1010 29 132.2 188 
 131.2 975 43   

 122.1 349 28   

CsPb0.9Sr0.1Br3 139.3 943 22 129.2 73 
 130.6 742 39   

 122.1 370 39   

CsPbBr3 121.8 336 100 121.80 54 
 

 
207Pb NMR shows exceptional sensitivity to changes in chemical environment as evidenced 

from the large chemical shift range of >10,000 ppm as compared to that of 250 ppm in 
133Cs NMR. In fact, the chemical shift of 207Pb resonance is very sensitive to changes in 

the lattice parameters enabling PbNO3 as an NMR thermometer. This exceptional 

sensitivity enables us to detect the amount of Sr substitution around Pb2+ ion. In the 

perovskite structure, a strontium substitution would constitute a change in the second 

coordination sphere as first coordination sphere made of halide ions remains unchanged.  

 

Kye and Harbison have investigated solid solutions of PbxSr1-x(NO3)2 (non-perovskite), 

using 207Pb NMR. [10] The Pb2+ ion in this system has 12 cations in the nearest neighbor 

positions in the second coordination sphere. This results in the mixed composition to have 

13 environments corresponding to 0 to 12 possible substitutions around Pb2+. It is observed 

that these resonances are further split due to bond length inequivalence. Interestingly, no 

bond lengths changes with increasing lead substitution were observed from XRD study. 

Because lead nitrate and strontium nitrate are soluble in water, the cation-anion interaction 

is largely ionic in nature. As there is no change in the ionic/covalent nature of the cation-

anion interaction with composition, there are no observed changes in the bond lengths. For 

comparison, PbxSr1-xF2 occurs in the fluorite structure with the cations in tetrahedral 

coordination. Here, 19F NMR indicates five distinct environments with the nearest neighbor 
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composition ranging from 0 to 4 Pb/Sr. [22] Similar to this study, no changes in bond 

lengths and lattice parameters were observed due to changes in composition. This is 

understood to be due to both lead fluoride and strontium fluoride having a large covalent 

character in their metal halide bonds with the intermediates also having the same nature as 

end members.  

 

In perovskites, the Pb2+ ion resides in corner sharing octahedra with the halide ions where 

each Pb2+ ion has six nearest neighboring Pb2+ ions in the second coordination sphere 

bound to the halide ions in the first coordination sphere. We expect seven distinct 

environments of Pb2+ corresponding to 0 to 6 Sr2+ in the second coordination sphere. 207Pb 

MAS NMR spectra of CsPbxSr1-xCl3 and CsPbxSr1-xBr3 are shown in Figure 5.3 illustrating 

the distinct chemical environments corresponding to 7 distinct resonances. Each distinct 

environment is marked by a dashed line and are further split due to octahedral elongation 

in the Pnma structure. Two out of the six bond lengths in each octahedra are slightly longer 

resulting in a splitting of the resonances. This splitting is observed as the presence of 

smaller resonances ~52 ppm away from the highlighted main resonances in the chloride 

series. The 207Pb resonance from the bromide analogues are ~5 times broader than the 

equivalent chloride analogues. This broadening is attributed to shorter spin-spin relaxation 

leading to shorter T2 and a large 207Pb-79/81Br J coupling.  
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Figure 5.3 (a) Model of lead halide perovskite structure with the PbX6 octahedra in black and SrX6 

octahedra in green. The central PbX6 octahedra has 6 corners, each of which could either be shared 

with a Pb2+ or a Sr2+ containing octahedra. All 7 possible environments are illustrated. 207Pb MAS 

NMR data (B0 = 14.1 T, υr = 12 kHz) of (b) CsPbxSr1-xCl3 series and (c) CsPbxSr1-xBr3 series. The 

7 distinct resonances are assigned to the 7 possible combinations of Pb environments. These peaks 

further split (blue arrows) due to bond length distribution within the octahedra making the different 

site substitutions inequivalent. (d) 207Pb spectra of CsPbBr3 at 7.05 T and 14.1 T illustrating the J 

multiplet due to 6 neighboring spin 3/2 Br atoms. The multiplet was fitted using Dmfit to extract 

the coupling constant.  
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Table 5.3 207Pb NMR parameters measured from solid state MAS NMR studies on CsPbxSr1-xCl3 

solid solution samples at 12 kHz MAS rate. 

Composition  
207Pb δiso 

(ppm) 
fwhm 
(Hz) 

Intensity 
(%) 

CsSrCl3 - - - 
CsPb0.1Sr0.9Cl3 -1321 4859 14 

 -1437 3378 35 
 -1562 3101 51 

CsPb0.2Sr0.8Cl3 -1201 6296 15 
 -1321 5988 32 
 -1443 6215 37 
 -1567 4505 17 

CsPb0.3Sr0.7Cl3 -931 6924 8 
 -1062 5483 20 
 -1191 5248 30 
 -1318 4653 23 
 -1442 4227 12 
 -1571 5285 6 

CsPb0.4Sr0.6Cl3 -982 2635 2 
 -1080 4382 18 
 -1202 4895 31 
 -1325 4789 34 
 -1449 4295 15 

CsPb0.5Sr0.5Cl3 -785 15835 19 
 -928 9113 24 
 -1057 7590 28 
 -1137 3044 6 
 -1190 5206 17 
 -1315 4074 6 

CsPb0.6Sr0.4Cl3 -789 10739 13 
 -932 7511 27 
 -1066 6250 31 
 -1194 5816 21 
 -1321 5002 8 

CsPb0.7Sr0.3Cl3 -754 8181 23 
 -901 7394 35 
 -1038 7504 27 
 -1168 8752 13 
 -1301 7305 3 

CsPb0.8Sr0.2Cl3 -746 8861 30 
 -896 6295 35 
 -1034 6300 24 
 -1124 3532 4 
 -1171 5366 7 

CsPb0.9Sr0.1Cl3 -734 5948 59 
 -896 5487 27 
 -1001 9390 10 
 -1042 2686 4 

CsPbCl3 -715 3258 100 
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The 207Pb MAS NMR spectra of CsPbBr3 shows a distinct multiplet due to scalar J-

coupling between 207Pb and 79/81Br (Figure 5.3c). This measurement was performed at two 

different fields for an accurate estimate. The chemical shift dispersion reduces in width 

resulting in narrower peaks at higher magnetic fields whereas the J-coupling constant 

remains unchanged with B0. The simulated fit from the measurement at 14.1 T results in a 

more accurate determination of the 207Pb-79/81Br J coupling to be 2360 ± 20 Hz as compared 

to 2290 ± 40 Hz estimated from the measurement performed at 7.05 T. This value is in 

excellent agreement with previous reports. [23]  

 
207Pb 2D EXSY experiments in solid-state NMR for mixed halide lead perovskites have 

been reported [11, 24] The high halide diffusion rates in this class of materials were 

expected to favor detection of exchange phenomena  through identification of cross peaks. 

[25] An exchange spectroscopy experiment is basically a NOESY pulse sequence. A 

negative NOE effect would result in the cross peaks having the same phase as the diagonal, 

similar to chemical exchange phenomena. [26, 27] The reported EXSY spectra [11, 24] 

could potentially have a negative NOE component indistinguishable from the anion 

exchange signal intensity. This study deals with cation substituted samples with constant 

halide composition, hence a more appropriate NOESY experiment was chosen for this 

study to demonstrate that the lead environments are proximate to each other.  

 

A 2D 207Pb NMR spectra was attempted to verify that these chemical environments are 

integral part of the solid-solution and not heterogenous zones with slightly different 

composition and thereby a distribution in chemical shift. Here, the first solid-state 207Pb-
207Pb NOESY spectra in this class of materials (Figure 5.4) is reported. The spectra were 

collected using a phase sensitive NOESY pulse sequence under MAS conditions with a 

short mixing time of 1.5 ms. Following convention, the diagonal has been plotted negative 

with the cross peaks having an opposite phase to the diagonal peaks. This opposite phase 

of the cross peaks indicates a positive NOE effect as the underlying phenomenon. The 

presence of cross peaks for the minor peak at −1130 ppm confirms that these are an integral 

part of the structure and not arising from an impurity phase. Hence this resonance is 

associated with the peak splitting due to bond length nonequivalence in the orthorhombic 

polymorph.  
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Figure 5.4 207Pb-207Pb 2D NOESY NMR spectra (B0 = 14.1 T, νr = 12 kHz) of CsPb0.5Sr0.5Cl3 (a) 

and CsPb0.8Sr0.2Cl3 (b). The diagonal is negative (yellow) while the cross peaks are positive (blue). 

The yellow peaks marked with * are spinning side bands. It is progressively difficult to observe the 

correlations with decreasing Pb content. 

Apart from peak splitting due to octahedral elongation, the first peak at −715 ppm assigned 

to 0-Sr in CsPbCl3 shows a gradual upfield shift to −750 ppm in CsPb0.7Sr0.3Cl3 with 

increasing strontium content as evidenced by the peak maximum moving from the left to 

right of the highlighted line (red) in Figure 5.3. This gradual shift is only seen with lead 

rich environments whereas those with higher strontium content >3-Sr do not show any shift. 

This is gradual change in bond length is attributed to second order effects, possibly due to 

a subtle change in bond lengths arising out of stereoactivation of the lone pair electrons on 

the Pb2+ ion. The resonances in the bromide samples are broader than those in chloride 
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spectra due to a larger quadrupolar interaction. For example, the 6Sr resonance in the 

chloride series at -1562 ppm (Figure 5.3 b) has a fwhm of ~20 ppm (3101 Hz) while the 

equivalent resonance in the bromide samples at -763 ppm (Figure 5.3 c) has a much larger 

fwhm of ~150 ppm The subtle changes in chemical shift are not apparent in the bromide 

series data as the width of the resonances masks them. The average chemical shift of 207Pb 

environments are plotted in Figure 5.5a to quantify the changes in chemical shift of 

different environments. The compositional effects are expected to change the chemical 

shielding linearly whereas secondary changes in bond length result in non-linear effects.  

 

 

 

Figure 5.5 (a) Average chemical shift of  207Pb in various Pb-Sr environments in the solid solution 

series CsPbxSr1-xCl3. The non-linear change in chemical shift is attributed to secondary effects like 

activation of stereochemical activity in 6S2 lone pair electrons. The octahedral expansion due to 

these is estimated to be 113.3 ppm. (b) Variable temperature 207Pb NMR of CsPbCl3 correlating 

temperature, octahedral expansion  (calculated from thermal expansion) and chemical shift changes 

corresponding to 28.1 °C change in temperature. 113.3 ppm shift is equivalent to an expansion of 

0.11 Å.  

The change in chemical shift, 113.3 ppm has to be correlated to changes in size of 

coordination sphere to estimate the spatially averaged effect of stereoactive lone pair 

electrons. Variable temperature 207Pb NMR was chosen to measure the effects of thermal 

expansion in terms of 207Pb chemical shift. Figure 5.5b illustrates the different data points 

measured at 12 kHz MAS rate using a PbNO3 based temperature calibration. A difference 

of 28.1 °C correlates to a changes in chemical shift of 6.4 ppm. The lead halide octahedra 

size corresponds to the unit cell edge length in cubic phase. Bernasconi et al. [28] report a 
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unit cell edge length of 5.6803(3) Å at 300 K and 5.6695(3) at 250 K. Octahedral expansion 

rate is estimated to be 2.16 × 10-4 Å/°C. This translates to a change of 0.006 Å for 28.1 °C. 

Using this relationship, a 113.3 ppm chemical shift is equivalent to a lead halide octahedral 

expansion of  0.11 Å. This is a spatially averaged value as the orientation of lone pair is 

not considered.  

 

Pb-Cl coordination sphere in ionic complexes shows stereoactive lone pair directing the 

bond lengths to 2.63 Å to 3.1 Å. [29] At low temperatures, MAPbCl3 exists in an ordered 

phase with the methylammonium ions in a fixed orientation and a distorted octahedra. [30] 

The Pb-Cl bond alternatively varies between a short 2.72  Å bond and a long 3.02 Å bond 

which is attributed to a weak lone pair effect. At higher temperatures, MAPbCl3 assumes 

an averaged cubic 5.669 Å corresponding to a bond length of 2.83 Å. Interestingly, the 

difference between the shorter bond length of 2.72 Å and the averaged value of 2.83 Å is 

approximately 0.11 Å, similar to the value estimated via chemical shift estimation for 

CsPbCl3. 

 

The line width of the resonances in lead spectra make it difficult to observe changes in 

structural dynamics and disorder. Apart from 133Cs and 207Pb, the halide nuclei could 

provide valuable information in this class of materials. 79/81Br and 35/37Cl  are sensitive 

nuclei with 3/2 spin and a relatively large quadrupole moment. The first NMR spectra of 
79/81Br and 35/37Cl in lead halide perovskites and was achieved recently by Piveteau et al. 

[31] 35Cl spectra of CsPbCl3 was reported to have a CQ of  15.5 MHz (ηQ = 0)  and 79Br of 

CsPbBr3 was reported with two resonances having a CQ of 133.6 and 136.4 MHz with an 

asymmetry ηQ of 0.006 and 0.03 respectively. [31]  

 

Both CsPbCl3 and CsPbBr3 exist in an orthorhombic Pnma crystal structure at room 

temperature. The halide atoms occupy two unique crystallographic sites in the asymmetric 

unit at Wyckoff positions 4c and 8d. The 8d site does not have a rotation axis and has a 

multiplicity of 8 whereas the 4c site has a rotation axis through it and only has a multiplicity 

of 4. Based on this structure, the NMR resonances can be expected with a 1:2 ratio based 

on the multiplicity of the sites, with the 4c site described by a ηQ = 0 line while the 8d site 



Phase evolution and local structure in CsPbxSr1-xCl3 and CsPbxSr1-xBr3 Chapter 5 

134 
 

is described by a ηQ ≠ 0 line shape. Hence the reported model of CsPbCl3 containing a 

single ηQ = 0  line can be considered an approximation. 

 
81Br NMR was attempted but the very wide resonances proved to be too unwieldy for a 

systematic investigation. 35Cl MAS NMR spectra of the chloride series of solid solutions 

(Figure 5.6a) required an MAS rate of 30 kHz enabled by a 1.9 mm rotor as lower speeds 

resulted in spinning sidebands complicating the line shape. The CsSrCl3 sample showed 

distinct features enabling the fitting of two resonances at 106 ppm and 87 ppm. The 

resonance at 106 ppm is assigned to the 8d Wyckoff site having a slightly larger CQ of 4.43 

MHz and twice the intensity as compared to the resonance assigned to 4c site. The latter 

has a slightly lower CQ of 4.14 MHz and no asymmetry as it lies on a mirror plane and a 

two fold axis of rotation.  

 

Increasing Pb content resulted in loss of intensity of this resonance. The Cl atoms bound 

to Pb would result in larger CQ as evidenced from the reported values for CsPbCl3. 

Although this explains the reduction in signal, the trend is non-linear (see Figure 5.6c). 

There is a slight decrease until 50% Pb substitution and then reduces rapidly. This indicates 

the CQ of Cl resonances rapidly increases above 50% Pb content. This increase in CQ is 

attributed to the sudden change in covalent/ionic nature of the bonds around Cl. This 

change could also be partially due to dynamic/static disorder caused due to the activation 

of lead lone pair electrons. 
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Figure 5.6 35Cl MAS NMR data (B0 = 14.1 T, νr = 30 kHz) of selected samples in CsPbxSr1-xCl3 

solid solution  series(a) and a magnified view of CsSrCl3 and CsPb0.1Sr0.9Cl3 samples (b). * 

Unreacted SrCl2 (~3%). Signal sensitivity of resonance with CQ 4.4 MHz reduces with decreasing 

Pb-Cl-Pb content with the pure lead composition showing no signal (c). Blue arrows indicate 

intermediate environments arising due to bond length inequality.  

The Cl ions are coordinated to 2 cations. The possible environments then become Sr-Cl-

Sr; Sr-Cl-Pb and Pb-Cl-Pb. The relative concentration of these environments can be 

approximated to the Pb content with the 50% sample containing a maximum of Sr-Cl-Pb 

species. As this species is detected with approximately the same sensitivity as Sr-Cl-Sr, it 

can be surmised that the Cl atom is relatively symmetric in this environment with CQ 

around 4 MHz. This concludes that Pb-Cl-Pb is the disordered species with large CQ of 15 

MHz.  

 



Phase evolution and local structure in CsPbxSr1-xCl3 and CsPbxSr1-xBr3 Chapter 5 

136 
 

Table 5.4 35Cl NMR parameters measured from solid state MAS NMR studies on selected 

CsPbxSr1-xCl3 samples at 35 kHz MAS rate.  

Composition 
  

Site  δiso (ppm) 
CQ  

(MHz) 
ηQ  Intensity (%) Sensitivity  

CsSrCl3 8d 106 4.43 0.08 64 1.0 

 4c 87 4.14 0 32 1.0 

CsPb0.2Sr0.8Cl3 8d 106 4.45 0.08 67 0.9 

 4c 90 4.22 0 33 0.9 

CsPb0.4Sr0.6Cl3 - 106 4.41 0 73 0.9 

 * 180 5.02 0 27 - 

CsPb0.5Sr0.5Cl3 - 106 4.37 0 85 1.0 

 * 191 5.26 0 15 - 

CsPb0.6Sr0.4Cl3 - 107 4.39 0 88 0.7 

 * 191 5.26 0 12 - 

CsPb0.8Sr0.2Cl3 - 108 4.47 0 68 0.2 

CsPb0.9Sr0.1Cl3 - 110 4.41 0 68 0.1 

 

The 35Cl NMR parameters fitted to the experimental data are tabulated in Table 5.4. It is 

noted that the asymmetry parameter of the resonance with CQ = 4.47 MHz reduces 

gradually from 0.08 in CsSrCl3 to 0 in CsPb0.8Sr0.2Cl3. This correlates with the structural 

evolution of reduction in octahedral tilting and converging lattice parameters observed with 

X-ray diffraction. 

 

5.4 Conclusion 

 

Powder XRD and solid state NMR found that in two CsPbxSr1-xX3 (where x = 0, 0.1, 0.2, 

0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1) and X = Br/Cl compositional series the chemical end 

members and intermediate compositions adopt an orthorhombic Pnma superlattice of the 

cubic aristotype such that ao = ac2, bo = ac2 and co = 2ac at room temperature. The unit 

cell volume contracts with increasing lead content. 133Cs solid state MAS NMR data 

highlights the phase purity and composition evolution of the products. 207Pb NMR was 

used to track the changes in lead environments and the respective chemical shifts. Further, 

the various Pb environments are verified to be in proximity to each other by demonstrating 

the first solid state 207Pb-207Pb NOESY experiment.  To isolate the effect of 6s2 lone pair 

on the coordination sphere around Pb2+, the chemical shift changes are plotted against 
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changes in composition. This change in chemical shift is correlated to changes in average 

bond length via thermal expansion. The non-linear change in the chemical shift is estimated 

as 113 ppm corresponding to an average bond length increase of 0.11 Å. This strategy 

measures the upper limit on the size of the spatially averaged lone pair electrons.  Finally, 
35Cl NMR was used to show that the Cl, when bound to lead in the Pb-Cl-Pb environment, 

is more disordered than in Sr-Cl-Sr and Pb-Cl-Sr.  
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Chapter 6* 

 

Structure, morphology and optical properties of  

CsxMA1-xPbBr3 nanoparticles 

 

The cesium and methylammonium lead bromides exhibit a green emission 

suitable for LED applications. Colloidal CsPbBr3-MAPbBr3 nanoparticles 

prepared by a reprecipitation method assisted by a Cs complexing agent (21 

- crown -7- ether) show complete miscibility and a monotonic increase in 

particle size in passing from the MA to the Cs endmembers due to the lower 

solubility of Cs+ compared to MA in DMF. Time-resolved photoluminescence 

(TRPL) revealed the optimized 13 mol% Cs nanoparticle composition exhibits 

the longest charge carrier lifetime and the highest photoluminescence 

quantum yield (PLQY) of ~88%. This correlates with exceptional cubic phase 

stability of 13 mol% Cs composition validated by temperature-induced phase 

transition investigations. 

 

 

 

 

 

 

 

 

 

 

 

* This Chapter has been published substantially as RSC Advances 11(39) 24137-24143.
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6.1 Introduction 

 

As documented in Chapter 2, hybrid organic-inorganic lead halide perovskites (LHPs) have 

been widely explored for light emitting diodes with an external quantum efficiency (EQE) 

exceeding 20%. [1-4] The key advantages of this class of materials are solution 

processability, inexpensive starting materials, composition-tunable band gap, high hole and 

electron mobility, and high defect tolerance. [5, 6] Despite showing high efficiency, 

prototype perovskite materials such as MAPbX3 and FAPbX3 (where MA = 

methylammonium; FA = formamidinium; X= Br, I) suffer from phase instability, poor 

reproducibility, and thermal instability. [7-9] Saidaminov et al. [10] found lattice strain in 

perovskite induces point defects leading to structural degradation and PLQY quenching. 

Lattice perfection can be improved by the addition of inorganic Cs+ that improves phase 

stability by strain relaxation leading to more reproducible optoelectronic devices with 

improved thermal stability. [11, 12] A similar strategy of strain relaxation in FAPbI3 

produced solar cells with PCE of 24.4%. [13] In contrast, compressive strain in CsPbBr3 

has been also found to be detrimental towards stability. [14] On the other hand, Zhang et 

al. [15] reported significant improvement in thin-film LEDs using mixed cation 

Cs0.87MA0.13PbBr3 material when compared to pure CsPbBr3. In general, it is likely that 

strain relaxation can be achieved by incorporating additional cations in the ABX3 LHPs, to 

improve structural stability and optoelectronic properties. 

 

Following the synthesis of mixed-cation perovskite powders and appreciable crystals, 

research focused on analogous nanoparticles to exploit their high PLQY, quantum 

confinement, narrow emission linewidth, and size-tuneable optical properties. [16-18] 

These studies were motivated, in part, because perovskite nanoparticle LEDs show 

comparable performance to state-of-the-art CdSe based QDLEDs. [3, 19, 20] Song et al. 

[21] synthesised 15 mol% FA doped CsPbBr3 (Cs0.85FA0.15PbBr3) demonstrating 61% 

PLQY. Later, Vashishtha et al. [10, 16] demonstrated the first triple cation synthesis of 

Csx(MA0.17FA0.83)1-xPbBr3 (x = 0 - 0.15) for LED applications. These nanoparticles exhibit 

high phase stability and reproducibility confirming the expected advantages of mixed-

cation perovskites. Premkumar et al. were the first to synthesize cesium-methylammonium 
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mixed-cation lead bromide nanoparticles exhibiting twin PL emission peaks for Cs 20% 

and 40% compositions (MAxCs1-xPbBr3, x = 0.2, 0.4). [22] The twin emission was 

attributed to the bi-phase nature of the samples; although Cs-MA should show a continuous 

solid solution and be completely miscible according to perovskite tolerance factor 

considerations. [22, 23] It was also observed that these Cs-MA based LHP nanoparticles 

were larger than ~12 nm with micaceous morphology that inhibits colloidal 

solubility/stability and reduces the advantages of strong quantum confinement. [22, 24] As 

colloidal stability is essential to fabricate thin-film optoelectronic devices, this work 

attempted to achieve single phase CsxMA1-xPbBr3 colloidally stable nanoparticles. 

 

In these reconnaissance experiments, CsxMA1-xPbBr3 (x = 0 - 1) homogeneous 

nanoparticles were synthesized using a facile room-temperature ligand-assisted 

reprecipitation (LARP) method facilitating precise linking of Cs content with the structural 

and optical properties. [16, 25] Rietveld refinement of powder X-ray diffraction (XRD) 

patterns and X-ray photoelectron spectroscopy (XPS) monitored crystallochemical 

evolution. Statistical analysis of TEM bright-field micrographs were used to estimate the 

particle size distribution and lattice images were used to examine unit cell scale 

homogeneity and morphology. These were correlated with optical properties, including PL 

emission wavelength, charge carrier lifetime, and PLQY. Lastly, the optimized 

MA0.87Cs0.13PbBr3 nanocrystals were fabricated as electrically-driven LEDs. 

 

6.2 Composition validation of CsxMA1-xPbBr3 nanoparticles 

 

The composition of the synthesized nanoparticles was verified using multiple techniques 

to minimize experimental artefacts. X-ray photoelectron spectroscopy (XPS) provided a 

measure of composition, and while XPS is surface sensitive, photoelectrons can escape 

from the centre of quantum dots/nanoparticles and the extracted compositions are 

representative of the perovskite chemistry. [26, 27] XPS examined the binding energies of 

the Cs 4d (74 – 78 eV) and Br 3d (64 -71 eV) emissions (see Figure 6.1 and Table 6.1), 

and as the intensity of Cs peaks reduces monotonically with increasing Br content, the 

integrated doublet peak areas were corrected for sensitivity to obtain atomic ratios.  As  



Structure, morphology and optical properties of CsxMA1-xPbBr3 nanoparticles Chapter 6 

145 
 

 

 

Figure 6.1. X-ray photoelectron spectroscopy (XPS) data of the prepared nanoparticle samples of 

the solid solution series CsxMA1-xPbBr3. (a) Survey scan (b) High resolution scan of encompassing 

both Cs 4d and Br 3d emission. When normalized with Br 3d intensity, the intensity of Cs 4d 

emission reduces monotonically with composition. Samples are named as Cs(x) where x denotes 

Cs mol%. The peaks from In, Sn and O are from ITO substrate used to mount the sample. 
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Pb2+ stoichiometrically occupies the B-site, the Pb 4f and Cs 4d peak ratio were used to 

confirm the putative Cs content (Table 6.1 and Figure 6.1) and shows a slight enrichment 

between the nominal compositions 25 to 63% Cs. This likely arises from a systematic error 

in measurement or a slight change in composition due to poor solubility of Cs ions.  

 

Table 6.1 Elemental composition obtained from XPS analysis. 

Sample Cs at. % 
(± 2%) 

Pb at.% 
(± 1%) 

Br at % 
(± 3%) 

Cs content as a 
fraction of Pb 

Cs100 19.8 20.5 59.7 0.97 
Cs87 18.1 20.3 61.6 0.89 
Cs75 14.7 19.5 65.8 0.75 
Cs63 13.6 18.6 67.8 0.73 
Cs50 12.6 18.1 69.3 0.69 
Cs37 11.0 18.2 70.8 0.58 
Cs25 7.4 21.8 70.9 0.34 
Cs13 3.2 24.8 72.0 0.13 
Cs0 0.0 26.9 73.1 0.0 

 

CsPbBr3 exhibits temperature-dependent polymorphism, and appreciable crystals are 

orthorhombic (Pnma) at room temperature. [28] Unambiguous characterisation of CsPbBr3 

nanoparticles by laboratory powder X-ray diffraction can be challenging as the changes in 

lattice parameters, for example orthorhombic to cubic are small, and easily obscured by 

Scherrer broadening and preferred orientation (see Figure 6.2), but can sometimes be 

discerned using transmission synchrotron methods. [29, 30] MAPbBr3 is cubic (Pm-3m) 

with dynamic methylammonium ions. It is reasonable then to adopt a cubic model to 

monitor lattice changes and the compositional progression from MAPbBr3 to CsPbBr3.  
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Figure 6.2 Comparison of standard powder XRD, with preferred orientation effects and the 

experimental data for MAPbBr3 and CsPbBr3 nanoparticles.  

The powder X-ray diffraction (XRD) patterns of drop cast samples exhibit (100) reflections 

characteristic of cubic MAPbBr3 (Pm-3m) (Figure 6.3) that was used for Rietveld 

refinement. [31] The XRD peaks were Scherrer broadened [15, 32] as expected from nano-

sized crystallites. Compared to Cs+ the MA+ ion scatters X-rays more weakly and has a 

larger effective ionic radius leading to a progressive decrease in the (200)/(100) peak 

intensity ratio with decreasing cesium content in CsxMA1-xPbBr3 (Figure 6.3a) while the 

refined lattice parameter reduces monotonically with a slight deviation around 50%, in 

agreement with the higher cesium content observed from XPS. Furthermore, the cell 

volume (Figure 6.3, Table 6.2) shows an inflection that may be attributed to a reduction 

symmetry to orthorhombic (Pbnm) as in CsPbBr3. Such compositional dimorphism could 

not be confirmed due to strong textural effects and crystal size broadening. Overall, XRD 

and XPS confirm the systematic homogenous evolution of mixed-cation structure with 

cesium incorporation. 
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Figure 6.3 (a) Powder X-ray diffraction patterns of drop casted nanoparticle samples on Si zero 

background crystals. The experimental (black line), calculated (red line) and difference (grey) 

curves from Rietveld refinement using a cubic model. Strong preferred orientation is observed 

along (1 0 0) direction. (b) Evolution of lattice parameter a and unit cell volume obtained from 

Rietveld refinement of powder X-ray diffraction pattern in the solid solution series CsxMA1-xPbBr3. 
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Table 6.2 Refined XRD parameters obtained from Rietveld refinement of the powder diffraction 

data. The Cs mol%  in CsxMA1-xPbBr3 has been used to label the samples. 

Sample Rb 
a 

(Å) 

Unit cell 
volume  

(Å3) 
Cs100 1.4 5.864(4) 201.7 
Cs87 1.5 5.875(4) 202.8 
Cs75 3.5 5.879(3) 203.2 
Cs63 3.2 5.879(3) 203.2 
Cs50 9.2 5.886(2) 203.9 
Cs37 2.5 5.891(7) 204.5 
Cs25 3.7 5.908(0) 206.2 
Cs13 5.3 5.917(4) 207.2 
Cs0 6.08 5.929(3) 208.4 

 

6.3 Particle size and photophysical properties of CsxMA1-xPbBr3 nanoparticles 

 

High resolution TEM has been employed to probe the particle size distribution and 

morphology. The particle size distribution has been measured using low magnification 

TEM while high magnification TEM provided the morphology and enabled the observation 

of lattice fringes (Figure 6.4). The MA-rich compositions displayed spherical morphology 

while the Cs rich compositions show cuboid particles pointing to different surface energies 

of the nanoparticles, however further investigation of the surface interactions is required.  

An average shifted histogram was constructed to estimate particle sizes of 4.6 ± 1.3 and 

13.5 ± 2.9 nm for 25 mol% Cs and 75 mol% Cs samples, respectively (Figure 6.4).  A 

gradual increase in particle size from 3.5 nm to 18.5 nm was observed in passing from MA 

to Cs rich compositions. As the solubility of the Cs ions in DMF/toluene is lower than MA 

ions, the rate of precipitation is correspondingly faster for Cs rich precursors, and as a 

standard reaction time of 5 mins was used for all the samples, this accounts for the 

increasing particle size towards the Cs endmember. Cesium-rich compounds were less 

susceptible to degradation during electron beam irradiation enabling the collection of 

higher magnification bright-field images and lattices where 2.9 Å and 5.7 Å fringes 

correspond to the (200) and (100) planes of cubic perovskite (Figure 6.4). 
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Figure 6.4  Transmission electron micrographs of (a) 25 mol% Cs and (b) 75 mol% Cs samples 

showing spherical and cuboid particles of 3.5-18.5 nm size. The high magnification images (bottom) 

show lattice fringes with d spacings of 2.9 Å and 5.7 Å for 25 mol% Cs and 75 mol% Cs samples, 

respectively.  
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CsPbBr3 nanoparticles have been shown to have strong confinement effects for particles 

below 7 nm. [24] The average size of nanoparticles in this study ranges from 3.5 nm to 

18.5 nm. In terms of unit cell parameters, these values translate to each particle having <10 

to 35 unit cells across. These are within the range for discrete quantization of energy states 

and show strong quantum confinement effects like enlarging the bandgap, enhanced 

bandgap renormalization energy, and departure from a Boltzmann statistical carrier cooling. 

[24]  

 

The enlargement of bandgap can easily be observed as a blue shift in PL emission. 

Chemical substitution of MA with Cs also contracts the bond lengths and size of unit cells 

thereby causing a blue shift in the PL emission. Cs+ incorporation in MAPbBr3 led to a 

blue shift of the absorption edge and the PL emission peak moving from 522 nm for 0 mol% 

Cs to 516 nm for 100 mol% Cs sample (Figure 6.5), consistent with previous reports of 

MAPbBr3 and CsPbBr3 nanoparticles. [16, 33, 34] The composition contribution and 

quantum confinement effects are deconvoluted by approximating the bulk PL emission and 

comparing it with the observed data. 

 

The bulk PL emission values for these exact mixed ion compositions have not been 

reported while Premkumar et al reported large nanoparticles ranging from 15 to 60 nm. 

The PL emission was reported with two components from different particles. [22]Since no 

reliable measurements for these compositions were known, an approximation was made by 

linearly interpolating the PL emission peak from reported CsPbBr3 and MAPbBr3 data. 

Since the nominal composition and the targeted compositions are close within experimental 

error, this is probably a close approximation. These estimated values enable a 

deconvolution of size and composition effects. This blue shift is concomitant with lattice 

parameter contraction with Cs+ incorporation, further verifies a homogenous distribution 

of Cs+ on the A site. Moreover, all of these PL peaks exhibit FWHM smaller than 22 nm 

ensuring the monodispersity in the nanoparticles (Figure 6.5) and suitability for utilization 

in display devices. Pure MAPbBr3 also shows the presence of a blue emission peak at 475 

nm that has been previously observed in MAPbBr3 and FAPbBr3 nanoparticles and 

assigned to a 2D impurity phase forming with the octylamine ligand [35, 36] and attributed 

to the low growth rate of nanoparticles during LARP synthesis. Reducing the ligand 
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concentration may remove this fraction but will result in larger particles. Moreover, the 

synthesis procedure was used consistently to maintain a comparable size range, so further 

optimization on MAPbBr3 nanoparticles was not performed. 

 

 

Figure 6.5 (a) UV-vis absorption spectra (blue) and PL emission spectra (green) across the solid 

solution series CsxMA1-xPbBr3. The bulk phase PL emission of end members is marked in red lines 

that are linearly interpolated for intermediate compositions. (* indicates an impurity). (b) Plot of 

PL emission vs composition showing a slight deviation around 50% Cs composition due to a higher 

Cs content as evident from XRD and XPS data. (c) PL stability data of Cs13 sample.  

To further investigate the optical properties, time resolved photoluminescence 

spectroscopy (TRPL) were conducted on the colloidal solution of as-synthesized samples 

and analyzed using bi-exponential decay fit (Table 6.3,Table 6.4 and Figure 6.6). The 100 

mol% Cs sample showed an exciton lifetime of 11 ns, which is consistent with a previous 

report of CsPbBr3 nanoparticles prepared using a similar method. [37] By comparison, 
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Figure 6.6 (a) Time resolved photoluminescence (TRPL) data showing 13 mol% Cs yielding the 

longest charge carrier lifetime in comparison with Cs25 and Cs100 samples. Black lines indicate 

simulated fits.  (b) Photoluminescence quantum yield and carrier lifetime of nanoparticle samples, 

indicating the translation of better carrier lifetime into higher quantum yield.  

MAPbBr3 nanoparticles exhibit an extremely long exciton lifetime of 25 ns due to the 

additional presence of blue-emitting species favoured by the formation of nanoplatelets, 

resulting in a downhill energy transfer process to the nanoparticles bandgap and the 

prolongation of population lifetime. [38] In contrast, mixed cation perovskites show a 

reverse trend in exciton lifetime such that increasing Cs+ content reduces carrier lifetime 

from 17.9 ns for 13 mol% Cs to 9.4 ns for 87 mol% Cs sample (Table 6.3). In the current 

study, the major variables affecting the PLQY are particle size, defect concentration and 

composition. Orthorhombic (Pbnm) CsPbBr3 nanoparticles reportedly have residual strain 

accommodated through octahedral tilting of the PbBr6 octahedra [14, 39, 40] leading to 

higher defect concentrations and the degradation of photoluminescence properties. [10, 14] 

As MAPbBr3 is cubic (Pm-3m) without octahedral tilting, addition of cesium ions is 

expected to relax the lattice strain. The change in particle size is progressive, hence the 

increase in PLQY and subsequent decrease could be due to anomalous changes in strain 
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affecting the number of structural defects. A future study will seek to quantitatively 

correlate quantifying strain and defect population. 

 

Table 6.3 PL emission, average particle size estimated from TEM, quantum yield and carrier 

lifetime data of nanoparticle samples from the solid solution series CsxMA1-xPbBr3. The Bulk PL 

emission values of intermediate compositions are linearly interpolated from the reported single 

crystal PL emission of CsPbBr3 and MAPbBr3. 

Sample 
Composition 

Bulk PL 
emission 

(nm) 

Nanoparticle 
PL emission 

(nm) 

Nanoparticle 
PL fwhm 

(nm) 

Crystallite 
size (TEM) 

(nm) 

PLQY 
(%) 

Carrier 
lifetime 

(± 0.5 ns) 

Bandgap  
(eV) 

(± 0.1 eV) 
Cs100 522.0 [24, 34] 516.3 19.5 18.5 ± 3.5 48 11.1 2.37 
Cs87 524.8 516.5 18.9 - 60 9.4 2.36 
Cs75 527.5 517.5 18.8 13.5 ± 2.9 67 9.9 2.35 
Cs63 530.3 518.4 19.7 - 76 9.7 2.34 
Cs50 533.0 519.9 20.2 11.2 ± 2.6 74 15.6 2.33 
Cs37 535.8 520.6 20.3 - 74 15.7 2.32 
Cs25 538.5 520.5 21.2 4.6 ± 1.3 78 15.6 2.33 
Cs13 541.8 521.3 22.1 - 88 17.9 2.31 
Cs0 544.0 [34] 522.5 25.1 3.5 ± 0.9 42 25.5* 2.30 

 

The reduction in the exciton lifetimes and PLQY indicates the enhancement of a non-

radiative channel that is undesirable for PL efficiency. [41]  To investigate this effect, 

PLQY was measured in the colloidal solutions and found the 13 mol% Cs 

(MA0.87Cs0.13PbBr3) shows the highest PLQY (~88%) compared to CsPbBr3 (48%) and 

MAPbBr3 (~42%).  

 

The highest PLQY (88%) in MA0.87Cs0.13PbBr3 is accompanied by increased radiative 

recombination pathways (Table 6.3 and Table 6.4) and decreased non radiative pathways 

in comparison with other compositions. This indicates that MA0.87Cs0.13PbBr3  sample has 

the least number of non-radiative defects. Chapter 4 shows that this composition has 

exceptional cubic phase stability extending to <150K in comparison with other 

compositions. As octahedral tilting releases internal strain, the exceptionally low tendency 

for octahedral tilting indicates the lowest amount of strain in the Pb-Br framework. 

Moloney et al. reported that stabilizing the lead halide framework and results in fewer non 

radiative defects.[42, 43] A comprehensive study on the nature and number of defects is 

needed to collect evidence for understanding these mechanisms further.  
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Table 6.4 Biexponential fitting parameters extracted from TRPL spectra to obtain charge carrier 

lifetime. t1 and t2 represent the nonradiative and radiative lifetimes respectively. The ratio between 

them is given as A1/A2. 

Equation y = A1*exp(-x/t1) + A2*exp(-x/t2) + y0 

Sample a1 t1 a2 t2 
A1 

(Nonradiative) 
A2 

(radiative) tave 

Cs0 0.22 7.94 0.81 30.42 0.22 0.78 25.59 
Cs13 0.24 3.65 0.76 22.52 0.25 0.75 17.88 
Cs25 0.47 4.55 0.54 25.37 0.47 0.53 15.58 
Cs37 0.39 3.67 0.56 24.31 0.41 0.59 15.76 
Cs50 0.46 3.21 0.54 26.40 0.46 0.54 15.65 
Cs63 0.62 3.04 0.38 20.92 0.62 0.37 9.74 
Cs75 0.59 2.72 0.35 22.10 0.63 0.37 9.85 
Cs87 0.43 2.64 0.54 14.80 0.45 0.56 9.39 

Cs100 0.57 2.76 0.48 21.18 0.55 0.45 11.07 
 

6.4 Fabrication and characterization of prototype LED from Cs0.13MA0.87PbBr3 

nanoparticles 

 

The excellent properties of MA0.87Cs0.13PbBr3 such as high PLQY with colloidal stability 

in non-polar solvents and narrow emission linewidth (22 nm) are highly suitable for LED 

applications. Although this thesis is concerned with exploration of composition-structure 

relationships, prototype LEDs were attempted as a demonstration. Prototype LEDs using 

purified nanoparticle samples of MA0.87Cs0.13PbBr3 and CsPbBr3 were fabricated in 

collaboration with Dr Parth Vashishtha. 

 

The LED structure is comprised of indium tin oxide (ITO)/poly(3,4-

ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS, 45 nm)/poly(4-butylphenyl-

diphenylamine) (Poly-TPD, 30 nm)/nanoparticles (20 nm)/2,4,6-tris[3-

(diphenylphosphinyl)phenyl]-1,3,5-triazine (POT2T, 45 nm)/LiF (0.8 nm)/Al (100 nm) 

respectively (Figure 3c). As presented in the energy diagram (Figure 6.7a), PEDOT:PSS 

and poly-TPD act as the hole injecting layer, whereas POT2T serves as an electron 

injecting layer. POT2T was chosen as an electron transport layer (ETL) due to its high 

electron mobility. The energy level data of the transport layers and CsPbBr3 was reported 

earlier by Brown et al.  illustrate (Figure 6.7a) the compatibility of transport layers and 

photoactive CsPbBr3 layer. [44] The inset of Figure 6.7a shows a clear and stable colloidal 
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solution and a photograph of LED at 4.0 V. As evident from JV curve, both LEDs exhibit 

low leakage current in the order of 10-4 mA cm-2 (Figure 6.7c). However, the 

MA0.87Cs0.13PbBr3 shows a low turn-on voltage of 2.0 V, whereas the CsPbBr3 LED the 

turn-on voltage is 4.0 V.  The LED electroluminescence (EL) spectra exhibit a slight red-

shift compared to their original PL in suspension that is ascribed to the transition of 

nanoparticles from colloidal to thin-film form due to Förster resonance energy transfer 

(FRET) between neighbouring nanoparticles. [45] The MA0.87Cs0.13PbBr3 LED shows a 

current efficiency of 2.8 cd A-1 with EQE of 0.83% and power efficiency of 2.34 lm W-1, 

whereas, the CsPbBr3 LED only exhibits a current efficiency of 0.64 cd A-1 with EQE of 

0.20% and power efficiency of 0.41% lm W-1. Future work will likely improve the 

performance of these LED prototypes. While the efficiency values in both devices are low, 

the MA0.87Cs0.13PbBr3 LED shows a remarkable 4.3 times current efficiency compared to 

the standard CsPbBr3 LEDs.  

 

Table 6.5 Device matrices for as fabricated LEDs  

Device 
Name 

EL Peak 
Position 

(nm) 

Current 
Efficiency  

(cd A-1) 

Power 
Efficiency  
(lm W-1) 

EQE (%) 

Cs100 518 0.64 0.41 0.20 
Cs13 522 2.83 2.34 0.83 
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Figure 6.7 (a) Photograph of nanoparticles, LED device architecture and band diagram of the active 

layer along with the hole and electron transporting layers, (b) current efficiency vs current density 

curve of MA0.87Cs0.13PbBr3 and CsPbBr3 LEDs. (c) current density-voltage-luminance (JV and LV) 

curves of MA0.87Cs0.13PbBr3 and CsPbBr3 LEDs. 

6.5 Conclusion 

 

The development of Cs-MA mixed cation colloidal perovskites using a room-temperature 

LARP synthesis method has been investigated. Structural and compositional studies using 

powder XRD and XPS confirmed the incorporation of Cs+ on the “A” site of MAPbBr3 

nanoparticles with high PLQY achieved ranging from 60-88%. TRPL demonstrated 

increased charge carrier lifetime for optimized MA0.87Cs0.13PbBr3 which in turn results in 

a PLQY of ~88%. The increment in PLQY for mixed-cation nanoparticles was attributed 

to the relaxation in structural strain. However, investigation at the atomic scale is needed 

to establish the origin of local strain in these hybrid perovskites. Lastly, the colloidally 

stable ink of 13 mol% Cs and CsPbBr3 were used to fabricate into functioning electrically-

driven LED prototypes.  
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Chapter 7 

 

Discussion and Future Work 

 

In conclusion, this thesis focused on the local structure and phase evolution 

of A-site substituted (Cs,MA) and B-site substituted (Pb,Sr) chloride and 

bromide perovskites. The composition-induced structural evolution in 

CsxMA1-xPbCl3/Br3 and CsPbxSr1-xCl3/Br3 was studied with high resolution 

solid state NMR and powder X-ray diffraction. In addition, temperature-

induced polymorphism was investigated using powder X-ray diffraction and 

calorimetry to map the cubic phase stability field. The particle size, 

morphology and optical properties of CsxMA1-xPbBr3 nanoparticles were 

investigated along with a demonstration of their suitability for LED devices. 

These consolidated results provide crystallochemical insights that can 

underpin the further optimization of the optoelectronic functionality of LHPs 

and related materials. 
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7.1 Discussion 

 

This thesis focused on developing an understanding of the fundamental composition-

structure relationships in A-site substituted and B-site substituted lead halide perovskites. 

Targeted solid solution series with nominal stoichiometry CsxMA1-xPbCl3 and CsxMA1-

xPbr3 were synthesised with mechanochemical methods. The local structure evolution was 

studied using solid state NMR spectroscopy while the long-range crystallochemical 

evolution was probed with X-ray diffraction techniques. The structural influence of organic 

methylammonium cations on the phase stability and the associated temperature-dependent 

polymorphic transformations were mapped using variable temperature XRD and 

calorimetry. The phase diagrams highlighted the anomalous trends in phase stability and 

identified the compositional boundaries of the cubic phase. For photovoltaic device 

performance optimisation, perovskite durability of various compositions is matched with 

the extent of degradation, but these correlations may be intricate due to changes in 

crystallite size, number of defects and other experimental variables. The strategy employed 

in the current study quantitatively measures the phase stability with variable temperature 

XRD and provides a faster route to establish the fundamental material robustness. As bulk 

materials are used, variations in device performance due to crystallite size, film thickness 

and surface roughness do not compromise measurements unlike device degradation based 

methods. Early identification perovskite compositions with high integrity minimizes 

defects, reduces phase segregation, and delays materials degradation thereby enhancing the 

lifetime of LEDs and solar cells.  

 

The practical relevance of understanding structural effects in LHPs has been demonstrated 

by a reconnaissance investigation of the photophysical properties of CsxMA1-xPbBr3 

nanoparticles. The enhancement in PLQY and charge carrier lifetime of Cs0.13MA0.87PbBr3 

is attributed to the lower number of non-radiative defects with the phase diagrams 

developed earlier helping to identify compositions of enhanced cubic polymorph stability. 

This work highlights the importance of structural characterisation studies in device 

engineering to guide the targeted design of photovoltaic materials with optimum phase 

stability.  
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The near-neighbour and extended-lattice influences of stereochemically active lone pair 

electrons of Pb2+ in LHPs was monitored by the systematic replacement of Pb2+ with 

similarly sized Sr2+ without stereoactive electrons. 133Cs, 207Pb, and 35Cl solid state MAS 

NMR were employed to probe the near neighbour environments of each atom. The phase 

purity and composition evolution of the products were verified by powder XRD and 133Cs 

NMR. The extreme sensitivity of the 207Pb chemical shift was used to track the strontium 

content and disposition around lead leading to the identification of 7 unique environments 

accommodating 0-6 Sr ions. The intermediate environments due to bond length 

nonequivalence have been identified to prove that multiple bond lengths in octahedral 

coordination sphere can be detected by this technique. However, the combined effects of 

octahedral tilting and lone pair electron activity cannot be deconvoluted under the current 

experimental conditions. Although the applicability of NMR for detecting multiple bond 

lengths has been demonstrated, the effect of lone pair activity could not be isolated. Further 

experiments are proposed at higher temperatures to reduce octahedral tilting and isolate the 

intermediate environments solely due to SLPe−. The various Pb environments are verified 

to be proximate by demonstrating the first use of solid state 207Pb-207Pb NOESY spectra 

for this purpose. While NOESY has been widely used in solution 207Pb NMR studies this 

study demonstrates extension of the technique to solid LHPs. The role of Pb-X-Pb in 

determining halide disorder was probed through 35Cl NMR.   

 

In summary, this thesis delivered phase stability maps of (Cs-MA)PbCl3 and (Cs-

MA)PbBr3 hybrid perovskites to support the development of materials with enhanced 

durability, lower defect concentrations and superior efficiency as photovoltaic devices. 

Essentially, this research provides insights into understanding the role of 6s2 electrons and 

halide disorder in lead perovskites to guide the design of environmentally benign materials 

for photoelectric applications. 

 

7.2 Future work 

 

This thesis is concerned with studying the effects of methylammonium and cesium ions at 

the A-site. The highest performing LEDs and solar cells use multiple ions including a 
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combination of formamidinium, methylammonium, cesium, rubidium, chloride, bromide 

and iodide ions apart from passivating and stabilizing agents. The following studies would 

expand our understanding of the composition-structure-stability relationships in LHPs.  

 The effects of formamidinium ions on phase stability have yet to be systematically 

explored through phase diagram mapping. A similar study with Cs-FA combination 

would also better define geometrical relations to predict the properties of a more 

complicated system with three ions tenanted at the A-site. 

 A study including mixed anion compositions in combination with mixed cation 

compositions would help understand the role of halide ions in determining phase 

stability and could easily be quantified and compared using the same strategy 

presented in this thesis.  

 The change in the 133Cs chemical shift with composition has been charted in this 

work. A similar relationship with formamidinium ions is feasible using NMR as 

the FA:MA ratio can be extracted from 1H NMR while the Cs content can be 

extrapolated from the 133Cs chemical shift. This approach provides an excellent 

method to characterize/verify the composition of nanoparticles or nanomaterials as 

diffraction is limited by Scherrer broadening. 

 Cs0.13MA0.87PbBr3 exhibits the greatest cubic phase stability, hypothesized to arise 

because the smaller Cs ion relieves inherent strain. However, this proposition 

requires validation.  

 While a prototype LED device was demonstrated in the current study further 

optimization efforts focusing on the most stable Cs0.13MA0.87PbBr3 composition 

could result in state of the art LED devices.  

 NMR based experiments can be designed to measure halide ion diffusion rates in 

LHPs. Such a quick and reliable method enables optimization of ionic conductivity 

in mixed halide and mixed cation samples. 

 In the current study at room temperature, the PbX6 octahedra exhibit multiple bond 

lengths due to combined effects of octahedral tilting and SLPe−. Octahedral tilting 

can be reduced by elevating the temperature resulting in an average cubic structure. 
207Pb NMR measurements at high temperatures would isolate the effects of SLPe− 

and provide quantitative information. 
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 The chemical shift information obtained in the above experiments can be validated 

by advanced DFT calculations. However the limitations on the widely used 

software (CASTEP) with respect to modelling relativistic electrons around Pb2+ 

would need to be addressed. 

 

The current study expands the understanding of the composition-structure-stability 

relationships in lead halide perovskites and paves the way forward for the targeted design 

of environmentally benign materials. 
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Appendix 

 

Rietveld refinement fitting of room temperature powder XRD data in CsxMA1-xPbCl3 and 

CsxMA1-xPbBr3 samples.  

 

 

(Figure continues …) 
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(Figure continues …) 
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Figure 8.1 Powder XRD data and Rietveld refinement fits from the room temperature CsxMA1-

xPbCl3 (x = 0 - 1) suite of samples. 
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(Figure continues …) 
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(Figure continues …) 

 



  Appendix 
 

174 
 

 

Figure 8.2 Powder XRD data and Rietveld refinement fits from the room temperature CsxMA1-

xPbBr3 (x = 0 - 1) suite of samples. 
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Figure 8.3 Indexed selected area electron diffraction (SAD) patterns of powder samples prepared 

from mechanochemical synthesis. 
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Table 8.1 Evolution of refined lattice parameters in CsPbBr3. 

Temperature 
(K) 

a 
(Å) 

c 
 (Å) 

Cell volume 
(Å3) 

RBragg 

381.28 8.2676(1) 5.8901(9) 402.614(2) 1.93 
383.15 8.2680(1) 5.8899(2) 402.635(0) 1.92 
385.14 8.2687(2) 5.8896(4) 402.684(7) 1.92 
387.18 8.2694(2) 5.8892(8) 402.728(9) 1.92 
389.04 8.2702(4) 5.8890(0) 402.789(6) 1.92 
391.02 8.2711(1) 5.8886(8) 402.851(3) 1.93 
393.06 8.2720(6) 5.8882(0) 402.911(2) 1.95 
394.80 8.2731(7) 5.8877(7) 402.990(4) 1.95 
396.81 8.2741(1) 5.8872(9) 403.049(3) 1.97 
398.66 8.2753(4) 5.8868(1) 403.136(5) 1.99 
400.53 8.2765(9) 5.8862(4) 403.218(8) 2.03 
402.24 8.2780(0) 5.8855(6) 403.309(8) 2.04 
404.07 8.2796(2) 5.8847(4) 403.411(6) 2.07 
405.98 8.2816(3) 5.8839(7) 403.554(1) 2.17 
407.84 8.2835(2) 5.8829(5) 403.668(9) 2.21 
409.93 8.2855(4) 5.8818(2) 403.787(6) 2.25 
411.95 8.2872(1) 5.8805(9) 403.866(4) 2.26 
413.48 8.2884(6) 5.8797(2) 403.928(2) 2.26 
415.50 8.2897(0) 5.8787(5) 403.982(4) 2.26 
417.50 8.2909(2) 5.8778(6) 404.040(6) 2.25 
419.34 8.2919(9) 5.8771(8) 404.097(8) 2.31 
421.24 8.2927(7) 5.8766(6) 404.138(3) 2.37 
422.91 8.2936(3) 5.8763(1) 404.197(4) 2.44 
425.05 8.2946(2) 5.8760(1) 404.273(2) 2.49 
427.06 8.2954(0) 5.8756(8) 404.326(5) 2.51 
428.97 8.2962(9) 5.8754(9) 404.400(8) 2.56 
430.38 8.2970(7) 5.8753(3) 404.465(5) 2.59 
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Table 8.2 Evolution of refined lattice parameters in Cs0.87MA0.13PbBr3. 

Temperature 
(K) 

a 
(Å) 

c 
 (Å) 

Cell volume 
(Å3) 

RBragg 

346.05 8.2694(7) 5.8934(6) 403.019(2) 1.83 
348.03 8.2701(1) 5.8933(1) 403.071(9) 1.84 
350.26 8.2708(1) 5.8931(1) 403.125(8) 1.82 
352.15 8.2717(0) 5.8928(8) 403.197(0) 1.84 
354.15 8.2725(9) 5.8926(1) 403.265(9) 1.83 
356.12 8.2735(2) 5.8923(4) 403.337(0) 1.85 
358.10 8.2744(6) 5.8919(8) 403.404(0) 1.85 
360.00 8.2754(8) 5.8915(6) 403.474(3) 1.85 
361.69 8.2765(1) 5.8911(9) 403.550(3) 1.87 
363.56 8.2776(3) 5.8907(8) 403.631(4) 1.88 
365.43 8.2788(8) 5.8902(7) 403.717(8) 1.88 
367.50 8.2801(6) 5.8895(3) 403.792(4) 1.90 
369.45 8.2817(6) 5.8889(5) 403.908(9) 1.95 
371.31 8.2834(2) 5.8881(8) 404.017(8) 1.98 
373.06 8.2850(0) 5.8873(7) 404.115(9) 2.01 
375.03 8.2867(8) 5.8864(1) 404.224(1) 2.03 
376.95 8.2888(1) 5.8853(8) 404.351(9) 2.06 
378.86 8.2908(6) 5.8843(0) 404.476(7) 2.07 
380.79 8.2928(5) 5.8831(1) 404.589(8) 2.07 
382.55 8.2944(3) 5.8820(7) 404.672(1) 2.03 
384.50 8.2959(3) 5.8809(7) 404.742(4) 1.99 
386.28 8.2972(6) 5.8801(3) 404.814(6) 1.96 
388.21 8.2984(5) 5.8794(2) 404.882(3) 1.92 
390.08 8.2995(1) 5.8788(5) 404.946(3) 1.91 
391.97 8.3004(8) 5.8784(3) 405.011(5) 1.94 
393.74 8.3013(8) 5.8780(8) 405.075(1) 1.97 
395.58 8.3021(7) 5.8778(5) 405.136(4) 2.01 
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Table 8.3 Evolution of refined lattice parameters in Cs0.75MA0.25PbBr3. 

Temperature 
(K) 

a 
(Å) 

c 
 (Å) 

Cell volume 
(Å3) 

RBragg 

311.08 8.2728(5) 5.8932(0) 403.330(2) 1.76 
313.07 8.2732(1) 5.8925(2) 403.319(1) 1.76 
315.25 8.2742(5) 5.8922(4) 403.401(6) 1.72 
317.25 8.2752(3) 5.8918(1) 403.467(8) 1.77 
319.32 8.2763(5) 5.8914(3) 403.550(8) 1.76 
321.06 8.2774(5) 5.8910(1) 403.629(6) 1.82 
322.94 8.2782(7) 5.8904(6) 403.671(2) 1.83 
324.89 8.2795(8) 5.8899(2) 403.762(8) 1.88 
326.88 8.2810(0) 5.8893(0) 403.858(6) 1.89 
328.70 8.2823(3) 5.8885(6) 403.937(2) 1.95 
330.66 8.2840(6) 5.8877(3) 404.048(8) 1.97 
332.60 8.2860(5) 5.8866(1) 404.166(2) 2.00 
334.56 8.2883(3) 5.8853(3) 404.301(3) 2.10 
336.39 8.2909(2) 5.8836(9) 404.441(2) 2.20 
338.18 8.2934(2) 5.8820(0) 404.568(3) 2.24 
340.25 8.2959(7) 5.8801(3) 404.688(9) 2.27 
342.03 8.2982(7) 5.8784(9) 404.793(6) 2.21 
343.89 8.3004(9) 5.8770(1) 404.915(0) 2.14 
345.95 8.3026(9) 5.8753(4) 405.014(2) 2.08 
347.77 8.3050(2) 5.8735(6) 405.118(7) 2.07 
349.75 8.3060(9) 5.8735(0) 405.218(8) 2.14 
351.63 8.3065(7) 5.8736(2) 405.275(2) 2.19 
353.57 8.3071(7) 5.8739(6) 405.356(4) 2.23 
355.50 8.3074(9) 5.8744(5) 405.421(6) 2.30 
357.39 8.3082(7) 5.8747(6) 405.519(2) 2.26 
359.36 8.3085(5) 5.8752(4) 405.579(5) 2.30 
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Table 8.4 Evolution of refined lattice parameters in Cs0.63MA0.37PbBr3. 

Temperature 
(K) 

a 
(Å) 

c 
 (Å) 

Cell volume 
(Å3) 

RBragg 

257.80 8.2643(5) 5.8902(7) 402.302(2) 1.48 
259.79 8.2654(0) 5.8902(6) 402.403(6) 1.54 
261.73 8.2664(2) 5.8902(6) 402.502(4) 1.53 
263.56 8.2673(7) 5.8901(5) 402.588(7) 1.52 
265.44 8.2684(5) 5.8900(6) 402.687(8) 1.51 
267.27 8.2695(9) 5.8898(4) 402.783(2) 1.54 
269.05 8.2706(4) 5.8896(2) 402.870(8) 1.53 
271.00 8.2718(5) 5.8894(1) 402.973(7) 1.55 
272.89 8.2732(1) 5.8891(0) 403.085(0) 1.52 
274.84 8.2744(9) 5.8887(2) 403.184(3) 1.54 
276.75 8.2757(8) 5.8883(2) 403.282(6) 1.54 
278.61 8.2771(9) 5.8878(6) 403.388(4) 1.53 
280.53 8.2787(0) 5.8872(9) 403.496(3) 1.55 
282.50 8.2802(4) 5.8866(6) 403.603(6) 1.53 
284.36 8.2818(7) 5.8859(5) 403.713(9) 1.54 
286.28 8.2836(2) 5.8852(2) 403.833(9) 1.57 
288.21 8.2856(7) 5.8843(2) 403.972(2) 1.58 
290.22 8.2880(1) 5.8831(0) 404.116(7) 1.61 
292.01 8.2909(4) 5.8813(6) 404.282(6) 1.66 
293.79 8.2953(2) 5.8785(5) 404.516(5) 1.68 
295.80 8.2991(5) 5.8756(0) 404.686(7) 1.71 
297.70 8.3025(2) 5.8726(5) 404.812(0) 1.71 
299.63 8.3038(5) 5.8721(1) 404.905(1) 1.72 
301.54 8.3046(0) 5.8726(6) 405.016(2) 1.81 
303.30 8.3052(6) 5.8732(3) 405.119(4) 1.86 
305.25 8.3058(1) 5.8732(6) 405.175(2) 1.91 
307.09 8.3065(6) 5.8738(2) 405.287(1) 1.94 
309.03 8.3071(3) 5.8743(9) 405.381(9) 2.00 
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Table 8.5 Evolution of refined lattice parameters in Cs0.5MA0.5PbBr3. 

Temperature 
(K) 

a 
(Å) 

c 
 (Å) 

Cell volume 
(Å3) 

RBragg 

234.05 8.2748(8) 5.8879(8) 403.171(4) 1.60 
236.02 8.2759(7) 5.8876(9) 403.257(5) 1.62 
238.03 8.2771(1) 5.8872(8) 403.340(6) 1.61 
240.06 8.2785(2) 5.8867(8) 403.443(9) 1.58 
242.09 8.2799(7) 5.8863(2) 403.553(9) 1.54 
244.08 8.2814(9) 5.8858(0) 403.666(5) 1.53 
245.90 8.2830(5) 5.8852(0) 403.777(0) 1.51 
247.81 8.2846(8) 5.8844(6) 403.884(7) 1.50 
249.69 8.2866(0) 5.8837(0) 404.020(9) 1.51 
251.61 8.2887(5) 5.8827(6) 404.164(8) 1.52 
253.50 8.2912(2) 5.8816(0) 404.326(8) 1.53 
255.38 8.2945(9) 5.8800(0) 404.545(9) 1.58 
257.19 8.2982(8) 5.8777(6) 404.751(4) 1.63 
258.92 8.3017(7) 5.8749(1) 404.895(0) 1.69 
260.91 8.3047(4) 5.8727(8) 405.038(2) 1.80 
262.90 8.3054(9) 5.8731(5) 405.136(5) 1.97 
264.70 8.3059(2) 5.8736(7) 405.214(8) 2.07 
266.56 8.3064(4) 5.8738(6) 405.278(4) 2.15 
268.62 8.3074(1) 5.8742(6) 405.400(1) 2.22 
270.52 8.3077(5) 5.8746(9) 405.463(0) 2.26 
272.45 8.3084(1) 5.8753(4) 405.573(3) 2.32 
274.35 8.3089(5) 5.8755(1) 405.637(1) 2.31 
276.20 8.3097(5) 5.8761(1) 405.756(8) 2.33 
278.20 8.3106(6) 5.8762(4) 405.854(4) 2.32 
280.15 8.3109(3) 5.8769(0) 405.927(3) 2.41 
282.00 8.3115(5) 5.8775(0) 406.029(2) 2.38 
283.48 8.3120(4) 5.8776(6) 406.087(6) 2.39 
283.46 8.3124(8) 5.8781(0) 406.160(8) 2.35 
283.20 8.3125(3) 5.8780(8) 406.164(8) 2.36 
283.12 8.3126(1) 5.8781(3) 406.176(4) 2.38 
283.04 8.3126(7) 5.8781(7) 406.184(8) 2.37 
282.97 8.3128(5) 5.8782(7) 406.208(9) 2.36 
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Table 8.6 Evolution of refined lattice parameters in Cs0.37MA0.63PbBr3. 

Temperature 
(K) 

a 
(Å) 

c 
 (Å) 

Cell volume 
(Å3) 

RBragg 

198.11 8.2804(4) 5.8830(1) 403.372(6) 1.81 
200.09 8.2814(8) 5.8827(8) 403.458(1) 1.79 
202.25 8.2827(7) 5.8823(8) 403.556(3) 1.79 
204.18 8.2840(7) 5.8820(5) 403.661(1) 1.81 
206.17 8.2854(7) 5.8816(7) 403.771(2) 1.77 
207.99 8.2868(7) 5.8812(6) 403.879(2) 1.78 
209.87 8.2883(8) 5.8808(3) 403.996(7) 1.81 
211.80 8.2898(4) 5.8803(2) 404.104(5) 1.82 
213.59 8.2915(7) 5.8796(6) 404.227(1) 1.81 
215.38 8.2935(2) 5.8789(3) 404.366(9) 1.81 
217.37 8.2959(8) 5.8777(2) 404.523(5) 1.80 
219.38 8.2995(1) 5.8755(1) 404.716(1) 1.81 
221.08 8.3034(2) 5.8722(5) 404.872(8) 1.90 
222.90 8.3043(7) 5.8727(7) 405.001(2) 2.03 
224.83 8.3052(0) 5.8728(4) 405.086(8) 2.11 
226.69 8.3060(8) 5.8733(6) 405.208(6) 2.17 
228.52 8.3068(1) 5.8737(3) 405.305(8) 2.21 
230.30 8.3073(3) 5.8742(9) 405.394(3) 2.23 
232.19 8.3081(1) 5.8749(4) 405.516(0) 2.23 
234.00 8.3087(6) 5.8757(4) 405.634(8) 2.20 
235.78 8.3095(0) 5.8757(5) 405.707(4) 2.25 
237.72 8.3102(8) 5.8763(1) 405.822(6) 2.20 
239.61 8.3109(0) 5.8767(0) 405.909(9) 2.23 
241.41 8.3115(8) 5.8772(1) 406.011(6) 2.21 
243.30 8.3122(7) 5.8778(6) 406.124(4) 2.23 
245.20 8.3130(9) 5.8785(8) 406.253(9) 2.22 
247.23 8.3137(1) 5.8791(7) 406.355(1) 2.22 
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Table 8.7 Evolution of refined lattice parameters in Cs0.25MA0.75PbBr3. 

Temperature 
(K) 

a 
(Å) 

c 
 (Å) 

Cell volume 
(Å3) 

RBragg 

176.04 8.2987(0) 5.8759(2) 404.665(4) 1.09 
177.97 8.2995(5) 5.8761(5) 404.764(0) 1.07 
180.10 8.3005(4) 5.8762(7) 404.869(0) 1.11 
182.09 8.3015(7) 5.8765(8) 404.990(7) 1.08 
184.08 8.3025(7) 5.8766(2) 405.090(9) 1.08 
185.89 8.3037(7) 5.8770(8) 405.239(7) 1.08 
187.80 8.3047(6) 5.8770(9) 405.336(6) 1.10 
189.67 8.3059(8) 5.8772(1) 405.464(5) 1.14 
191.58 8.3068(3) 5.8776(9) 405.580(8) 1.13 
193.39 8.3080(3) 5.8775(4) 405.687(4) 1.15 
195.15 8.3092(0) 5.8777(6) 405.816(3) 1.14 
197.08 8.3102(3) 5.8780(3) 405.935(7) 1.14 
198.90 8.3111(9) 5.8785(3) 406.064(0) 1.17 
200.78 8.3117(5) 5.8791(0) 406.159(1) 1.16 
202.60 8.3128(2) 5.8794(4) 406.287(1) 1.17 
204.37 8.3136(4) 5.8798(8) 406.396(9) 1.20 
206.32 8.3145(1) 5.8803(4) 406.514(6) 1.18 
208.23 8.3155(1) 5.8807(6) 406.640(4) 1.23 
210.12 8.3162(9) 5.8812(0) 406.747(7) 1.21 
212.03 8.3170(5) 5.8818(6) 406.867(3) 1.23 
213.97 8.3175(9) 5.8827(3) 406.980(9) 1.23 
215.82 8.3186(3) 5.8829(4) 407.097(2) 1.21 
217.73 8.3190(8) 5.8838(4) 407.203(5) 1.20 
219.62 8.3202(1) 5.8839(2) 407.319(5) 1.23 
221.51 8.3207(6) 5.8847(4) 407.429(7) 1.20 
223.39 8.3217(7) 5.8849(0) 407.540(9) 1.21 
225.23 8.3221(1) 5.8858(0) 407.635(4) 1.24 
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Table 8.8 Evolution of refined lattice parameters in Cs0.13MA0.87PbBr3. 

Temperature 
(K) 

a 
(Å) 

Cell volume 
(Å3) 

RBragg 

151.03 5.8774(9) 203.036(7) 2.54 
152.85 5.8779(2) 203.081(3) 2.55 
155.05 5.8784(1) 203.133(0) 2.51 
157.16 5.8790(3) 203.197(0) 2.50 
159.07 5.8795(8) 203.253(8) 2.50 
161.01 5.8800(6) 203.303(6) 2.56 
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Table 8.9 Evolution of refined lattice parameters in MAPbBr3. 

Temperature 
(K) 

a 
(Å) 

c 
 (Å) 

Cell volume 
(Å3) 

RBragg 

169.80 8.3306(4) 5.9545(7) 413.244(7) 3.44 
171.16 8.3308(4) 5.9544(8) 413.257(4) 3.46 
172.46 8.3313(3) 5.9544(4) 413.303(8) 3.67 
173.75 8.3318(4) 5.9542(3) 413.340(1) 3.50 
175.19 8.3324(6) 5.9540(1) 413.385(8) 3.47 
176.60 8.3331(7) 5.9538(5) 413.445(8) 3.48 
177.77 8.3339(2) 5.9538(0) 413.516(2) 3.43 
180.09 8.3346(0) 5.9536(0) 413.569(6) 3.29 
181.37 8.3356(1) 5.9531(5) 413.639(5) 3.22 
182.56 8.3361(2) 5.9532(4) 413.695(5) 3.65 
183.77 8.3369(1) 5.9530(7) 413.762(4) 3.68 
185.20 8.3376(2) 5.9527(3) 413.809(9) 3.57 
186.38 8.3382(7) 5.9526(0) 413.864(2) 3.58 
187.68 8.3389(5) 5.9523(0) 413.911(6) 3.60 
189.09 8.3395(9) 5.9519(7) 413.951(8) 3.91 
190.98 8.3405(3) 5.9515(4) 414.016(1) 3.67 
192.36 8.3414(4) 5.9512(3) 414.084(4) 3.56 
193.88 8.3423(3) 5.9508(4) 414.145(7) 3.71 
196.57 8.3432(3) 5.9503(6) 414.201(1) 3.56 
198.07 8.3446(2) 5.9497(0) 414.293(4) 3.65 
199.40 8.3457(2) 5.9493(7) 414.379(8) 3.67 
200.79 8.3465(7) 5.9489(4) 414.434(3) 3.84 
202.08 8.3474(9) 5.9486(0) 414.501(7) 3.98 
203.29 8.3482(4) 5.9481(9) 414.548(1) 3.85 
205.06 8.3492(4) 5.9477(3) 414.615(4) 3.85 
206.48 8.3500(3) 5.9468(0) 414.628(8) 3.89 
207.81 8.3512(8) 5.9463(2) 414.719(8) 3.81 
210.87 8.3526(6) 5.9458(1) 414.820(9) 3.71 
212.68 8.3547(9) 5.9447(6) 414.959(9) 3.83 
214.03 8.3560(3) 5.9441(0) 415.036(1) 3.66 
215.43 8.3569(2) 5.9433(7) 415.073(5 3.74 
216.63 8.3580(1) 5.9428(2) 415.144(1) 3.75 
217.91 8.3590(5) 5.9422(4) 415.206(7) 3.82 
219.44 8.3601(6) 5.9415(6) 415.268(9) 3.85 
220.92 8.3613(6) 5.9408(0) 415.334(7) 3.79 
222.29 8.3626(9) 5.9398(0) 415.397(2) 3.59 
224.06 8.3640(1) 5.9389(4) 415.468(3) 3.43 
225.69 8.3654(3) 5.9377(3) 415.525(4) 3.17 
229.20 8.3679(3) 5.9359(5) 415.647(8) 3.04 
231.34 8.3705(8) 5.9332(6) 415.724(1) 2.66 
232.90 8.3728(7) 5.9311(9) 415.805(4) 2.39 
234.70 8.3751(1) 5.9291(1) 415.881(7) 2.53 
236.18 8.3778(1) 5.9268(4) 415.991(5) 2.65 
237.49 8.3798(1) 5.9254(9) 416.094(9) 2.60 
238.92 8.3801(2) 5.9258(0) 416.147(9) 2.94 
240.27 8.3804(1) 5.9261(0) 416.197(7) 2.97 
242.38 8.3810(6) 5.9265(3) 416.292(2) 2.90 
243.84 8.3816(8) 5.9269(6) 416.384(4) 3.04 
245.23 8.3822(9) 5.9271(2) 416.456(3) 3.00 
246.36 8.3825(7) 5.9276(8) 416.522(7) 3.11 
248.10 8.3831(0) 5.9279(4) 416.593(8) 3.00 
249.57 8.3837(5) 5.9282(5) 416.681(0) 3.05 
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250.99 8.3840(6) 5.9287(1) 416.743(1) 3.01 
252.37 8.3845(3) 5.9289(6) 416.808(0) 3.06 
253.77 8.3850(9) 5.9293(9) 416.894(0) 2.89 
255.20 8.3854(5) 5.9296(6) 416.948(7) 3.02 
256.70 8.3859(6) 5.9299(6) 417.020(9) 3.17 
258.08 8.3864(5) 5.9303(4) 417.095(8) 2.92 
259.50 8.3871(7) 5.9305(2) 417.179(6) 2.84 
262.63 8.3874(1) 5.9311(1) 417.245(2) 3.00 
265.18 8.3887(5) 5.9318(0) 417.427(5) 2.96 
268.10 8.3897(1) 5.9323(8) 417.563(2) 3.04 
273.47 8.3913(9) 5.9335(3) 417.812(0) 2.91 
274.79 8.3926(7) 5.9345(0) 418.007(5) 3.19 
277.17 8.3930(7) 5.9349(6) 418.080(2) 3.27 
280.21 8.3940(0) 5.9355(9) 418.217(5) 3.07 
281.60 8.3950(2) 5.9362(6) 418.366(3) 3.43 
283.13 8.3955(7) 5.9365(8) 418.443(2) 3.35 
284.51 8.3959(6) 5.9369(2) 418.505(6) 3.41 
285.79 8.3965(3) 5.9372(5) 418.585(8) 3.40 
287.09 8.3969(3) 5.9376(1) 418.651(6) 3.43 
288.61 8.3973(3) 5.9378(5) 418.708(6) 3.49 
290.27 8.3976(9) 5.9382(2) 418.770(3) 3.59 
292.56 8.3985(9) 5.9385(9) 418.886(4) 3.54 
295.56 8.3993(4) 5.9390(3) 418.992(4) 3.55 
296.83 8.4001(0) 5.9397(1) 419.115(7) 3.71 
297.93 8.4003(9) 5.9400(4) 419.168(8) 3.66 
299.32 8.4007(7) 5.9402(8) 419.223(1) 3.73 
300.58 8.4012(1) 5.9405(9) 419.288(9) 3.58 
301.69 8.4017(3) 5.9407(9) 419.354(5) 3.58 
301.73 8.4018(1) 5.9409(2) 419.372(7) 3.53 
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Table 8.10 Evolution of refined lattice parameters in CsPbCl3. 

Temperature 
(K) 

a 
(Å) 

b 
(Å) 

c 
 (Å) 

Cell 
volume 

(Å3) 
RBragg 

290 7.895(7) 11.232(0) 7.894(4) 700.12(4)  5.94 
295 7.898(1) 11.235(9)  7.897(3) 700.83(8) 4.70 
300 7.900(1) 11.238(6)  7.899(7) 701.39(5) 4.13 
305 7.902(3) 11.240(9)  7.902(1) 701.95(1)  3.64 
310 7.904(5) 11.242(9)  7.904(4) 702.47(0)  3.22 
315 7.906(8)  5.622(1) 351.48(9) 2.99 
320 7.909(6)   5.622(0) 351.73(6) 2.71 
325 7.913(8)   5.619(5) 351.96(7) 2.43 
330 7.916(3)   5.618(9) 352.15(5) 2.38 
335 7.918(5)   5.619(1) 352.35(7) 2.17 
340 7.920(0)   5.619(3) 352.51(3) 2.11 
345 7.921(7)   5.619(8) 352.68(9) 1.88 
350 7.923(2)   5.620(3) 352.85(9) 1.77 
355 7.924(5)   5.620(8) 353.01(1) 1.67 
360 7.926(0)   5.621(2) 353.16(9) 1.57 
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Table 8.11 Evolution of refined lattice parameters in Cs0.87MA0.13PbCl3. 

Temperature 
(K) 

a 
(Å) 

b 
(Å) 

c 
 (Å) 

Cell volume 
(Å3) 

RBragg 

100 7.870(6) 11.179(8) 7.784(0) 684.94(0) 0.07 

105 7.871(1) 11.180(1) 7.784(9) 685.07(9) 0.11 

110 7.870(8) 11.179(5) 7.788(1) 685.29(8) 0.04 

115 7.870(8) 11.179(9) 7.791(8) 685.64(6) 0.03 

120 7.870(3) 11.180(2) 7.793(4) 685.76(6) 0.08 

125 7.869(6) 11.180(4) 7.797(2) 686.04(8) 0.08 

130 7.869(1) 11.180(9) 7.798(9) 686.17(9) 0.07 

135 7.869(5) 11.180(6) 7.802(6) 686.53(1) 0.05 

140 7.868(5) 11.181(7) 7.805(7) 686.78(0) 0.04 

145 7.868(7) 11.183(7) 7.805(6) 686.91(0) 0.13 

150 7.868(1) 11.183(7) 7.806(6) 686.94(7) 0.09 

155 7.869(1) 11.185(1) 7.809(0) 687.32(8) 0.11 

160 7.868(8) 11.186(0) 7.811(6) 687.59(2) 0.03 

165 7.867(7) 11.186(7) 7.814(9) 687.82(9) 0.03 

170 7.868(2) 11.188(7) 7.816(8) 688.16(1) 0.09 

175 7.868(9) 11.188(5) 7.819(3) 688.42(8) 0.08 

180 7.869(9) 11.188(7) 7.822(9) 688.84(3) 0.04 

185 7.869(8) 11.189(9) 7.827(0) 689.27(6) 0.07 

190 7.870(5) 11.190(2) 7.830(0) 689.62(3) 0.04 

195 7.871(9) 11.191(2) 7.832(4) 690.01(6) 0.04 

200 7.872(5) 11.192(0) 7.834(6) 690.30(4) 0.09 

205 7.873(8) 11.192(4) 7.837(5) 690.70(1) 0.09 

210 7.875(1) 11.192(1) 7.841(3) 691.13(2) 0.03 

215 7.876(4) 11.193(2) 7.844(2) 691.57(4) 0.03 

220 7.878(0) 11.195(3) 7.846(0) 692.00(3) 0.03 

225 7.873(8)  5.598(6) 347.09(5) 0.65 

230 7.876(0)  5.599(9) 347.37(4) 0.62 

235 7.878(7)  5.600(2) 347.63(3) 0.66 

240 7.880(9)  5.601(4) 347.90(4) 0.62 

245 7.883(2)  5.602(5) 348.17(0) 0.67 

250 7.885(7)  5.603(5) 348.45(7) 0.68 

255 7.887(7)  5.604(4) 348.69(3) 0.57 

260 7.889(7)  5.605(7) 348.95(3) 0.63 

265 7.891(3)  5.606(5) 349.13(8) 0.64 

270 7.894(1)  5.607(6) 349.45(9) 0.67 

275 7.897(3)  5.609(3) 349.84(2) 0.69 

280 7.900(8)  5.610(4) 350.21(6) 0.76 

285 7.903(4)  5.611(8) 350.53(6) 0.74 

290 7.905(8)  5.612(7) 350.81(3) 0.75 

295 7.907(9)  5.613(8) 351.06(2) 0.72 

300 7.909(5)  5.614(7) 351.26(5) 0.74 

305 7.911(1)  5.615(9) 351.48(1) 0.70 

310 7.913(0)  5.617(0) 351.72(3) 0.67 

315 7.914(9)  5.618(4) 351.97(4) 0.69 

320 7.916(5)  5.619(6) 352.19(2) 0.74 

325 7.918(1)  5.620(9) 352.40(9) 0.68 

330 7.919(7)  5.622(1) 352.63(9) 0.64 

335 7.921(2)  5.623(4) 352.85(3) 0.67 

340 7.923(1)  5.625(1) 353.12(0) 0.63 
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Table 8.12 Evolution of refined lattice parameters in Cs0.75MA0.25PbCl3. 

Temperature 
(K) 

a 
(Å) 

b 
(Å) 

c 
 (Å) 

Cell volume 
(Å3) 

RBragg 

100 7.900(9) 11.188(5) 7.809(4) 690.35(5) 1.37 
105 7.900(0) 11.189(7) 7.810(0) 690.40(3) 1.36 
110 7.899(8) 11.190(2) 7.811(3) 690.54(0) 1.41 
115 7.899(0) 11.190(0) 7.813(2) 690.62(1) 1.39 
120 7.898(4) 11.190(8) 7.815(0) 690.76(9) 1.40 
125 7.898(1) 11.191(3) 7.818(2) 691.06(2) 1.41 
130 7.897(7) 11.191(3) 7.820(0) 691.18(1) 1.42 
135 7.896(8) 11.191(0) 7.823(6) 691.41(1) 1.38 
140 7.896(8) 11.191(6) 7.826(4) 691.68(3) 1.44 
145 7.896(2) 11.191(7) 7.829(6) 691.92(8) 1.42 
150 7.894(6) 11.190(0) 7.835(2) 692.17(2) 1.41 
155 7.894(0) 11.189(7) 7.840(0) 692.53(2) 1.41 
160 7.894(2) 11.189(6) 7.843(9) 692.87(8) 1.47 
165 7.894(2) 11.189(3) 7.847(5) 693.18(6) 1.48 
170 7.894(8) 11.189(3) 7.850(9) 693.53(9) 1.51 
175 7.895(4) 11.190(1) 7.853(6) 693.87(6) 1.52 
180 7.896(2) 11.190(1) 7.857(6) 694.30(9) 1.56 
185 7.897(1) 11.190(5) 7.860(0) 694.61(9) 1.59 
190 7.898(5) 11.191(3) 7.862(8) 695.03(6) 1.65 
195 7.899(8) 11.192(6) 7.865(0) 695.43(0) 1.64 
200 7.901(9) 11.194(0) 7.867(5) 695.93(1) 1.68 
205 7.889(1)  5.597(2) 348.36(6) 2.01 
210 7.891(1)  5.597(9) 348.58(5) 2.07 
215 7.893(1)  5.598(5) 348.79(9) 2.06 
220 7.894(8)  5.599(5) 349.01(3) 2.08 
225 7.896(6)  5.600(6) 349.23(7) 2.12 
230 7.898(3)  5.601(7) 349.46(0) 2.15 
235 7.900(2)  5.602(8) 349.69(5) 2.13 
240 7.902(2)  5.603(8) 349.93(5) 2.22 
245 7.904(0)  5.604(9) 350.16(3) 2.19 
250 7.905(6)  5.605(7) 350.35(8) 2.22 
255 7.906(9)  5.606(6) 350.53(2) 2.22 
260 7.908(5)  5.607(6) 350.72(8) 2.22 
265 7.909(7)  5.608(4) 350.88(3) 2.20 
270 7.911(0)  5.609(2) 351.05(6) 2.21 
275 7.912(3)  5.610(1) 351.22(2) 2.21 
280 7.913(8)  5.611(1) 351.42(2) 2.22 
285 7.915(0)  5.611(9) 351.57(6) 2.24 
290 7.916(4)  5.612(8) 351.75(5) 2.20 
295 7.917(3)  5.613(6) 351.88(9) 2.22 
300 7.918(8)  5.614(5) 352.07(7) 2.22 
305 7.919(9)  5.615(4) 352.22(7) 2.18 
310 7.920(6)  5.616(1) 352.33(2) 2.21 
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Table 8.13 Evolution of refined lattice parameters in Cs0.63MA0.37PbCl3. 

Temperature 
(K) 

a 
(Å) 

c 
 (Å) 

Cell volume 
(Å3) 

RBragg 

100 7.887(1) 5.632(8)  350.40(7)  3.03 
110 7.888(8)  5.632(4) 350.52(7) 2.99 
120 7.889(9)  5.629(6)  350.45(1) 2.93 
130 7.892(8)  5.627(9)  350.60(6) 2.91 
140 7.896(3)  5.627(3)  350.87(6) 2.93 
150 7.899(2)  5.624(6)  350.96(8) 2.91 
155 7.901(8)  5.625(0)  351.21(9) 2.94 
160 7.903(3)  5.623(1)  351.24(3) 2.95 
165 7.906(4)  5.623(5)  351.53(6) 2.94 
170 7.908(2)  5.621(8)  351.59(2) 2.97 
175 7.910(4)  5.621(5)  351.76(4) 2.99 
180 7.913(9)  5.622(2)  352.12(1) 2.96 
185 7.915(7)  5.620(6)  352.18(2) 3.01 
190 7.919(2)  5.621(3)  352.54(2) 3.00 
195 7.921(5)  5.620(3)  352.67(8) 3.01 
200 7.924(4)  5.620(8)  352.96(5) 2.98 
205 7.928(1)  5.620(3)  353.27(3) 2.79 
210 7.931(8)  5.620(8)  353.62(6) 2.52 
215 7.934(4)  5.622(3)  353.95(5) 2.51 
220 7.935(1)  5.622(3)  354.02(6) 2.52 
225 7.937(4)  5.623(9)  354.32(4) 2.54 
230 7.937(5)  5.623(9)  354.33(7) 2.69 
240 7.940(8)  5.626(3)  354.78(1) 2.73 
250 7.943(7)  5.627(8)  355.12(7) 2.70 
260 7.947(1)  5.630(0)  355.58(4) 2.56 
270 7.951(1)  5.632(5)  356.09(4) 2.40 
280 7.953(9)  5.634(6)  356.47(3) 2.39 
290 7.955(2)  5.636(6)  356.72(0) 2.45 
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Table 8.14 Evolution of refined lattice parameters in Cs0.5MA0.5PbCl3. 

Temperature 
(K) 

a 
(Å) 

c 
 (Å) 

Cell volume 
(Å3) 

RBragg 

100 7.896(0) 5.607(8) 349.62(8) 2.93 
105 7.896(5)  5.608(4)  349.71(8) 3.00 
110 7.897(4)  5.609(2)  349.84(2) 2.97 
115 7.898(2)  5.610(0)  349.96(5) 2.94 
120 7.899(4)  5.611(0)  350.13(8) 3.02 
125 7.900(4)  5.611(7)  350.26(5) 3.01 
130 7.901(8)  5.612(9)  350.46(8) 2.99 
135 7.903(2)  5.614(0)  350.66(4) 3.00 
140 7.904(6)  5.615(0)  350.85(1) 2.96 
145 7.906(4)  5.616(7)  351.11(5) 2.96 
150 7.908(0)  5.617(6)  351.31(1) 3.05 
155 7.909(7)  5.618(7)  351.53(1) 2.96 
160 7.911(2)  5.619(9)  351.74(1) 3.12 
165 7.912(9)  5.620(9)  351.95(1) 3.07 
170 7.914(7)  5.621(8)  352.16(7) 3.16 
175 7.916(3)  5.623(0)  352.38(2) 3.15 
180 7.917(8)  5.623(8)  352.57(0) 3.08 
185 7.919(6)  5.624(9)  352.80(1) 3.25 
190 7.921(1)  5.625(9)  352.99(9) 3.23 
195 7.922(8)  5.627(2)  353.23(2) 3.30 
200 7.924(7)  5.628(4)  353.47(5) 3.18 
205 7.926(3)  5.629(6)  353.69(1) 3.30 
210 7.928(2)  5.630(8)  353.93(2) 3.23 
215 7.929(9)  5.632(2)  354.17(3) 3.28 
220 7.931(3)  5.633(3)  354.37(1) 3.29 
225 7.932(6)  5.634(5)  354.56(9) 3.22 
230 7.934(2)  5.635(6)  354.77(6) 3.28 
235 7.935(8)  5.637(0)  355.01(0) 3.35 
240 7.937(1)  5.638(0)  355.18(7) 3.33 
245 7.938(5)  5.639(2)  355.38(8) 3.37 
250 7.940(2)  5.640(4)  355.61(9) 3.39 
255 7.941(8)  5.641(5)  355.82(7) 3.45 
260 7.943(4)  5.642(6)  356.04(1) 3.40 
265 7.945(0)  5.643(8)  356.25(6) 3.58 
270 7.946(6)  5.644(7)  356.46(6) 3.48 
275 7.948(1)  5.645(8)  356.66(6) 3.65 
280 7.949(6)  5.646(9)  356.87(2) 3.65 
285 7.951(2)  5.648(0)  357.07(9) 3.77 
290 7.952(4)  5.648(5)  357.22(0) 3.63 
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Table 8.15 Evolution of refined lattice parameters in Cs0.37MA0.63PbCl3. 

Temperature 
(K) 

a 
(Å) 

c 
 (Å) 

Cell volume 
(Å3) 

RBragg 

100 7.948(2) 5.626(6) 355.45(9) 4.01 
105 7.949(8) 5.626(8) 355.61(9) 4.01 
110 7.950(2) 5.626(9) 355.65(5) 3.95 
115 7.952(2) 5.627(6) 355.88(0) 4.32 
120 7.954(0) 5.628(2) 356.08(3) 4.25 
125 7.955(5) 5.628(8) 356.25(3) 4.24 
130 7.956(9) 5.629(4) 356.42(3) 4.14 
135 7.958(2) 5.629(9) 356.57(0) 4.17 
140 7.960(2) 5.630(8) 356.79(6) 4.18 
145 7.961(8) 5.631(8) 357.00(8) 4.06 
150 7.962(7) 5.632(3) 357.11(6) 4.23 
155 7.965(0) 5.633(5) 357.39(9) 4.25 
160 7.966(9) 5.634(9) 357.66(0) 4.25 
165 7.968(6) 5.635(8) 357.87(6) 4.28 
170 7.970(6) 5.636(9) 358.12(1) 4.28 
175 7.972(2) 5.638(0) 358.33(9) 4.29 
180 7.974(2) 5.639(1) 358.58(8) 4.32 
185 7.976(1) 5.640(2) 358.82(3) 4.23 
190 7.977(8) 5.641(3) 359.04(6) 4.40 
195 7.979(7) 5.642(3) 359.28(0) 4.57 
200 7.981(1) 5.643(2) 359.46(6) 4.53 
205 7.982(8) 5.644(3) 359.69(3) 4.66 
210 7.984(4) 5.645(4) 359.90(4) 4.73 
215 7.986(0) 5.646(6) 360.12(4) 4.67 
220 7.987(8) 5.647(5) 360.34(6) 4.77 
225 7.989(3) 5.649(1) 360.58(1) 4.76 
230 7.991(3) 5.649(9) 360.81(3) 5.09 
235 7.993(6) 5.651(4) 361.11(6) 5.14 
240 7.995(9) 5.652(7) 361.41(1) 4.88 
245 7.997(5) 5.653(5) 361.61(1) 4.94 
250 7.999(2) 5.654(4) 361.81(3) 5.02 
255 8.000(4) 5.655(0) 361.96(5) 5.10 
260 8.002(1) 5.655(9) 362.17(4 5.20 
265 8.004(1) 5.657(1) 362.43(0) 5.20 
270 8.005(7) 5.658(2) 362.64(4) 5.23 
275 8.007(6) 5.659(2) 362.88(3) 5.62 
280 8.008(9) 5.659(8) 363.04(0) 5.59 
285 8.010(7) 5.660(7) 363.25(9) 5.66 
290 8.012(1) 5.661(3) 363.42(1) 5.43 
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Table 8.16 Evolution of refined lattice parameters in Cs0.25MA0.75PbCl3. 

 

Temperature 
(K) 

a 
(Å) 

c 
 (Å) 

Cell volume 
(Å3) 

RBragg 

100 7.943(1) 5.626(0) 354.96(2) 2.20 
105 7.944(0) 5.626(3) 355.06(8) 2.20 
110 7.944(6) 5.627(2) 355.17(3) 2.24 
115 7.945(2) 5.627(7) 355.26(3) 2.23 
120 7.946(2) 5.628(5) 355.40(6) 2.22 
125 7.947(0) 5.629(2) 355.51(6) 2.23 
130 7.948(4) 5.630(2) 355.70(0) 2.21 
135 7.949(5) 5.630(7) 355.83(3) 2.18 
140 7.950(8) 5.631(5) 356.00(4) 2.21 
145 7.952(6) 5.632(2) 356.20(7) 2.16 
150 7.953(6) 5.633(3) 356.37(0) 2.19 
155 7.955(3) 5.634(1) 356.56(4) 2.15 
160 7.956(6) 5.635(1) 356.75(3) 2.17 
165 7.958(3) 5.636(1) 356.96(2) 2.18 
170 7.959(9) 5.637(1) 357.17(9) 2.17 
175 7.961(6) 5.638(2) 357.40(0) 2.14 
180 7.963(5) 5.639(4) 357.64(4) 2.13 
185 7.965(1) 5.640(6) 357.86(3) 2.19 
190 7.967(1) 5.641(7) 358.11(4) 2.15 
195 7.968(7) 5.642(7) 358.31(8) 2.16 
200 7.970(4) 5.643(7) 358.53(9) 2.18 
205 7.972(3) 5.645(0) 358.78(8) 2.20 
210 7.973(9) 5.646(0) 358.99(7) 2.21 
215 7.975(8) 5.647(2) 359.24(4) 2.25 
220 7.977(7) 5.648(1) 359.46(8) 2.25 
225 7.979(4) 5.649(1) 359.68(8) 2.26 
230 7.981(2) 5.650(1) 359.91(0) 2.31 
235 7.983(1) 5.651(0) 360.14(2) 2.31 
240 7.984(8) 5.651(7) 360.34(6) 2.32 
245 7.986(5) 5.652(6) 360.55(4) 2.36 
250 7.988(4) 5.653(5) 360.77(9) 2.41 
255 7.990(4) 5.654(2) 361.00(5) 2.44 
260 7.991(9) 5.654(8) 361.18(4) 2.41 
265 7.993(7) 5.655(7) 361.40(8) 2.48 
270 7.995(6) 5.656(5) 361.62(7) 2.47 
275 7.997(2) 5.657(2) 361.81(3) 2.50 
280 7.998(8) 5.657(8) 362.00(1) 2.52 
285 8.000(9) 5.658(4) 362.22(6) 2.60 
290 8.002(6) 5.659(1) 362.42(5) 2.53 
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Table 8.17 Evolution of refined lattice parameters in Cs0.13MA0.87PbCl3. 

Temperature 
(K) 

a 
(Å) 

c 
 (Å) 

Cell volume 
(Å3) 

RBragg 

100 7.959(4) 5.649(0) 357.88(1) 4.95 
105 7.959(1) 5.650(3) 357.94(0) 4.91 
110 7.959(7) 5.651(3) 358.05(3) 4.88 
115 7.960(4) 5.652(2) 358.17(7) 4.88 
120 7.961(0) 5.652(8) 358.26(8) 4.86 
125 7.962(1) 5.653(9) 358.43(5) 4.82 
130 7.962(8) 5.654(6) 358.54(4) 4.80 
135 7.963(7) 5.655(4) 358.67(1) 4.77 
140 7.965(0) 5.656(3) 358.85(4) 4.78 
145 7.965(8) 5.656(8) 358.95(7) 4.76 
150 7.966(9) 5.657(3) 359.08(4) 4.71 
155 7.968(0) 5.657(6) 359.20(4) 4.66 
160 7.968(9) 5.657(7) 359.28(7) 4.64 
165 7.970(0) 5.658(2) 359.42(0) 4.62 
170 7.971(7) 5.659(2) 359.63(4) 4.60 
175 7.973(4) 5.660(2) 359.85(3) 4.61 
180 7.975(3) 5.661(4) 360.09(9) 4.61 
185 7.977(2) 5.662(4) 360.33(5) 4.59 
190 7.979(1) 5.663(5) 360.58(3) 4.58 
195 7.981(0) 5.664(7) 360.82(5) 4.53 
200 7.982(8) 5.665(7) 361.05(8) 4.51 
205 7.984(7) 5.666(7) 361.28(9) 4.43 
210 7.986(5) 5.667(8) 361.52(5) 4.16 
215 7.988(3) 5.669(1) 361.76(2) 3.72 
220 7.989(8) 5.670(1) 361.97(0) 3.71 
225 7.991(5) 5.671(2) 362.18(7) 3.71 
230 7.992(9) 5.672(2) 362.38(3) 3.71 
235 7.994(5) 5.673(4) 362.60(3) 3.70 
240 7.996(0) 5.674(3) 362.80(2) 3.69 
245 7.997(6) 5.675(2) 363.00(5) 3.68 
250 7.999(1) 5.676(2) 363.20(0) 3.66 
255 8.000(5) 5.677(3) 363.40(3) 3.66 
260 8.001(9) 5.678(2) 363.58(3) 3.66 
265 8.003(4) 5.679(3) 363.79(0) 3.64 
270 8.004(9) 5.680(1) 363.98(3) 3.62 
275 8.006(4) 5.681(1) 364.17(5) 3.60 
280 8.007(8) 5.681(9) 364.35(3) 3.56 
285 8.009(2) 5.682(7) 364.53(1) 3.52 
290 8.010(5) 5.683(2) 364.69(0) 3.51 
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Table 8.18 Evolution of refined lattice parameters in MAPbCl3. 

Temperature 
(K) 

a 
(Å) 

c 
 (Å) 

Cell 
volume 

(Å3) 

RBragg 

165.67 8.0340(6) 5.6604(4) 365.359(4) 1.36 

167.23 8.0339(3) 5.6604(5) 365.348(2) 1.36 

168.50 8.0332(6) 5.6608(7) 365.314(4) 1.48 

170.15 8.0328(1) 5.6610(8) 365.287(0) 1.33 

171.79 8.0305(2) 5.6624(3) 365.165(8) 1.26 

173.40 8.0235(1) 5.6649(5) 364.690(8) 1.28 

174.80 8.0194(2) 5.6669(3) 364.446(4) 1.14 

176.30 8.0178(7) 5.6678(0) 364.361(5) 1.36 

178.95 8.0179(8) 5.6684(4) 364.412(6) 1.72 

181.51 8.0183(6) 5.6689(0) 364.476(8) 1.92 

185.61 8.0195(5) 5.6698(3) 364.644(8) 2.01 

192.78 8.0215(9) 5.6711(0) 364.912(0) 2.34 

196.68 8.0226(9) 5.6718(9) 365.063(0) 2.44 
201.99 8.0239(5) 5.6728(3) 365.238(2) 2.55 

207.13 8.0258(1) 5.6740(9) 365.488(7) 2.73 

211.35 8.0269(3) 5.6748(9) 365.642(2) 2.87 

215.10 8.0280(9) 5.6757(7) 365.804(6) 2.98 

218.98 8.0291(8) 5.6765(9) 365.956(8) 3.14 

223.43 8.0304(9) 5.6775(6) 366.138(8) 3.33 

227.62 8.0316(4) 5.6784(2) 366.299(2) 3.47 

231.47 8.0328(2) 5.6792(2) 366.458(4) 3.64 

235.57 8.0339(6) 5.6800(3) 366.614(7) 3.84 

239.35 8.0350(5) 5.6807(9) 366.763(3) 3.97 

243.47 8.0362(3) 5.6815(5) 366.920(1) 4.13 

247.68 8.0373(9) 5.6824(5) 367.084(2) 4.36 

251.69 8.0385(8) 5.6833(0) 367.247(8) 4.51 

255.67 8.0396(3) 5.6840(2) 367.390(3) 4.70 

260.60 8.0407(6) 5.6847(8) 367.542(7) 4.88 

265.11 8.0421(4) 5.6857(5) 367.731(6) 5.11 

269.61 8.0433(4) 5.6866(0) 367.896(4) 5.36 
273.79 8.0446(3) 5.6874(7) 368.070(7) 5.61 

278.01 8.0458(3) 5.6883(1) 368.234(9) 5.58 

282.20 8.0469(5) 5.6891(0) 368.388(5) 5.86 

286.21 8.0480(1) 5.6898(6) 368.534(8) 5.93 

 


