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Chapter 1 Introduction 

1.1 Three-Dimensional Perovskite Structure 

Historically, perovskite is the term adopted for the naturally occurring mineral calcium 

titanate (CaTiO3) and for other inorganic ceramics that adopt a similar cubic crystal structure.1 

This cubic crystal structure is typified by the stoichiometry AMX3, where A and M are cations 

while X is an anion, and consists of corner sharing [MX6] octahedra forming a 3-dimensional 

(3D) network. These oxide materials have been found to showcase a variety of interesting 

properties ranging from ferroelectricity2 to superconductivity.3 Moreover, these materials 

have made a significant impact on the field of crystal chemistry due to their immense 

versatility in composition, which was formulated by the concerted efforts of Goldschmidt4 

and Pauling.5 

In the last decade, metal halide based materials have reinvigorated research interest in 

perovskite structured materials.6 These material compositions have halogens occupying the 

anionic (X) positions in the AMX3 configuration, where M is a divalent metal cation, thus 

forming a 3D corner sharing  metal halide octahedra network as shown in Figure 1.1(a). This 

octahedral sub-lattice is charge-stabilized by either a small monovalent organic cation7 (MA+-

methylammonium [CH3NH3]+, FA+-formamidinium, [CH(NH2)2]+) or alkali metal ion8 (Cs+-

cesium), which fill the 12-fold coordinated voids in-between the octahedra (Figure 1.1(b)). 

The suitability of the different A, M, and X compositions in adopting the cubic perovskite 

structure have been predicted following the Goldschmidt tolerance factor which is a purely 

geometrical parameter (shown in Equation 1.1) based on the ionic size matching of the 

respective components as listed in Table 1.1.  
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Figure 1.1: (a) Cubic perovskite structure consisting of corner sharing metal halide octahedra and (b) A-site cation occupying 

cubooctahedral cavity, schematically drawn in Vesta. 

 
𝑡 =

(𝑅 + 𝑅 )

√2(𝑅 + 𝑅
 

[1.1] 

 RA – Radius of monovalent A-site cation 

RM – Radius of divalent metal cation 

RX – Radius of monovalent halogen anion 

 

Table 1.1: Tolerance factor for perovskite structure. Adapted from 9 

TOLERANCE FACTOR  STRUCTURES DESCRIPTION 

0.7 - 0.9 Tetragonal/orthorhombic/rhombohedral A is too small or M is too large 

0.9 - 1 Cubic Ideal structure 

>1 Layered structures (orthorhombic/monoclinic) A is too large 

 

However, this Goldschmidt tolerance factor assumes the constituent ions to be hard spheres 

and have historically worked well in cases with a high degree of electronegativity of the anion 

leading to a large degree of ionicity in the bonding (oxide- and fluoride-based inorganic 
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perovskites). However, in the technologically important compositions of halide perovskites, 

there are a few caveats that hinder the simple adoption of such a criterion as shown in Figure 

1.2, where for example MAPbBr3 and MAPbCl3 are known to adopt cubic phase at room 

temperature (RT) fall outside the predicted range shown in Table 1.1.10 This is mainly 

attributed to the non-spherical nature of the A-site organic cations and also due to the lower 

electronegativity of the heavier halides. Recently, redefining the radii of the A-site cation and 

factoring in the mixed covalent-ionic nature of the M-X bond has been reasonably successful 

in predicting possible perovskite compositions.11,12 

 

Figure 1.2: Tolerance factor for various perovskite compositions. Reprinted with permission from 10.  

There is a small window within which a cubic structured perovskite is obtained. Structures 

falling outside this range have a distorted lattice. These distortions are usually caused by the 

individual octahedra tilt, resulting in either orthorhombic (GdFeO3-type) or tetragonal crystal 

structures.13 Howard et. al summarized the group/subgroup relations for tilt systems as 

shown in Figure 1.3(a).14  Distorted perovskite structures can be primarily derived from the 

cubic (Pm3m) by tilting the octahedral units around one or more of their symmetry axes while 

maintaining the corner connectivity. Glazer15 described the tilting in terms of its components 

around the “pseudo-cubic” axis and symbolized them as a#b#c# in which the letters refer to 

tilts around [100], [010], and [001] directions and the superscript indicate the tilt of the 

successive octahedra along the axis (0 “no tilt”, + “in-phase”, - “out-of-phase”). The halide 
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perovskites that are typically studied take up one of three phases, untilted cubic (Pm3m, 

a0a0a0), tilted tetragonal (P4/mbm, a0a0c+) and orthorhombic with both in and out-of-phase 

rotations (Pnma, a−a−c+) as shown in Figure 1.3(b).16  

 

Figure 1.3: (a) Space group relations for pure tilt systems, reprinted with permission from 14. (b) Commonly observed phases 

of AMX3 perovskites indicating their space groups and tilt relations, reprinted with permission from 16. 

Interestingly, while inorganic ceramics such as CaTiO3 undergo phase transitions only at high 

temperatures17 (circa 1500 K), halide perovskites show polymorphism at much lower 

temperatures. The cause of the phase transitions has been found to be related to the lattice 

dynamics of the 3D framework, while the temperatures at which the transition occurs are A- 

cation-sensitive.18 Considering a representative composition, namely MAPbBr3, this can take 

up to 4 crystal phases,19 at RT it has the high symmetry cubic structure (I), space group pm3m 

and a lattice constant a = 5.93129 Å. At 236K, it undergoes a close to second-order phase 

transition to a lower symmetry tetragonal phase (II), space group I4/mcm. At 150 K, an 

intermediate structure (III) with a narrow temperature stability range has been observed20 

while at 148K, there is a first-order phase transition to the orthorhombic (IV) phase with a 

space group pnma.21 As expected the dynamics of the MA cations in the octahedral voids are 

intimately connected to the hydrogen bonding between H of the CH3 and NH3
+ groups and 
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the electronegative halogen atoms.22 It has been found in the case of MAPbBr3 that the 

CH3NH3
+ cation is freely rotating in the higher temperature phases (I-III), where the H-bonds 

are formed between the HN and the axial Br atoms. In the low-temperature orthorhombic 

phase (IV), H-bonds22 are formed between the CH3 and the Br atoms which lock the cation in 

the (101) plane.20 In general, halide perovskites are physically soft23 and by varying either the 

temperature24 or pressure25 the atomic orbital overlap can be significantly influenced, leading 

to structure-dependent properties as seen in Figure 1.4.  

 

Figure 1.4: (a) Optical bandgap variation with temperature in MAPbBr3, CsPbBr3, FAPbBr3, reprinted with permission from 24. 

(b) Pressure-induced structural variations in MAPbX3 (X = I, Br, Cl), reprinted with permission from 26. 

1.1.1 Structure-Property Relationship 

Halide perovskites have attracted tremendous research interest in the last decade due to the 

rediscovery of MAPbI3 as an optimal sensitizer material in TiO2-based photovoltaic cells.27 The 

power conversion efficiencies (PCE) of hybrid organic-inorganic solar cells improved from just 

3.8% in 200927 to 25.5% today.28 Such high efficiencies have been obtained by using complex 

stoichiometric perovskite compositions29 such as (FAPbI3)0.95(MAPbBr3)0.05 coupled with 

transport layer engineering.30 These materials have also found success in other optoelectronic 

applications besides solar cells, such as light emitting devices31 (LEDs), photodetectors32 , 

scintillators33 and recently in resistive-switching memory devices.34 Their appropriateness for 
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these devices originates from their unique optical and electronic properties and also their 

coupled ionic-electronic nature which will be elaborated upon in the upcoming sections.  

1.1.2 Structure-Bandgap Relationship 

One of the main characteristics of the perovskite structure is its composition tunability with 

interrelated effects on its optoelectronic properties. Since the band edge states are 

contributed by the hetero-polar bonding in the inorganic framework, the dynamic nature of 

the organic cation only has an indirect role.24 Taking the example of MAPbBr3 we can observe 

that the valance band maxima (VBM) are mainly contributed by Pb-6s/Br-4p antibonding 

orbitals, while the conduction band minima (CBM) is derived from the antibonding Pb-6p/Br-

4s states as shown in Figure 1.5. Contribution from the organic cation MA (CH3NH3
+) states is 

much deeper in energy. 

 

Figure 1.5: (a) Valence and conduction band density of states of MAPbBr3, reprinted with permission from 35.  (b) Schematic 

representation of the major contributing states to the band edges. 

However, the A-site monovalent cation, while not directly affecting the frontier orbitals can 

instead have indirect effects either through hydrogen bonds with the electronegative 

halogens36 or via changes in the unit cell volume,37 as shown in Figure 1.6(a), both of which 



12 
 

modulate the extent of the metal halide orbital overlap. In the Pb-based perovskites, 

inorganic A-site cations induce distortions due to steric effects while organic cations modulate 

the bandgap primarily due to hydrogen bonding induced octahedral tilting.38 As previously 

touched upon structural phase-dependent rotations of the A-site organic cations (MA+) are 

related to the hydrogen bonding between the H atoms of CH3 and/or NH3 ends of the cation 

and the halogen ion of the inorganic sub lattice.22 These hydrogen bonding interactions lead 

to specific octahedral tilts of the PbBr6 octahedra, as shown in Figure 1.6(b), which further 

influence the electronic structures near the bandgap, while going up in temperature from the 

low temperature orthorhombic to the RT cubic phase. The PL peak emission (filled diamonds 

in Figure 1.6(c)) shows a predicted blue shift within each phase due to lattice expansion and 

a red shift between phase transitions, especially from orthorhombic to tetragonal, which 

originates from severe in and out-of-plane tilting of the PbBr6 octahedra of the orthorhombic 

phase due to the formation of hydrogen bonds between H atoms of the CH3 group.22 

The substitution of the M-site divalent metal cation and the X-site monovalent halogen 

however has a direct influence on the VBM and CBM.39 There are many inter-correlated 

effects of varying the halogen ion (I/Br/Cl) but the dominating one is the downward 

movement of the halogen-p level39 due to the increasing electronegativity with a decrease in 

size of the halogen ion, which subsequently results in the well-known widening of the 

bandgap. Changing the M-site cation influences both the ionization energy (IE) and electron 

affinity (EA) of the material due to the shifts in the energy of the atomic orbitals taking part 

in the hybridization. 39 There are entire research fields probing the effects of mixing the 

various ions, and the structure-property interrelations relevant to this thesis will be 

elaborated upon in the upcoming sections. 
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Figure 1.6: (a) Octahedral tilts due to different A-site cations, reprinted with permission from  24. (b) Bottom panel shows the 

calculated hydrogen-bonding energy of the HN···Br and HC···Br bonds for the MAPbBr3 polymorphs. The top panel shows the 

HC···Br bonds do not form in the cubic and tetragonal phases but appear in the orthorhombic phase. Reprinted with permission 

from 22. (c) Evolution of the PL peak position (filled diamonds) and calculated bandgap Eg (filled circles) as a function of 

temperature for MAPbBr3, reprinted with permission from 22. 

1.1.3 Structure-Electron-Phonon Coupling Relationship 

Besides tunable bandgaps, the remarkable performance of the photoelectric devices is built 

upon its unique conjoining of interesting properties; specifically a direct bandgap with a high 

extinction coefficient,40,41 low carrier effective masses, long carrier diffusion lengths,42 

moderately high charge carrier mobilities,43 tunable excitonic properties,44 and its high defect 

tolerance.45 Compared to other conventional semiconductor materials, perovskites have a 

remarkably low density of states (DOS) near the VBM. This required careful interpretation of 
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the photoemission spectra in the logarithmic scale to accurately evaluate the ionization 

energy as shown in Figure 1.7(a). Theoretical calculations hinted that this is due to widely 

dispersive and non-parabolic band dispersion46 and with the help of angle-resolved 

photoelectron spectroscopy (ARPES) it has been confirmed to comprise of bandwidths more 

than 1 eV in the global VBMs at the R point, as shown in Figure 1.7(b).47  

  

Figure 1.7: (a) Density of states near the VBM of MAPbBr3, reprinted with permission from 35. (b) k-space 2D curvature band 

maps of MAPbBr3 single crystals along the X−M and X−R high-symmetry directions, reprinted with permission from 47. 

One consequence of these wide VB bandwidths is that the hole effective mass (mh*) is quite 

low, which was experimentally determined for MAPbBr3 to be 0.25 ± 0.08 m0 (free electron 

mass)  near R (in the X−R direc on).47 Though these low effective masses have been accurately 

calculated theoretically, the mobilities of the charge carriers in perovskites were predicted to 

be in the range of 103 cm2/(Vs).48 But the experimentally obtained values are an order of 

magnitude lower43. In general, it was already suspected that lattice vibrations in the soft 

lattice of the perovskite (Youngs Modulus of MAPbX3, (E) 10-20 GPa)49 have significant effects 

on the charge carrier dynamics through electron-phonon coupling.50,51 This has been tracked 

by observing its effect on the inhomogeneous broadening of the photoluminescence (PL) 

peak while going up in temperature as seen in Figure 1.8(a).48  Specifically, low frequency 
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longitudinal optical (LO) phonon modes comprising of Pb-X-Pb bending and the Pb-X 

stretching create a macroscopic electric field and contribute majorly to the electron scattering 

rate (Frohlich scattering) as shown in Figure 1.8(b).52  This also rationalizes the higher coupling 

constants in MAPbBr3
48 due to the relatively more ionic Pb-Br bond compared to Pb-I leading 

to increased broadening of the PL inewidths48 going up in temperature and subsequently 

lower charge carrier mobilities at RT compared to MAPbI3.51 This phonon scattering also 

entails that charge carrier dynamics are highly dependent on crystal phase, with mobilities 

decreasing with increasing temperature, as experimentally measured for MAPbI3 (Figure 

1.8(c)).53 These are in line with the theoretically calculated mobility values that scale in a 

power-law manner with temperature in orthorhombic (μ ∼ T−2.26), tetragonal (μ ∼ T−1.37) and 

cubic phase (μ ∼ T−0.92).52 

 

Figure 1.8: (a) FWHM of the steady-state PL spectra as a function of temperature for MAPbBr3 with fit of Г(T)=Г0+ГLO, 

accounting for inhomogeneous broadening and Fröhlich coupling with LO. Reprinted with permission from 50. (b) Spectral 

decomposition of the contribution of each phonon with energy ℏω to the electron scattering rate 1/τnk, for MAPbI3, height 

of the peaks indicates the contribution of each phonon (left vertical axis), and the integral yields the total scattering rate 



16 
 

(right vertical axis). Reprinted with permission from 52. (c) Mobility determined from optical-pump–THz probe 

measurements for MAPbI3, reprinted with permission from 53. 

1.1.4 Structure-Emitting Species Relationship 

Another interesting research area has been the study of the unique photoluminescence 

properties in perovskites whose RT emission does not originate from defects and trap states 

but rather from band-to-band recombination.54 In order to modulate the exciton binding 

energy (Eb), a change in the A-site cation has an insignificant influence, while going from the 

iodide to the bromide-based perovskites there is a consistent increase in excitonic binding 

energies (15.3 - 150 meV), leading to a significant amount of bound excitons coexisting along 

with free carriers on photoexcitation.55 This exciton binding energy of the MAPbBr3 is highly 

dependent on the crystal size,56,57 with small MAPbBr3 nanocrystals showing Eb up to 375 

meV.58 Interestingly, time-resolved PL59 and time-resolved microwave conductivity60 (TRMC) 

studies have been useful to distinguish between the emitting species (Figure 1.9(a)) 

contributing to the PL. Liu et. al59 have shown an increased contribution of excitonic 

recombination in the low-temperature orthorhombic phase of MAPbBr3 due to higher 

excitonic binding energy and a decrease in the relative fraction of electron-hole pairs and free 

carriers. While transitioning to the tetragonal phase, the population of electron-hole pairs 

increases, and finally in the cubic phase the population of free carriers increases significantly.  
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Figure 1.9: (a) Schematic diagram of three decay processes in perovskites, reprinted with permission from 59. (b) 

Temperature-dependent PL and transmission spectra of MAPbBr3 thin film in the three phases 90 K (orthorhombic), 

210/220 K (tetragonal), and 290/295K (cubic), reprinted with permission from 60. 

TRMC results confirmed that in the orthorhombic phase the free charge carrier yield is up to 

4 times lower than at RT.60 This is in line with the observation of much higher integrated PL 

intensity and increasing excitonic contribution to the absorption spectra at lower 

temperatures as seen in Figure 1.9(b). 

However, there are still interesting open research questions on the T-dependence of the PL 

spectra, especially the MAPbBr3, as besides exciton binding energy it is now being accepted 

that electron-phonon coupling and thermal expansion plays a significant role too. 

1.1.5 Structure-Ionic Migration Relationship 

Perovskite structured materials are now considered to show significant macroscopic ionic 

transport, making them interesting mixed ionic-electronic conductor materials. On one side, 

this complicates their operation in photovoltaic devices and light emitting diodes. On the 

other side, it offers intriguing application pathways for resistive-switching memory devices.61 

One of the first circumstantial pieces of evidences for ion mobility was the commonly 
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observed current-voltage hysteresis in photovoltaic devices62 where the performance was 

dependent on the voltage scanning routine, as shown in Figure 1.10(a). Another intuitive 

example was the facile halide exchange63 observed in these materials (Figure 1.10(b)) and 

concurrently the oft-observed light-induced desegregation mixed halide compositions show 

under light excitation (Figure 1.10(c)).64 

 

Figure 1.10: (a) Stabilized output of a mesostructured PV device based on MAPbI3 showing hysteretic behaviour between 

two scan directions (forward bias to short circuit and back), reprinted with permission from 62. (b) In-situ PL measurements 

during a CsPbBr3 to CsPbI3 nanocrystal conversion at 40 °C, reprinted with permission from 63. (c) PL spectra of a  

MAPbBr1.2I1.8 thin film over 45 s under 457 nm, 15 mW/cm 2 light at 300 K (Inset: temperature dependence of initial PL 

growth rate), reprinted with permission from 64. (d) XRD patterns of surfaces A and B of Cu foil, after the Faradaic reaction 

cell experiment showing formation of CuI on B side. Inset: Schematic of the reaction cell, reprinted with permission from 69. 

Ionic migration, in general, would significantly be affected by point defect concentrations 

(deviations from ideal lattice site occupancy) and halide perovskites have been predicted to 

show the same in the order of 1018 cm-3.65 However there is a significant lack of quantitative 
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studies between the defect chemistry and their intricate relationships with ionic migration.66 

Another important criterion for ionic mobility is the activation energy for the point defect 

migration, which has been explored in a more detailed manner both experimentally and 

theoretically. Though the reported energies have a wide spread (Table 1.2)67 it is accepted 

now that halogen ions are the primary migrating species68,69 (Figure 1.10(d)) as shown by 

reaction cell experiments where a significant iodine diffusion in MAPbI3 results in the 

formation of a secondary phase (CuI) at the copper foil interface with the perovskite. 

Moreover, the incorporation of different A-site cations67,70 and mixed-halogen71 compositions 

have a very significant role in affecting the halogen ion migration process. These 

compositional engineering observations suggest local structural changes play an important 

and yet unexplored role in modulating parameters such as concentration of the mobile 

vacancies and the degree of crystallinity which might have subsequent effects on halogen 

migration.  

Table 1.2: comparison of literature value for activation energies for iodide diffusion in MAPbI3, adapted with permission 

from 67. 

TECHNIQUES  EA (EV) 

Ab initio/DFT 68 0.58 

Impedance72 0.55 

Thermally stimulated current73 0.5 

Temperature dependant capacitance74  0.45 

Temperature dependant JV curves75 0.33 

Temperature dependant current76 0.31 

Solid-state nmr69 0.17 
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1.2 Lower-Dimensional Metal Halides 

In 3D perovskites, the A-site cation is confined to the small cubo-octahedral cavity in the M−X 

sublattice and, therefore, cannot exceed a critical size. Moving to larger A-site cations (or 

smaller M-site metal cations) yields lower-dimensional 2D, 1D, or 0D metal halide derivatives 

where dimensionality refers to the connectivity of the corner sharing MX6 octahedra, as 

shown in Figure 1.11.  

 

Figure 1.11: (a) Structure of 2D (CH3NH3)2CuCl4 as obtained from cif reported in 77. (b) Structure of 1D (2,6-dmpz)3Pb2Br10 as 

obtained from cif reported in 78. (c) Structure of 0D Cs4PbBr6, obtained from cif reported in 79. 

The lower-dimensional structures are not perovskites but perovskite-related structures that 

are able to accommodate a much greater diversity of A-site cations and M-site metal cations. 

This has also allowed the exploration of Pb-free compositions and encompassing other group 

14 elements (Ge2+ 80,81, Sn2+ 82–84) and transitions metals (including, among others, Mn2+ 85 and 

Cu2+ 86–88).  The application of 3D halide perovskites in optoelectronic devices (PV, LEDS etc.) 

has received intense research scrutiny in recent years but lower-dimensional metal halide 

materials are relatively less explored. The aim of the current research efforts is on a 

fundamental understanding of the structural properties and subsequently their key 

relationships with optoelectronic properties, which is especially important in a material class 

with such structural versatility. 
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1.2.1 Two-Dimensional Metal Halides 

The layered metal halide derivatives can be conceptually derived from the specific slices of 

the 3D perovskite structure as shown in Figure 1.12(a). The most common layered derivative 

consists of <100> MX4
2− layers of corner-sharing metal halide octahedra known as the 

Ruddlesden-Popper89 and Dion-Jacobson90 structures as shown in Figure 1.12(b). The former 

unit cell is characterized by two offset layers per unit cell, having pairs of interdigitated 

monovalent organic spacers (monofunctional) while the latter requires only one divalent 

(bifunctional) interlayer spacer. There are other compounds that contain corrugated 

inorganic layers, for example, the <110> derived structures, which require very specific 

hydrogen bonding interactions91 to fold the inorganic sheets at a ∼90° angle. 

 

Figure 1.12: (a) Cubic perovskite in the centre can be cut along (110) or (100) crystallographic planes reprinted with 

permission from 92. (b) Schematic representation of single-layer <100> oriented structures with monoammonium (RNH3) 

diammonium (NH3RNH3) organic cations reprinted with permission from 93.  

The <100> structures are the most commonly obtained layered metal halide octahedral 

network, characterized by terminal halides which define a square-like grid of anionic charges, 

as shown in Figure 1.13(a). The organic cations with ammonium heads/or the monovalent 

alkali cations define a set of positive charges to counter-balance the anionic charges of the 

inorganic layer. They can also be considered as neutral PbI2 layers ended by NH3+,X- planes 

which highlights the ionic interaction the organic-inorganic interface that guides the 
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formation of such structures, schematically shown in Figure 1.13(a) for ((2-

methylammonium)-thiophene)2PbI4.94 

 

Figure 1.13: (a) Organic-inorganic interface in layered <100>-oriented (2-methylammonium-thiophene)2PbI4 highlighting 

the A-site cation size and charge templating the metal halide corner sharing network along the plane, reprinted with 

permission from 94. (b) Crystal structure of Cs2SnI2Cl2 and the inset showing the single crystal under microscopy, reprinted 

with permission from 95. 

There are abundant A-site organic cations that can be incorporated as they need not be 

limited in length, allowing a tunability of the distance between the adjacent inorganic 

octahedral layers. On the other hand, the width of the cation must fit in the surface defined 

by the four adjacent terminal halides, as seen in Figure 1.13(a). In the case of the all-inorganic 

layered metal halide structures, the only reported thermodynamically stable phase consists 

of the corner sharing mixed halide [MI2Cl4]4– octahedra95,96 (Cl ions occupy in-plane sites and 

I ions occupy out-of-plane halide sites, serving as terminal ligands, as shown in Figure 1.13(b)). 

Furthermore, there is a structure-determining role played by A-site cation where replacing 

Cs+ with Rb+ in Cs2PbI2Cl2 transforms the layered 2D structure to a 0D molecular structure.95  

The group 14 Pb2+ and Sn2+ analogues were explored for their strong excitonic character.97 

For example, the Pb containing compositions are direct-gap semiconductors similar to the 3D 

perovskites, with the valence band maximum comprised of halide np and metal ns orbitals 

and the conduction band minimum consisting of metal np orbitals as schematically shown in 
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Figure 1.14(a). These single layered structures have strong excitonic nature, as shown in 

Figure 1.14(b) in their absorbance due to their high exciton binding energy (around 300 

meV).97 The high values of binding energies have been rationalized based on a combination 

of both quantum confinement as well as dielectric confinement. The former confinement is 

spatial in nature thus forming a quantum well structure, where the width of the inorganic 

layer is the length of one octahedra leads to a significant reduction of the dispersion of the 

valence and conduction bands. The dielectric confinement is due to the contrast of the 

dielectric constant between two subsequent layers of the quantum well structure, where a 

significantly lower eB (insulating organic layer) compared to the eW (inorganic layer) as shown 

in Figure 1.14(c), results in a net decrease in charge screening which significantly increases 

the excitonic binding energy. 98 This dependance allows tuning of the exciton binding energies 

by exploring organic cations of varying polarizabilities. 99 

  

Figure 1.14: (a) Optical absorbance spectra of 2D mixed halide Pb−X perovskites (X = Cl, Br, I) and (b) diagram of their 

corresponding schematic change in bandgap and the contributing orbitals to the band edges, reprinted with permission 

from 100. (c) Band energy alignment of layered metal (group 14) halide structures showing their quantum well nature due to 
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inorganic layer being surrounded by an organic layer with a significantly lower e (high frequency dielectric constant). 

Reprinted with permission from 98. 

Transition metal based 2D hybrids; ((NH4)2CuCl4,101 (RNH3)2CuCl4,102 and (RNH3)2CrCl4 (R = CH3, 

C2H5, C8H17, C10H21)103 have historically garnered significant research interesting due to their 

cryogenic ferromagnetic nature,102 which was later found to coexist with ferroelectric 

ordering.104 Here again the electronic structure of the layered compounds, similar to the 3D 

perovskites, are tunable by changing the X-site halogen anion.105,106  

The prevalence of a large number of [MX4]2- based metal halides has been found to be 

connected to the soft network that allows accommodation of a variety of organic cations with 

different charge density, shapes and functionalization that leads to subtle structural 

distortion in the metal halide sub lattice.107 Knutson et al. demonstrated that the in-plane Sn-

I-Sn bond angle has the greatest impact on the bandgap.  More recently, Pedesseau et al.108 

used density functional theory (DFT) calculations on a <100> Cs2MX4 model structure as 

shown in Figure 1.15(a). Figure 1.15(b) is a color map of the computed bandgap as a function 

of the β (in-plane rotation) and δ (out-of-plane tilt) angles, and it also predicts accurately the 

bandgap of various experimentally reported single-layered alkylammonium metal halides 

structures, emphasizing the relevance of these parameters on the optical properties. Similar 

to the 3D perovskites, in these layered structures there is a significant opening up of the 

bandgap due to lesser antibonding character of the VBM and additionally the VBM and CBM 

bandwidths also get reduced.  
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Figure 1.15: (a) Schematic representation of in-plane()  and out-of-plane () octahedral tilting and (b) color map of the 

computed bandgap for a distorted Cs2MX4 references structure as a function of  and  octahedral tilting angles, also some 

 and  for a few experimentally reported structures are reported. Reprinted with permission from 108. 

These distortions manifest across first-order transitions between a low-temperature (LT) and 

a high-temperature (HT) phase with distinct physical properties that can be monitored by a 

variety of analytical techniques, as shown in Figure 1.16. This is mainly attributed to the 

thermally-induced structural reorganization of the organic cations located between the 

inorganic layers, going from the ordered (LT) to disordered (HT) driving a change in the crystal 

symmetry.109–111 

 

Figure 1.16: Magnified view of the hydrogen bonding and conformation of the octylammonium chain in (C8H17NH3)2PbI4  

across phase transition from monoclinic to orthorhombic accompanied by a color change, reprinted with permission from 

110. 
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Similar phase transitions are also observed in Pb-free analogues such as the MA2CuCl4 case 

with an interesting thermochromic transition (210-260 K) going from a light yellow to a pale 

green102,112 accompanied by a structural change from the monoclinic to orthorhombic. 

However, Pabst et. al77 found that in reality a monoclinic structure through the temperature 

range 100 K<T<297 K and that the orthorhombic pseudo-symmetry observed at RT is due to 

a domain structure.  

In the (C6H4C2H4NH3)2SnI4 system, efforts have been made to use the steric effect from the 

organic cations to modify the crystal structures and subsequently the electronic 

properties.113,114 In the m-fluorophenethylammonium-based (C6H4FC2H4NH3)2SnI4, (m-4,3,or 

2) allowed examination of the influence of site-specific fluorine substitution on the relative 

rotation between the neighboring SnI6 octahedra in the inorganic sheets and also on the Sn-I 

bond lengths. These structural changes are reflected in the optical properties, as the band 

edge and exciton states are found to shift to higher energy across the series m-4 to m-2. 96  

The connection between different local structures and optical properties in the layered metal 

halide structures has received significant research interest, however, a study of the impact on 

other physical properties of the material, such as their anisotropic electronic and ionic 

conductivities is still lacking and will be addressed in Chapter 3. 

1.2.2 Zero-Dimensional Metal Halides 

Another way of deriving the lower-dimensional structures from the 3D perovskite is by 

isolating the octahedra leading to their complete decoupling and are known as Zero-

Dimensional materials (0D). This has recently garnered significant research interest whereby 

using especially large organic cations the photophysical properties of the individual metal 

halide octahedra are maintained.115 An example shown in Figure 1.17 saw Ma et. al83 using 
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large-sized (N,N-dimethylethylene-1,2-diammonium halide) C4N2H14X+ to inhibit electronic 

band formation between neighboring [SnX6]4− octahedra, and this strong electronic 

confinement induces a stokes shifted broadband emission.  

 

Figure 1.17: (a) Schematic representation of (C4N2H14Br)4SnBr6 and (b) excitation (dashed lines) and emission (solid lines) 

spectra at RT, reprinted with permission from 83. 

Similarly, N-(aminocarbonyl)-1,2-diaminoethane hydrobromide (C3N3H9O.2HBr) with strong 

intermolecular hydrogen bonds has been used to construct 0D organic lead bromide hybrids 

(C3N3H11O)2PbBr6.4H2O as shown in Figure 1.18(a).116 This unique cation consists of various 

sites via which it forms collective hydrogen bonding with adjacent molecules in order to 

successfully separate the individual [PbBr6]4-. Both the primary amine/secondary amide 

groups (1 & 2 in Figure 1.18(b)) effectively interact with the bromine ion in the lead octahedra 

via multiple hydrogen bonds, while the functional group -CO-NH3 (3 in Figure 1.18(b)) has 

strong intermolecular hydrogen bonding with H2O and creates a large spacer to form the 0D 

structure. 
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Figure 1.18: (a) Schematic representation of (C3N3H11O)2PbBr6·4H2O and (b) spatial configuration of C3N3H10O+ in the 0D 

crystal, reprinted with permission from 116. (c) Crystal structure of trigonal Cs4PbX6 (X = Cl, Br, I) and (d) arrangement of four 

basic units of Cs4PbX6  showing two different Cs+ environments, reprinted with permission from 117. 

Another interesting class of 0D compounds that were reported even earlier is that of 

Cs4PbX6
118 in which the [PbBr6]4− are separated by small alkali Cs+ cations similar to the 3D 

perovskite structure shown schematically in Figure 1.18(c). However, the structural unit of 

these 0D metal halides is not cubic and has a slight compression along one of the body 

diagonal directions (between two green Cs atoms). This environment results in two kinds of 

Cs atoms117: the green ones and the yellow ones as shown in Figure 1.18(d) and each Cs atom 

is shared by two units. The end-to-end linking of the green Cs atoms, along the c axis, 

eventually forms the trigonal lattice. This isolated octahedral structure however still results 
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in relatively strong interactions between the metal halide octahedra (MX6) and forms distinct 

electronic band structures involving orbitals centered on both the metal halide octahedral 

units and the cesium ions. This is also confirmed from theoretical calculations119 where the 

size of the cation is shown to determine the strength of the electronic coupling elucidated by 

the electronic band structures in Figure 1.19(a), of (C4N2H14Br)4SnBr6 and 1.19(c) Cs4PbBr6. 

The lack of electronic coupling in the former leads to nearly flat conduction and valence bands 

made up of metal halide states as shown in Figure 1.19(b); whereas in all-inorganic Cs4PbBr6, 

the band dispersion is more significant due to the relatively small Cs+ cations. 

 

Figure 1.19: (a) Electronic band structures and (b) density of states (DOS) of (C4N2H14Br)4SnBr6, (a) Electronic band 

structures and (b) density of states (DOS) of Cs4PbBr6, reprinted with permission from 119. 
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However, there is an interesting question about the phase interchangeability in the Cs-Pb-Br 

based materials where starting with the same precursors a variety of phases can be obtained 

and possibly can coexist.120 They have been transformed between each of the phases tuning 

a variety of chemical parameters, however, some research questions still remain which will 

be taken up more in details in Chapter 4. 

1.3 Single Crystal Synthesis 

Single-crystalline perovskites have been fabricated using a variety of techniques ranging from 

the typical melt-grown crystallization (Bridgemen method) for inorganic compositions121 to 

the more inexpensive and versatile solution-based methods.  

1.3.1 Solution Temperature Lowering (STL) 

This is one of the earliest methods122 for obtaining both hybrid and inorganic crystals and is 

still one of the most frequently used technique. Here the crystal growth is driven by 

supersaturation which is achieved by lowering the temperature of the solution. Tao et. al123 

prepared saturated solutions at 65 °C of Pb(CH3COOH)2.H2O and CH3NH3I using HI solution as 

a solvent. After decreasing the solution temperature from 65 to 40 °C they induced an over-

saturation of the solution and obtained single crystals of MAPbI3 (10×10×8 mm3) after a 

growth period of one month as shown in Figure 1.20. This method has been fine-tuned by 

either suspending the seed crystal124 or transferring a selected seed crystal to a fresh 

solution.42 Recently, inorganic perovskite-related compositions such as Cs4PbBr6 have also 

been obtained using this technique.125 STL has also shown great success in growing pure 2D 

single crystals of versatile compositions.84,89,90,126–129 One common disadvantage of this 

simple growth technique is the long growth period to obtain large single crystals.  
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Figure 1.20: Solubility curve of MAPbI3 in HI solution and the obtained single crystal by the STL process in the inset, 

reprinted with permission from 123. 

1.3.2 Antisolvent Vapour-Assisted Crystallization (AVC)  

This crystallization technique is based on the perovskite’s differential solubility in various 

solvents. In general perovskites have good solubility in polar solvents like N,N-

dimethylformamide (DMF), dimethyl sulfoxide (DMSO) and γ-butyrolactone (GBL) and limited 

solubility in non-polar solvents (anti-solvents) like chlorobenzene, toluene 2-propanal, 

chloroform, dichloromethane (DCM). Bakr et al.130 first fabricated millimeter-sized high 

quality MAPbX3 crystals using this technique as shown in Figure 1.21. This involved immersing 

a flask containing the precursor solution in a deeper flat-bottomed vessel containing the 

antisolvent. The vaporization of the anti-solvent into the precursor solution induces the 

crystallization and this can either be achieved at RT or sped up by increasing the temperature 

to obtain a higher antisolvent vapour pressure. All-inorganic perovskites have also been 

obtained using AVC.131,132 Though the reports are rare, the AVC technique has also been 

adopted for 2D metal halide materials such as (C6H5CH2NH3)2PbBr4.133 This technique results in 

crystals within a few days, though one limitation is that the obtained single crystals are much 

smaller than STL being in the range of a few millimeters.  
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Figure 1.21: Schematic diagram of the AVC crystallization process. 

1.3.3 Inverse Temperature Crystallization (ITC) 

Generally, as also previously mentioned the solubility of precursors increases with 

temperature in good solvents, however Bakr et. al.134,135 found that in certain solvents 

MAPbX3 has an inverse behaviour; perovskites crystallize out of solution at elevated 

temperatures. This technique allowed them to obtain moderately large crystals within 3 hours 

as shown in Figure 1.22. 

 

Figure 1.22: Schematic diagram of the Inverse temperature crystallization process and series of time lapse photos tracking 

the growth of MAPbBr3 reprinted with permission from 134. 

By modifying the ITC method and using a seeded growth, even larger crystals136 up to 2 inches 

in size were obtained. In general, the single crystals fabricated using ITC methods have 

comparable defect density, charge carrier concentration and mobility to single crystals 
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obtained using the STL and AVC technique, which require much longer growth periods. The 

kinetics of ITC crystallization was proposed to be controlled by the precursor-solvent 

complexes that supersaturate the solution only at higher temperatures leading to rapid 

crystallization. Studies on the precursor solution chemistry that affect single crystal formation 

is still an open and active field of research.137–139 ITC has also been extended to 

formamidinium (FA)-based perovskites140 and used for the rapid crystallization of all inorganic 

CsPbBr3 single crystals.141,142 However, in the case of the latter, unlike the hybrid organic-

inorganic perovskites, the same precursors CsBr and PbBr2 can also form other compositions 

(Cs4PbBr6, CsPb2Br5, and CsPbBr3).141 The complexities related to the compositional 

instabilities and precursor solution chemistry with regards to the Cs-Pb-Br system will be 

addressed in Chapter 4. ITC however is not a feasible technique to grow 2D metal halides as, 

unlike 3D halide perovskites they do not show the requisite negative temperature coefficient 

of solubility in the solvents.143 

1.3.4 Solvent Acidolysis Crystallization (SAC) 

This relatively simple technique developed in our group144 does not require precursors such 

as MAX (methylammonium halide salts) which are not only difficult to synthesize and purify 

but also expensive to procure. Furthermore, it obviates the need for toxic solvents145 essential 

for other crystallization techniques. Here bulk crystals are grown from N-methylformamide 

(NMF) and PbX2 in the presence of a hydrohalic acid (HX, aqueous solution) leading to the in-

situ formation of the methylammonium via acid-catalyzed hydrolysis of NMF as shown in 

Figure 1.23(a). On immediate mixing of NMF and PbX2 no hydrolysis takes place but after 24 

hours clear 1H NMR signals corresponding to a CH3 bound to a protonated amine group (5) 

and a C-H of formic acid (6) are observed.   Cl-, Br-, and I-based bulk crystals (Figure 1.23(b)) 

are grown within 12-48 hours at room temperature without any antisolvent by finetuning the 



34 
 

choice of Pb precursor concentration and the HX/NMF ratio. This technique has been adapted 

to fabricate the lead and lead-free single crystals reported in Chapter 2 and 3. 

 

Figure 1.23: (a) Acid hydrolysis with numbering of the highlighted protons and the superimposed 1H NMR of NMF in 

D2O/DCl at time 0 and 24 hrs (b) Indexed XRD patterns of ground MAPbX3 crystals shown in insets. 

1.4 Powder Precipitation 

Powders of perovskite have recently garnered significant attention as a possible alternative 

precursor for perovskite thin films.146 They are typically obtained from a solution containing 

the dissolved precursors, either by using an anti-solvent147 or by thermal evaporation.148 

Mechanochemical synthesis149 involving ball-milling of the precursors' powders is also an 

efficient method of making phase pure perovskite powders. These powder-based methods 

have further allowed a study of the various precursor-solvent complexes147,150 and the metal 

halide phases151 that can be formed using the same precursors as shown in Figure 1.24. 

Furthermore, mechano-synthetic techniques have also been used to tune the dimensionality 

of the octahedral connectivity to obtain 0D152 and 1D metal halide structures.153 
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Figure 1.24:  FAPbI3 powders synthesized from varying ratios of PbI2 and FAI in Acetonitrile (MeCN), 1:1 at RT resulted in 

hexagonal crystal structure with the P63mc space group while the black powder synthesized at 150°C, was indexed as the 

trigonal perovskite phase. Reprinted with permission from 151. 

1.5 Applications  

1.5.1 Photodetectors 

Photodetectors are an essential class of optoelectronic devices that aim to convert an optical 

signal into an electrical signal via the photoelectric process where a built-in or applied electric 

field separates the electrons and holes and conducts it to electrodes as efficiently as possible. 

They have found applications in various industrial and scientific applications such as optical 

communication,154 image sensing,155 astronomy,156 and environmental monitoring.157 The key 

parameters that are used to gauge their performance are listed in Table 1.3.  

 

Table 1.3: Key parameters for gauging photodetector performance based on 158 

PARAMETER UNITS MEANING 

Photocurrent Density (𝐽𝐿) A/cm2 Current flowing through a photodetector under light 

illumination 

Dark current Density (𝐽𝐷) A/cm2 Current flowing through a photodetector in dark condition 

On/off ratio Unitless Ratio between photocurrent and dark current 

Responsivity (R) A/W Ratio of photogenerated current (𝐼𝑝ℎ) to input light power 

indicating how efficiently a photodetector responds to an 

optical signal 
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Specific detectivity (D*) cm Hz1/2/W 

(Jones) 

Characterizes the weakest level of light 

that the device can detect, which is determined by the 

responsivity and noise of the photodetector 

Rise/fall (decay) time 

(𝑡𝑟 and 𝑡𝑓) 

s Time between 10 to 90% of the maximum output current 

 

The device architectures can be separated based on their working mechanism into metal-

semiconductor-metal (MSM) photoconductors, planar heterojunction photodiodes and 

phototransistors.159 The simplest architecture is the MSM, shown in Figure 1.25(a), which 

includes only the absorber and the electrodes, and since the electron-holes separate and 

transport in the active layer, it allows a direct investigation of the material properties. 

Depending on the bandwidth of their spectral response they can also be classified as: 

broadband (panchromatic) and narrowband (wavelength selective) photodetectors as shown 

in Figure 1.25(b,c). Broadband PDs are usually applied in multicolor light detectors which 

require a relatively flat and high R across the desired wavelength range while narrowband PD 

is used in applications that have a higher spectral discrimination requirement. 
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Figure 1.25: (a) Schematic illustration of energy diagram of a photoconductor reprinted with permission from 160. (b) 

Responsivity and gain of a broadband photodetector reprinted with permission from 161. (c) External Quantum Efficiency 

spectra of a narrow band photodetector reprinted with permission from 162. 

Currently the commercial photodetectors are made of inorganic semiconductors such as Si 

and III-V compounds.163,164 These technologies have become mature and reliable but have 

some inherent disadvantages requiring expensive manufacturing protocols such as high-

temperature, high-vacuum, and complex lithography. Furthermore, their mechanical 

inflexibility prevents their incorporation into newer technologies.  

Perovskite materials, on the other hand, emboldened by their facile solution processability 

and optimum optoelectronic properties such as a tunable bandgap, high absorption 

coefficient, long and ambipolar diffusion length, low exciton binding energies and relatively 

high mobilities have found success in UV-IR photodetectors124,135 as well as in high energy 

photon detectors.165,166 Single crystal perovskites have the potential to surpass polycrystalline 

materials in PD applications due to their advantageous lack of grain boundaries, ultra-low trap 

density, and environmental stability.134,167  
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1.5.2 Memory Devices 

With the advent of the information age, the need for inexpensive, reliable, and fast memories 

to store programs, data, and instructions is becoming increasingly essential. In modern 

computers memories are usually divided into two main categories: volatile and non-

volatile.168 Volatile memories are usually adopted in computers to store short-term data 

which is lost once the electrical power is switched off. Portable devices on the other hand 

require non-volatile memories such as flash memory. Flash memory is quite versatile due to 

its non-destructive writing/reading and has matured along with modern electronic 

systems.169 However, with regards to writing/reading speed the flash memories are limited 

to microseconds170 and further scaling down of devices affects its retention levels.171 

To address these issues, new working mechanisms have been proposed based on using 

ferroelectric hysteresis, magnetoresistive properties, and phase transitions. However, the 

most promising developments are in resistive random access memory (ReRAM).172 ReRAMs 

have a very simple device architecture consisting of an insulator or semiconductor 

sandwiched between two metal electrodes. In these devices, the majority transport 

mechanism is that of charge carriers, ions, and vacancies. The formation and dissolution of 

the conducting filament (CF) changes the resistance state of the active material from high to 

low. The origin of the filament dictates the working mechanism of ReRAMs into the 

electrochemical metallization (ECM) and valence change mechanism (VCM) as shown in 

Figure 1.26. In ECM an electrochemically active metal (such as Ag+) migrate into the active 

layer and form a CF by getting reduced via electron capture.173 While VCM is based on 

ion/vacancy migration and redistribution to form the filament.174 
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Figure 1.26 (a) Schematic illustration of conducting filament formation and rupture, reprinted with permission from 173. (c) 

Schematic of the geometry and conditions used for the Monte Carlo simulation of the partial and complete filament 

formation using Br- vacancies, reprinted with permission from 174. 

Perovskite materials are apt for such device applications as it is now being accepted that they 

are mixed ionic-electronic conductors. This is suspected to be the origin of the I-V curve 

hysteresis where the photocurrent response under forward bias differs compared to that 

under reverse bias.62 Specifically, halogen migration has been calculated to have the lowest 

activation energy leading to a high estimated diffusion coefficient.68,175 These processes 

though a hindrance in other optoelectronic applications are now finding new opportunities in 

ReRAMs.61,176 Ionic transport has been well-explored in 3D perovskites but less understood in 

lower-dimensional metal halide structures with contrasting studies claiming both 

suppression177 and increased ionic migration.178 Though recently, using both atomic force 

microscopy (AFM)179 and time-resolved scanning Kelvin probe microscopy (SKPM)178 it has 

been proposed that ionic migration is consistent with the slow time scale variations of the 



40 
 

electrical response observed in 2D metal halide materials. However, the local structural 

parameters that affect the efficacy of ionic migration in layered metal halides is still an open 

question and will be taken up in Chapter 3. 

1.5.3 Scintillators 

Hard radiation with energies above keV i.e. X-rays, α, β, and γ-rays is widely used in medical 

diagnostics, fundamental high-energy physics research and in the commercial nuclear energy 

sector.180 These ionizing radiations are detected using either of two technologies160,181: 

Semiconductors or scintillators with the difference between them essentially being the end 

of the energy cascade which is begun by the absorption of high energy photons. The 

semiconductors generate an electrical signal proportional to the number of high-energy 

radiation photons that are absorbed, e.g. X-rays, which are collected by an electric field. While 

in scintillators on absorbing the high-energy photons they subsequently luminescence in the 

UV/Vis region, which in turn can be collected by optical devices. From the application point 

of view,  semiconductors are more useful when a better energy resolution is required but not 

so in the case of temporal resolution since direct photon-current conversions are 

bottlenecked by the transit time of the charge carriers.181 Furthermore, scintillators are also 

more versatile and can be incorporated with a plethora of sensor arrays182 (silicon avalanche 

PDs, photomultiplier tubes, charge-coupled devices).  

The processes that occur in a scintillator are shown in Figure 1.27 where the ultimate emission 

either occurs via direct de-excitation (intrinsic) from the conduction band of the host or via 

dopants (extrinsic). The requirements for a scintillator are that they have a high absorption 

coefficient (stopping power), emit a maximum number of photons per unit energy (light 

yield), and exhibit a fast response time (emission decay). However, as it is being increasingly 
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accepted, meeting all requirements is tough in one material and the aim is to optimize 

scintillators for each specific use, as shown in Table 3.180 

 

Figure 1.27: The common emission mechanisms involved in traditional scintillators, dotted line indicates the electron 

excitation process and de-excitation process while the wavy line indicates the light emission. Reprinted with permission 

from 183.  

Table 4: Scintillator requirements in various applications, adapted from 180. 

APPLICATION 
LIGHT YIELD 

(PHOTONS/MEV) 
DECAY TIME (NS) EMISSION (NM) 

COUNTING TECHNIQUES 

CALORIMETER  

(HIGH ENERGY PHYSICS) 
>200 >20 >450 

CALORIMETER  

(LOW ENERGY PHYSICS 
High varies >300 

POSITRON EMISSION TOMOGRAPHY (PET) High <1 >300 

-RAY CAMERA High Varies >300 

INTEGRATING TECHNIQUES 

X-RAY TMAGING High less imperative >350 

COMPUTED TOMOGRAPHY (CT) High  no afterglow >500 
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Perovskites have recently attracted significant research interest in both high-energy 

semiconductor detectors165,166,184,185 as well as scintillators.186–191 Besides their previously 

mentioned favorable optoelectronic properties and inexpensive solution fabrication, the 

exceptional defect tolerance of the optoelectronic properties is very unique. The dynamics of 

radiative processes under high-energy photon excitation are complicated by charge carrier 

trapping and de-trapping which add non-exponential terms and lead to delayed luminescence 

known as afterglow. X-ray excited thermoluminescence measurements on perovskites 

indicate the absence of such deep electronic states and the density of shallow traps is also 

significantly reduced, leading to minimal afterglow effects only at low temperatures (10 K) 

and negligible at RT as shown in Figure 1.28(a).192 Furthermore, since high-energy absorption 

length, graphed in Figure 1.28(b), scales with the effective atomic number of the materials, 

perovskites containing heavy elements such as Pb, Br, I are naturally suitable. Interestingly, 

scintillation efficiency is also seen to improve with a reduction in the dimensionality of the 

octahedral connectivity.193 

 

Figure 1.28: Luminescence afterglow after X-ray excitation (b) Calculated absorption length of perovskite crystals as a 

function of photon energy, compared to curves for commercial scintillators, reprinted with permission from 192. 
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1.6   Outline of the thesis 

The goal of this doctoral thesis is to synthesize metal halide octahedra based materials of 

varying dimensionality and explore their intrinsic structure-property relationships while 

attempting to apply them in prototype devices.  

In Chapter 2, we found using our solvent acidolysis crystallization (SAC) method, 44% of 

methylammonium can be replaced with a larger organic cation (dimethylammonium) without 

breaking the 3-dimensional (3D) perovskite structure. We then employed different 

temperature-dependent studies to explore the implications of such a mixed organic cation 

composition on the structure and on the optoelectronic properties as well as on 

photodetector performance. 

In Chapter 3, we used the SAC process to fabricate lead-free 2D methylammonium copper 

halide materials. Here we found that tuning the halide compositions not only modulated the 

bulk phase and optical properties but also the finer structural effects such as vacancy 

positions and thermal disorder parameters. We connected these local atomic-scale 

observations to the efficacy of ionic migration in these materials that also modulates their 

performance in resistive switching memory devices. 

In Chapter 4, we explored the structural versatility of Cs-Pb-Br-based compounds by studying 

the connection between the nature and size of the solvated species and the precipitated 0D 

Cs4PbBr6 and 3D CsPbBr3 powders. Identifying the spectroscopic signatures of the species 

helped us select the appropriate solvents to obtain 3D-free Cs4PbBr6 that we studied for the 

first time using 133Cs and 207Pb solid-state nuclear magnetic resonance. We hypothesized 



 

44 
 

on the possible origins of the green emission in these 0D compounds and also studied their 

suitability for radioluminescence applications. 
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Chapter 2 Three-Dimensional Perovskites 

Relatively large organic cations, which on their own cannot stabilize the 3D corner sharing 

perovskite framework, can be incorporated by appropriate mixing with smaller 3D perovskite-

forming cations. Here we utilize the solvent acidolysis crystallization (SAC) technique to grow 

mixed dimethylammonium/methylammonium lead tribromide crystals with the highest, as of 

yet, dimethylammonium (DMA) incorporation of 44% while maintaining the 3D cubic phase. 

We then employ different temperature-dependent measurements to explore the 

implications of such mixed organic cations composition on the structural and on the 

optoelectronic properties at low temperatures. We confirm the suppression of the 

orthorhombic phase upon the incorporation of DMA and a lower tetragonal-cubic phase 

transition temperature. The anomalous enhancement in the integrated PL observed in the 

pure crystals due to the order-disorder transition of the organic cations is shifted to higher 

temperatures due to delayed cation dynamics caused by the constricted available 

volume/atom ratio in the mixed sample. By fabricating charge extraction layer-free lateral 

photodetectors, we observed that the mixed crystals show 5.5 times higher detectivity and 

1.7 times higher responsivity compared to the pure crystals. The observations in this study 

highlight the importance of the synthetic technique in incorporating high fractions of the large 

organic cations, which play a key role in modulating the low temperature optoelectronic 

properties and can significantly affect the device characteristics. 
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2.1 Introduction 

Halide perovskites with the general formula AMX3 (A = methylammonium – MA, 

formamidinium – FA, or Cs, M = Pb2+ or Sn2+, and X = Cl-, Br-, or I-)194,195 have found, over the 

last few years, significant progress in photodetection.32,159,160,196,197 Though the A-site organic 

cation does not partake in the band edge states, it significantly influences the room 

temperature optical properties, for example  increasing the size of the A-site cation from Cs+ 

to MA+ to FA+ narrows the bandgap due to decreased octahedral tilting.36,198 Furthermore, 

substituting the large FA cation with the small Cs cation in FAPbI3 and FASnI3 perovskites 

displayed opposite trends in terms of bandgap manipulation.37 In case of the Pb perovskite, 

the bandgap widened due to the increased octahedral tilting. On the contrary, no octahedral 

tilting was observed in the Sn perovskite and bandgap narrowing was recorded and attributed 

to lattice contraction.  

Cryogenic studies have shown that the A-site cation also impacts the temperature-dependent 

optical22,199–205 and structural properties.20,22,203,206–211  Temperature-dependent Raman 

spectroscopy identified the hydrogen bonding between MA and Br to be controlling the MA 

cation dynamics and subsequently the inorganic octahedra tilting.22 Also, through 

temperature-dependent neutron/X-ray diffraction and PL  measurements on MAPbBr3, it was 

revealed that the MA cation transformation starting around 100 K from an ordered to a 

disordered state is correlated with an increased integrated PL intensity in the temperature 

range 100 – 150 K, and is also suggested to induce the orthorhombic-tetragonal phase 

transition around 130 K.203   
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The research spotlight is now shifting to alternate larger A-site cations such as 

ethylenediammonium (EN),212 azetidinium (AZ),213 guanidinium (GUA),214,215 

dimethylammonium (DMA)216 and ethylammonium (EA).217 These cations form the 3D 

perovskite structure only when mixed in small portions with one of the smaller cations (MA, 

FA, Cs). While these compositions have already shown significantly improved efficiencies in 

photovoltaic213,218,219 and photodetection220,221 capabilities, the structural and optical effects 

of having such a mismatch in the A-site cation sizes are particularly interesting.  For example, 

in the compositions containing EN, known as hollow perovskites, the 3D framework is 

disrupted by previously undetected massive M and X vacancies needed to accommodate the 

much longer EN cation.212 The compounds with the largest EN incorporation (44%) show a 

significantly blue shifted bandgap (0.58 eV) one of the largest reported for 3D lead iodide 

perovskites,  attributed to the reduction of the orbital overlap of the remaining M/X atoms 

that consequently narrow the widths of the valence band maxima (VBM) and conduction 

band minima (CBM). 

Another interesting A-site cation is DMA that has recently been discovered to have been 

unintentionally incorporated in the perovskite composition as a side effect in specific 

synthetic routes involving the use of acids, highlighting the significant role of the synthetic 

method in the extent of A-site cation incorporation.222 To date, conscious substitution of MA 

with DMA in the triiodide phase has been achieved only up to 21% in the powders,223 15% in 

the thin films,219,224 and 28% in single crystals224 with more DMA usually leading to mixed 

phases containing segregated non-perovskite 1D hexagonal DMAPbI3. This substitution 

widens the band gap by 20 meV223  and also motivates the cubic-tetragonal phase 

transition219,223,224 to take place at room temperature, which usually occurs only above 54 °C 
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for MAPbI3. Interestingly, the mixed composition is significantly more hydrophobic compared 

to the MAPbI3 leading to a much-improved humidity stability especially relevant for their 

optoelectronic applications.219,221 In the case of the tribromide compositions the perovskite 

framework is found to be maintained only up to 23% DMA incorporation216 in powders where 

a similar blue-shift of the band edge is observed.216 Blue shift upon incorporating DMA in 

mixed (FA/Cs)PbBr3 has been suggested to be due to an anomalous octahedral tilting225 and 

not the expected lattice volume expansion. Interestingly, in the tribromide phase, when 

increasing amounts of MA were replaced with DMA, the phase transitions were first found to 

occur at lower temperatures (4% DMA), and then were completely suppressed (21% DMA) 

due to the significantly perturbed environment of the MA cation that increases its rotational 

barrier.208 However, higher DMA containing phases were not studied as it was suggested in a 

previous study that it led to phase segregation.216  

Encouraged by this, we explore the role of incorporating a large amount of the DMA cation in 

MAPbBr3 crystals on the temperature-dependent structural and optical properties, and on 

the performance of their photodetectors. The crystals were grown using the solvent acidolysis 

crystallization that we previously reported for MAPbX3 crystals144,226 and also for Pb-free 

crystals.227 We managed to incorporate 44% DMA while maintaining the three-dimensional 

(3D) cubic structure, which is higher than the reported solubility limit of DMA in MAPbX3 

perovskites.216,219,223,224 Temperature-dependent Synchrotron X-ray powder diffraction 

(SPXRD) measurements, in the range 85 – 300 K, show lowered cubic to tetragonal phase 

transition temperature and an absence of the orthorhombic phase in DMA/MAPbBr3, 

compared to pure MAPbBr3. Temperature-dependent PL resulted in more than one PL peak 

in both crystals. On increasing temperature, the high-energy peak in the pure MA crystals 
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showed an increased integrated PL intensity from 80 to 140 K, while the DMA incorporation 

led to enhanced integrated PL intensity in the temperature range 120 – 180 K, which is 

attributed to shallower defects and reduced non-radiative recombination due to the organic 

cation(s) dynamics. Furthermore, narrower PL full width half maxima (FWHM) were recorded 

for the mixed crystals with respect to the pure MA crystals. In terms of photodetector 

performance, at room temperature, the devices fabricated using the mixed crystal showed an 

5.5 times higher detectivity and 1.7 times higher responsivity compared to the MAPbBr3 

devices. 

2.2 Synthesis  

The mm-sized crystals were grown using modified solvent acidolysis crystallization (SAC) that 

we previously reported for MAPbX3 crystals144,226 and also for lead-free crystals.227  

Precursor solutions for methylammonium lead tribromide (MAPbBr3) crystals were prepared 

by dissolving 0.4M PbBr2 in a mixed solvent system consisting of NMF and HBr (5.67:1 by vol). 

In the case of the mixed dimethylammonium-methylammonium lead tribromide 

(DMA/MAPbBr3) the same concentration of 0.4M PbBr2 is dissolved in DMF, NMF, and HBr 

(4.05:1.5:1 by vol). Subsequently, 1 mL of the respective precursor solutions were placed in 8 

mL vials and sealed with an aluminium foil and inserted into a larger 40 mL vial containing 7.5 

mL of DCM. Perforating the aluminium foil allows the initialization of the crystallization by the 

volatile DCM, which is a commonly used antisolvent for perovskite materials. The crystals of 

MAPbBr3 and DMA/MAPbBr3 are collected after 3-4 days on a filter paper and dried for 24 h 

in a vacuum oven kept at 40 °C. 
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Figure 2.1: (a) Schematic of the crystallization process and (b and c) photographs of MAPbBr3 and DMA/MAPbBr3 crystals, 

respectively. 

2.3 Results and discussion 

For experimental conditions regarding characterization techniques, see Appendix. 

For quantitative analysis, we performed proton nuclear magnetic resonance (1H NMR) on the 

mixed crystals, as displayed in Figure 2.2, and we were able to assign specifically the signals 

from the DMA and MA cations. Subsequently, the molar ratio was inferred from each 

integrated peak intensity, normalized to the protons generating the signal (6 protons for DMA 

and 3 protons for MA) and found the DMA% in the crystals to be around 44%. This DMA 

content is higher than any previously reported value while maintaining the 3-dimensional (3D) 

cubic phase as discussed below. In both bromide and iodide phases, it was suggested that the 

solubility limit of DMA in the MA-based perovskites is 15 to 28%, highlighting the significance 

of the SAC technique. Regarding the Br:Pb ratio, both crystals were close to stoichiometric, 

based on energy-dispersive X-ray spectroscopy (EDS) analysis (Table 2.1).  
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Figure 2.2: 1H NMR spectrum in deuterated dimethyl sulfoxide (DMSO) of DMA/MAPbBr3 (inset: expanded region from 2.28 

to 2.86 ppm with the DMA and MA signal assignment and integration). 

 

Table 2.1: Elemental composition of the single crystals obtained using EDS. 

Sample 
EDS analysis  

(Br/Pb ratio) 

MAPbBr3 2.80 

DMA/MAPbBr3 2.82 

 

Laboratory X-ray powder diffraction (LXRPD) pattern of the as-grown mixed crystals is very 

similar to that of the pure MA pattern and no diffraction peaks corresponding to the non-

perovskite DMAPbBr3 phase are detected, confirming that the 3D cubic structure is 

maintained (Figure 2.3(a)). The difference between the pure MA and mixed crystals 

diffraction patterns is highlighted in the expected shift to lower Bragg angles, as shown in 

Figure 2.3(b) due to the incorporation of the larger organic cation (DMA) leading to the 

observed lattice expansion.208,216,225 A further lattice expansion is recorded upon grinding the 

mixed crystals but not the pure MA crystals (Figure 2.3(c)), indicating that the mixed crystals 

are structurally compressed. Lattice compression has been previously reported to enhance 
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the optoelectronic properties such as removal of mid-bandgap trap states and shallower trap 

states228–230 and to be beneficial for photodetection, in particular, in terms of detectivity 

(D).226,231  

   

Figure 2.3: (a) XRD pattern of MAPbBr3 and DMA/MAPbBr3 compared to the non-perovskite DMAPbBr3 and zoomed in (001) 

peak of the (b) as-grown crystals and (c) ground crystals. 

Temperature-dependent synchrotron X-ray powder diffraction (SXRPD) was carried out on 

both samples and the phase, cell volume, and Pb-Br-Pb angle at selected temperatures are 

summarized in Table 2.2; the lattice parameters are reported in Table 2.3. The results for the 

pure MA powders confirmed the previously reported data;203,232 MAPbBr3 remains cubic 

down to 240 K and below this temperature a cubic to tetragonal phase transition occurs, 

which is followed by a tetragonal to orthorhombic phase transition below 160 K. On the other 

hand, the mixed DMA/MAPbBr3 showed a reduced cubic to tetragonal phase transition 

temperature (˂205 K instead of ˂240 K) and no orthorhombic phase was recorded down to 

85 K. This is not in line with previous work that demonstrated completely suppressed phase 

transition even with only 21% DMA.208 Mixed A-site cations have been previously reported to 

suppress phase transitions, however, through incorporating the smaller-sized Cs cation in 

MAPbBr3
233 and FAPbBr3 and this was attributed to compressive chemical pressure.234 In 

terms of the Pb-Br-Pb angles, governing the octahedral tilt, the pure MA sample showed no 
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distortion except upon the phase transition, where an in-plane distortion was detected in the 

tetragonal phase and both in-plane and out-of-plane distortions recorded for the 

orthorhombic phase. Similarly, in-plane distortions were recorded in the tetragonal phase of 

the mixed DMA/MAPbBr3 (see Table 2.2). This indicates that, at RT, the main difference 

between the two samples lies in the observed cell volume expansion (2.68%) due to the 

incorporation of the larger DMA cations.  

Table 2.2: Phase, Cell volume and Pb-Br-Pb angle of MAPbBr3 and DMA/MAPbBr3 at selected temperatures. 

 MAPbBr3  Mixed DMA/MAPbBr3  

Temp(K) 
Phase 

 

Cell 
volume 

(Å3) 

Pb-Br-Pb 
angle (°) 
In-plane 
Out-of-
plane 

Phase 
 

Cell 
volume 

(Å3) 

Pb-Br-Pb 
angle (°) 
In-plane 
Out-of-
plane 

300 Cubic 208.34(16) 180 
180 Cubic 213.93(8) 180 

180 

240 Cubic 206.88(17) 180 
180 Cubic 212.26(12) 180 

180 

220 Tetragonal 825.66(5) 168.18 
180 Cubic 211.88(9) 180 

180 

205 Tetragonal 824.86(9) 
164.65 

180 Cubic 
 

211.45(10) 
 

180 
180 

180    Tetragonal 420.60(6) 168.31 
180 

160 Tetragonal 821.54(7) 162.63 
180 Tetragonal 419.69(6) 167.22 

180 

120 Orthorhombic 812.58(8) 157.48 
169.27    

85 Orthorhombic 810.75(8) 156.84 
168.63 

Tetragonal 415.50(6) 164.56 
180 
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Table 2.3: Lattice parameters of both samples at selected temperatures. 

 MAPbBr3 Mixed DMA/MAPbBr3 

Temp(K) a (Å) b (Å) c (Å) a (Å) b (Å) c (Å) 

300 5.928(3) 5.928(3) 5.928(3) 5.9807(14) 5.980(14) 5.980(14) 

240 5.914(3) 5.914(3) 5.914(3) 5.965(19) 5.965(19) 5.965(19) 

220 8.343(2) 8.343(2) 11.861(6) 5.961(15) 5.961(15) 5.961(15) 

210 8.335(15) 8.335(15) 11.868(4) 5.958(18) 5.958(18) 5.958(18) 

205    5.957(17) 5.957(17) 5.957(17) 

180    8.4087(4) 8.4087(4) 5.9485(7) 

160 8.309(3) 8.309(3) 11.897(8) 8.401(4) 8.401(4) 5.945(7) 

120 7.998(4) 11.855(7) 8.569(5)    

85 7.972(5) 11.853(7) 8.579(5) 8.367(4) 8.367(4) 5.934(7) 

 

Furthermore, when the tetragonal cell is used in the next steps of the structure solution 

process, EXPO2014 suggests the space group P4/mbm as the most plausible space group (in 

case of pure MAPbBr3 the most plausible space group is I4/mcm). In spite of the smaller 

volume of the tetragonal cell of mixed DMA/MAPbBr3, the cuboctahedral void in the inorganic 

framework is slightly larger than in case of MAPbBr3, (~205.40 Å3 and ~209.87 Å3, in case of 

MAPbBr3 and mixed DMA/MAPbBr3, respectively). To be noted that the slight increase (i.e., 

2.17%) of the cuboctahedral void, occurring in case of the mixed DMA/MAPbBr3, is in 

agreement with the volume expansion observed in case of the of cubic cell and due to the 

incorporation of the larger DMA cations. However, this indicates a smaller volume/atom ratio 

in the cuboctahedral void for the mixed crystal compared to MA, which influences the organic 

cation dynamics that will be discussed later. 
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The successful incorporation of the DMA cation in the crystal has been also confirmed by 

Raman spectroscopy at room temperature (RT). In the mixed crystal, we observe additional 

Raman modes (Figure 2.4(a)) at 890 cm-1, 1350 cm-1 and 1461 cm-1 corresponding to the C-N-

C stretching, CH3 rocking and CH3 bending modes of the DMA cation, respectively.208,235 

Moreover, the coexistence of DMA and MA promotes a shift in the position of some of the 

vibrational modes, as highlighted for example for the red shift of the 1592 cm-1 peak 

corresponding to the N-H asymmetric bending mode (NH3
+ in MA) (Figure 2.4(b)) to 1586 cm-

1, indicating a stronger HN···Br bonding for the MA cations in the mixed crystals compared to 

in the pure MA crystals.  

 

Figure 2.4: (a) Representative RT Raman spectra of MAPbBr3 (green) and DMA/MAPbBr3 (orange) crystals and (b) peak 

positions corresponding to the N−H asymmetric bending mode22,236 (in MA), collected at 785 nm laser excitation. The asterisks 

in (a) mark the Raman modes corresponding to DMA at 890 cm-1 (C-N-C stretching); 1350 cm-1 (CH3 rocking); and 1461 cm-1 

(CH3 bending).  

In order to gain insights into the rearrangement of the organic cation(s) during the phase 

transitions, we carried out temperature-dependent Raman spectroscopy measurements (90 

– 300 K).22,237 In Figure 2.5, we focus on the vibrational modes that are more closely related 

to HC···Br and HN···Br bonding, and therefore, more sensitive to the reorganization of the MA 

and DMA cations during the phase transitions, i.e., C-H, N-H and C-N stretching modes of MA. 
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In the orthorhombic phase of the MA crystals (T < 143 K), the corresponding NH3
+ and CH3 

vibrational modes22,232,236 are sharp and narrow, indicating high ordering and locked MA 

cations.22,236 Comparing the frequency (position) and narrowing (FWHM) of the stretching 

modes of MA at T = 93 K in both crystals: the C-H stretching mode (CH3) shifts from ~2820 

cm-1 (FWHM ~3 cm-1) in MA crystals to ~2823 cm-1 (FWHM ~8 cm-1) in the MA/DMA crystals; 

the N-H stretching mode from ~2965 cm-1 (FWHM ~2 cm-1) in MA crystals to ~2965 cm-1 

(FWHM ~7.5 cm-1) in the MA/DMA crystals; and the C-N stretching mode from ~970 cm-1 

(FWHM ~3 cm-1) in MA crystals to ~972 cm-1 (FWHM ~7.5 cm-1) in the MA/DMA crystals. 

These values highlight that the orthorhombic phase in the MA/DMA crystals is not reached, 

which is in line with the SXRPD results. Note that, when passing from tetragonal to cubic 

phase, in both cases, there is only a subtle change in the MA Raman modes, indicating less 

changes in the MA cation dynamics around this phase transition. On the other hand, the DMA 

Raman modes (Figure 2.6) around 1014, and 1075 cm-1 show a pronounced shift in FWHM 

around 210 K, close to the cubic to tetragonal phase transition recorded from the SXRPD 

measurements. Below 210 K (tetragonal phase) the DMA Raman modes are sharp and 

narrow, indicating high ordering and locked DMA cations possibly due to the small 

volume/atom ratio observed in the SXRPD. 
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Figure 2.5: Evolution of the (a) C-H, (b) N-H and (c) C-N stretching modes of MA 22,232,236 in terms of Raman shift (peak position) 

and linewidth (FWHM) as a function of temperature in both crystals: MAPbBr3 (green) and DMA/MAPbBr3 (orange) samples. 

The dotted lines mark the phase transition temperatures. Sketches of the vibration modes22,236 drawn with Avogadro 

software238 are shown as insets.  
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Figure 2.6: Evolution of the (a) stretching and (b) rocking modes of DMA+ 208,235 in terms of Raman shift (peak position) and 

linewidth (FWHM) as a function of temperature in the DMA/MAPbBr3 crystal. The dotted lines mark the phase transition 

temperatures. Sketches of the vibration modes drawn with Avogadro software238 are shown as insets. 

We next characterized the optical properties of the crystals beginning with the absorbance 

spectra (Figure 2.7), which exhibit a bandgap widening in the case of the mixed 

DMA/MAPbBr3 due to the recorded lattice expansion (see Table 2.2), unlike what has been 

previously reported and attributed to the increased octahedral tilting.225  

 

Figure 2.7: Calculated band edge absorption profile from the diffuse reflectance spectra based on the empirical Kubelka-Munk 

function239,240 for both compositions. 
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We also carried out temperature-dependent PL studies on both crystals from 80 to 300 K as 

shown in Figure 2.8 (a,b). In both crystals three PL peaks (Figure 2.8 (c,d)) are required to fit 

the emission spectra. In case of the pure MA crystals the three peaks are a high-energy peak 

(P1), low-energy peak (P2), and a third broad peak around 2.1 eV (P3) that is much shifted 

from P1 and P2 and is present only at lower temperatures (80 – 120 K), i.e. temperatures 

below the tetragonal to orthorhombic phase transition. Several reports have attributed this 

peak (P3) to sub-bandgap trap states due to structural or compositional disorder at low 

temperatures leading to trap-assisted emission.199–202 The trap-assisted emission disappears 

in the high temperature phases (tetragonal and cubic) due to increased Coulomb screening 

as the organic cation recovers its rotational motion.201 In the case of the mixed crystals, there 

are also three PL peaks that instead are detected at all temperature points up to 300 K. In this 

case, P3 is narrower in nature and is energetically closer to the LE peak P2 with respect to P3 

in the pure MA crystals. The absence of the energetically shifted broad PL peak in the mixed 

crystals indicates reduced sub-bandgap states at low temperatures compared to the pure MA 

crystals. 
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Figure 2.8: Temperature-dependent PL spectra under 445 nm (2.79 eV) excitation of (a) MAPbBr3 (b) DMA/MAPbBr3 and 

example of the fit for the emission spectra at 80 K for (c) MAPbBr3 and (b) DMA/MAPbBr3 respectively. 

Common to both crystals is the presence of the split PL peaks (P1 and P2) that have been well 

documented in the case of the MAPbBr3 but the origin of the LE P2 is still being debated in 

the literature. P2 has been attributed to several different origins, including coexistence of 

another structural phase (at low temperature),199,241–243 and Rashba splitting.201,244–246 

Importantly, P2 in both crystals display the same trend as a function of temperature; a 

pronounced red shift as the temperature increases from 80 K to RT (Figure 2.9), accounting 

for the electron–phonon coupling effect,244,245 or the degree of Rashba splitting.246 Hence, we 

focus more on the HE P1 peak (band-to-band peak) where we recorded different trends in 

both crystals, as discussed below. 



 

61 
 

 

Figure 2.9: Temperature-dependent evolution of the LE PL peak (P2) positions in MAPbBr3 and DMA/MAPbBr3 crystals. 

In the case of the pure MA crystals, the HE peak (P1) shows blue shift upon increasing 

temperature except around 160 K due to an orthorhombic - tetragonal phase transition203 

(Figure 2.10(a)). Although unusual for semiconductors, this blue shift has been already well 

documented in the halide perovskite field and is related to thermal expansion of the lattice 

and stabilization of the valance band maxima.247–253 Note that the blue shift is recorded 

despite the reduced octahedral tilt upon increasing temperature. In the mixed MA/DMA, the 

blue shift could be detected in the HE peak (P1) only above 180 K (Figure 2.10(a)) where the 

tetragonal - cubic phase transition is detected by low-temperature SXRPD (Table 2.2). On the 

other hand, in its tetragonal phase, a red shift is observed. Increased electron-phonon 

coupling cannot account for this red shift, as the full width of half maxima (FWHM) of the PL 

peaks is in fact narrower for the mixed crystal compared to the pure MA crystal (Figure 2.10 

(b)). Furthermore, it was proposed that the slight red shift in bandgap due to 

electron−phonon coupling effects is evident mainly in small nanocrystals but not in bulk 

perovskites.254 Instead, this could possibly highlight a different thermal expansion coefficient 

for the two different phases in the mixed crystal.255   
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Figure 2.10: Temperature-dependent evolution of the (a) peak position (b) full width half maxima (FWHM) and (c) integrated 

PL intensity of the HE peaks of MAPbBr3 and DMA/MAPbBr3 crystals. 

Focusing on the integrated PL intensity of the HE peak we found that, in the case of the 

MAPbBr3 crystals, the integrated PL intensity increases with increasing temperature from 80 

to 140 K (Figure 2.10(c)). This was followed by a drop in the integrated PL intensity as the 

temperature increases further. The drop in the integrated PL intensity with the increase in 

temperature is expected and is due to thermally-induced non-radiative 

recombination.203,247,249 However, the increased integrated PL intensity from 80 to 140 K is 
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abnormal; nevertheless, it was previously reported for MAPbBr3
203,245,256 and was attributed 

to different reasons, including increased dielectric screening during transformation of organic 

cations from order to disorder starting around 100 K, leading to shallower defects and 

reduced non-radiative recombination.203 It has been also reported that the reorientational 

motion of the organic cation(s) provides screening of charge carriers from charged 

defects.257,258 Furthermore, it is also well known that enhanced PL is a consequence of 

reduced density of defects.256 A relatively similar trend is observed in case of mixed MA/DMA 

crystals, however, at different temperatures (Figure 2.10(c)). The integrated PL intensity 

drops from 80 K to 120 K, then it increases and relatively stabilizes up to 180 K, after which it 

drops again. This indicates that the organic cation(s) transformation and hence the reduced 

non-radiative recombination in the mixed crystals takes place at an elevated temperature 

range (140 – 180 K) compared to the range in the pure MA crystals (80 – 140 K). It could be 

that the smaller volume/atom recorded for the cuboctahedral void in the mixed sample in its 

tetragonal phase results in locking of the cations up to higher temperatures compared to the 

pure MAPbBr3. Furthermore, the different hydrogen bonding due to the different organic 

cations can affect the order-disorder behavior of the organic cations.22  

To investigate the transport properties, we performed space charge-limited current (SCLC) 

measurements at RT on hole-only devices with device structure Au/ MAPbBr3/Au. We confirm 

that our SAC process is capable of growing MAPbBr3 crystals with quality comparable to what 

is reported in literature based on the trap states density calculation as shown in Figure 2.11 

and accompanied equations (1 and 2). The hole trap density was found to be 2.46 ± 0.46 × 

1010 cm-3, matching reported values for crystals grown using inverse temperature 

crystallization (ITC)134 and antisolvent vapor-assisted crystallization (AVC).130 Interestingly, 
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our SAC grown crystals exhibited higher hole carrier mobility (98 ± 13 cm2/Vs) compared to 

crystals grown by the other two processes. 

 

Figure 2.11: Space charge-limited current (SCLC) measurement of SAC based MAPbBr3 crystal. 
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where VTFL is the trap-filled limit (TFL) voltage, VSCLC is the trap-free voltage limit signaling 

Child’s regime, ε is the dielectric constant, εo is the permittivity of free space, e is the electron 

charge and L is the single crystal thickness. 

 

We also fabricated lateral photodetectors based on the same device configuration 

(Au/perovskite/Au) without any additional charge extraction layers. Figure 2.12 (a) shows the 

dark and light current−voltage (IV) characteris cs of MAPbBr3 and the mixed DMA/MAPbBr3 

crystals photodetectors. We next extracted the detectivity (D) and the responsivity (R) (see 

Figure 2.12 (b) and accompanied equations (3 and 4) for calculations) from the IV curves and 

the device characteristics are reported at 10V in Table 2.4.  
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At the highest voltage (10V) the devices fabricated using the mixed crystal show 5.5 times 

increase in D and a 1.7 times increase in the responsivity compared to the standard MAPbBr3 

devices. The mixed DMA-MAPbBr3 crystal showed a higher slope for the responsivity vs bias 

voltage which indicates a higher μ product of the photogenerated charge carriers as the 

photocurrent in symmetric devices is predicted to scale linearly with the applied voltage.259 

 

Figure 2.12: IV curves under dark and 520 nm illumination for (a) MAPbBr3 and mixed DMA/MAPbBr3 lateral photodetectors 

and their respective (b) responsivity vs applied voltage. 
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where Jph is the photocurrent density, Jd is the dark current density, Llight is the incident light 

power density, e is the absolute value of the electron charge, and Jd is the dark current 

density. 

Table 2.4: Detectivity (D) and Responsivity (R) of the lateral photodetectors at 10V. 

Detectivity (Jones) Responsivity (A/W) 
MAPbBr3 MAPbBr3 DMA/MAPbBr3 DMA/MAPbBr3 

5.87±1.39*1011 0.55±0.02 0.91±0.17 3.21±0.62*1012 
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2.4 Conclusion     

Using SAC, we managed to substitute 44% of the MA with DMA while maintaining the cubic 

phase leading to a suppression of the orthorhombic phase and a lower cubic to tetragonal 

phase transition temperature. Furthermore, an increase in the interaction between the 

organic cations and the inorganic sublattice is expected in the mixed crystal due to the smaller 

ratio ‘volume/atom’. The temperature-dependent PL (80 – 300 K) showed that there is a 

specific temperature range (120 – 180 K in case of the mixed crystals and 80 – 140 K in case 

of the pure crystals) within which the integrated PL increases instead of dropping due to the 

thermally induced non-radiative recombination pathways. This effect has been attributed to 

the increased dielectric screening of the charge carriers from charged defects while the 

organic cation(s) are transforming from order to disorder, however, at different temperature 

ranges for the pure and the mixed crystals. We fabricated lateral photodetectors and found 

that their D and R show an enhancement of 5.5 time and 1.7 times, respectively, in the mixed 

crystal compared to the pure MAPbBr3. The results obtained in this study highlight the 

necessity to explore alternate synthetic techniques while testing the solubility limit of large 

A-site cations, as incorporating higher fractions can lead to vastly different structural and 

optoelectronic properties thus opening up a new dimension of compositional tunability. 
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Chapter 3 Two-Dimensional Metal Halides 

Ion migration is associated with hysteresis observed in halide perovskite-based solar cells and 

light-emitting diodes, however, it is crucial for their effective performance in memory devices. 

In the halide perovskites field, a direct link between the average/local structure and the 

preferred ion migration hopping pathway has yet to be established. Herein, we utilize the 

solvent acidolysis crystallization technique to grow various halide-deficient 

methylammonium copper halide crystals where perovskite-type layers are found. Through 

synchrotron X-ray powder diffraction (XRPD) and pair distribution function (PDF) analyses, we 

identify the halogen vacancy site in the copper halide octahedra, the octahedra tilting, and 

the thermal vibrations of the atoms around their average positions. We correlate the 

variations in these parameters to the hysteresis observed in the current-voltage curves and 

subsequently to the ON/OFF ratios of proof-of-concept memory devices fabricated using inert 

Pt electrodes. Furthermore, our best ON/OFF ratio of ~10 from our Pb-free devices compares 

well to the results obtained from two-dimensional Pb-based devices utilizing inert electrodes.  

 

Parts of this chapter have been adapted or reproduced with permission from: 

A. Ray, B. Martín-García, A. Martinelli, D. Spirito, F. Locardi, D. Altamura, C. Giannini, M. Prato, 

L. Manna, A. L. Abdelhady, B. Mart, D. Spirito, F. Locardi, D. Altamura and C. Giannini, “Impact 

of Local Structure on Halogen Ion Migration in Layered Methylammonium Copper Halide 
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3.1 Introduction 

Three-dimensional (3D) hybrid lead halide perovskites (APbX3; A = methylammonium (MA) or 

formamidinium (FA) and X = Cl, Br, or I) show significant room-temperature ion migration 

under external electric field, which is being increasingly accepted as one of the major origins 

of the current-voltage hysteresis in solar cells and light-emitting diodes.75,175,260–263 The 

resulting mixed ionic-electronic conductivity in halide perovskites is now being taken 

advantage of in resistive switching devices, where a change in the material’s resistance is 

induced by applying an external voltage stimulus.34,264 Thus, the device passes from a high 

resistance state (HRS, known as OFF state) to a low resistance state (LRS, known as ON state). 

This change allows to “write” (set process) and “erase” (reset process), resulting in a resistive 

random access memory (ReRAM) device. In general, the proposed working mechanism for 

perovskite-based ReRAM devices varies from halogen ion/vacancy migration inside the active 

perovskite material to the formation of metallic filaments when using active electrodes. In 

addition, the interactions at the perovskite-electrode interface also play an important role 

and must be taken into consideration.265,266 In all cases, ionic mobility, as well as the choice 

of the active electrode, have been identified as the factors enhancing the device performance 

in terms of ON/OFF ratio. Ionic mobility can be influenced by structural variations. For 

instance, local lattice distortion by bromine267 or guanidinium67 incorporation into MAPbI3 

was proposed to raise the activation energy for iodine ion migration. These activation energy 

values can be estimated through experimental measurements68,75,268 or by 

computation.68,70,269 However, the reported activation energy values, for the same ion, differ 

significantly.270,271 Importantly, the correlation between the average/local structure and the 

preferred ion/vacancy hopping pathway has been achieved primarily through computational 
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calculations68,71,76,272, while a direct structural characterization of the vacancies location and 

concentration as well as the atomic displacement is still missing. Nevertheless, Minns et al.273 

have demonstrated the ion migration mechanism in MAPbI3 through neutron diffraction 

measurements. 

One of the main drawbacks of the commonly used 3D perovskites, both in optoelectronics 

and ReRAM applications, is the lead toxicity. More environmentally friendly 3D perovskites 

have been developed using tin274; however, tin instability is notorious due to its facile 

oxidation, which yet remains an unsolved issue. Recently, the two-dimensional (2D) analog 

(A2PbX4),275 which could possess different energy barrier migration pathways compared to 3D 

perovskites,272 are being proposed as promising candidates for memory devices.264 

Interestingly, the size constraint placed on the metal ion is relaxed by moving to this 2D 

analogue, allowing the exploration of lead-free alternatives besides the commonly studied 

tin. In particular, copper is considered as a cheap and nontoxic element, which, if incorporated 

in devices, could have a significant impact even with low efficiencies; for example, layered 

hybrid copper halides are now finding applications in solar cells276 and batteries.277 

Furthermore, these compounds have been recently utilized in resistive switching devices.86  

The crystal structure of the 2D MA2CuCl4 (MA = CH3NH3+) has been the subject of previous 

investigations with inconsistent results. Steijger et al.278 reported a sequence of structural 

transitions in the 1.5 K – 400 K thermal range, summarized as follows: at T < 170 K the 

structure is monoclinic, between 170 K – 260 K a monoclinic and an orthorhombic polymorph 

coexist, while between 260 K – 348 K the orthorhombic phase is stable, and at T = 348 K an 

orthorhombic to tetragonal structural transition occurs. It was also argued that the 

orthorhombic-to-monoclinic transition is accompanied by a thermochromic transition from a 
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light yellow to a pale green.102,112 Conversely, Pabst et al.77 found a monoclinic structure in 

the thermal range 100 K < T < 297 K and ascribed the orthorhombic pseudo-symmetry 

observed at room temperature by Steijger et al. to the presence of a domain structure. 

Moving to mixed halides, the MA2CuCl2Br2 composition is reported to crystallize with an 

orthorhombic structure at room temperature with Br ions occupying the axial sites in the 

[CuX6]4- octahedra.279 Fundamental understanding of the crystal structure and its 

modification by the Br incorporation in these MA2CuClxBr4-x materials is important. 

Nevertheless, an accurate interpretation of the local structure could be even more crucial, 

mainly since ReRAM devices function via ion/vacancy migrations that are strongly influenced 

by local atomic structural variations, as has been demonstrated in oxide perovskites.280,281 

Herein, we utilized the solvent acidolysis crystallization (SAC) technique144,226 to grow three 

halide-deficient methylammonium copper halide crystals; pure chloride and two mixed 

chloride/bromide compositions. As the bromine content increased, the bandgaps of the 

crystals narrowed along with a decrease in their thermal stability. X–ray powder diffraction 

(XRPD) and pair distribution function (PDF) analyses using synchrotron radiation were applied 

to determine the average and local crystal structure of all samples at room temperature. The 

pure chloride sample adopted the monoclinic structure with corrugated [CuCl6]4- octahedra 

in which chlorine vacancies are slightly higher in the equatorial in-plane octahedral positions 

compared to the axial sites. Both mixed halide compositions, instead, crystallized in the 

orthorhombic structure with flatter octahedral planes. Importantly, at the lower Br 

incorporation level, Br ions selectively occupy the axial positions of the octahedra, whereas 

Cl ions are confined to the equatorial in-plane positions that possess similar vacancy 

concentration compared to the equatorial sites in the pure Cl crystal. On the other hand, as 
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the Br content increased further, the equatorial positions became almost fully occupied by Cl 

and Br ions, with vacancies mainly concentrated in the axial positions that are typically Br-

sites. All three samples are characterized by quite large values of thermal parameters 

associated to halogen ions. In particular, dynamic disorder is evident mainly for the equatorial 

Cl ions in the sample with the lower Br incorporation level, while it is more evident for the 

axial halide ions in the two other samples. Finally, we fabricated proof-of-concept memory 

devices from mechanically exfoliated crystal flat chips using inert Pt electrodes. We found 

that the incorporation of a small amount of Br led to higher hysteresis in the current-voltage 

(I-V) curves and better device performance in terms of ON/OFF ratio, which is correlated to 

the aforementioned average and local structural variations. 

3.2 Synthesis 

Pure chloride (Cu-1) crystals were synthesized by dissolving 1M CuCl2.2H2O in a mixed solvent 

system consisting of hydrochloric acid and NMF (1:1 by vol) then 1 mL of the solution was 

placed in a 20 mL vial and left undisturbed for 24 h. Crystals with lower bromine content (Cu-

2) were obtained by dissolving the same concentration of 1M CuCl2.2H2O in mixed solvents 

of hydrobromic acid, hydrochloric acid, and NMF (1:1:2 by vol, Cl:Br ratio of 2.25:1 in feed 

solution), and crystals were collected after three days. Finally, crystals with higher 

incorporation of bromine (Cu-3) were grown in seven days by dissolving again 1M CuCl2.2H2O, 

this time in a mixture of hydrobromic acid and NMF (3:1 by vol, Cl:Br ratio of 0.3:1 in feed 

solution). All crystals were collected on filter paper and dried for 24 h in a vacuum oven kept 

at 40 °C. Photographs of the grown crystals are shown in Figure 3.1. Note that this 

crystallization technique obviates the need for a methylammonium halide precursor and 

instead the organic cation is formed in-situ during the crystallization.  
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Figure 3.1: Photographs of the as-grown Cu-based crystals (a) Cu-1 and (b) Cu-2 and (c) Cu-3 and their ground powders in 

the insets. 

3.3 Results and Discussion 

For experimental conditions regarding characterization techniques and device fabrication, 

see Appendix. 

We studied the optical properties of all three crystals. The color of the crystals changed from 

dark yellow to dark brown as the bromine content increased (inset in Figure 3.2(a) and Figure 

3.1). The absorbance of the ground crystals (Figure 3.2(a)) was obtained by converting the 

diffuse reflectance spectrum of the ground crystals using the Kubelka-Munk formulae F(R)=(1-

R)2/2R (where R is the diffuse reflectance).282 The absorbance spectra show two main 

features: ligand (halide) to metal charge-transfer transitions at shorter wavelengths and a d-

d transition around 700 nm, matching previously reported data.276 As expected from the color 

of the ground crystals, the bandgaps (Figure 3.2(b)) showed a gradual decrease from 2.4 eV 

to 1.8 eV with increased Br incorporation.  
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Figure 3.2: (a) Absorbance of the ground crystals and insets are photographs of the ground crystals and (b) Corresponding 

Tauc plots. 

In order to build the electronic band diagram of our crystals, we performed ultraviolet 

photoelectron spectroscopy (UPS) as shown in Figure 3.3. The positions of the valence band 

maxima (VBM), with respect to the vacuum level, were calculated to be 6.1, 5.5, and 5.0 eV 

for Cu-1, Cu-2 and Cu-3 respectively. From the VBM and the bandgap values, the electronic 

band diagram was calculated and is schematically shown in Figure 3.3(c). No 

photoluminescence (PL) was observed for all samples, indicating no Cu2+ reduction to Cu+, 

which was previously reported to be the origin of the PL at around 525 nm.276 

 

Figure 3.3: Zoomed-in sections of the uncalibrated UPS spectra for the 3 samples (a) Onset and (b) Cut-off regions and (c) 

Calculated electronic band diagram. 
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The crystalline quality of the pure chloride crystal (Cu-1) was investigated using wide angle X-

ray scattering (WAXS). The sample was raster scanned over a 1 × 1 mm2 area, in order to 

obtain an average pattern from a large crystal volume. The resulting spotty 2D pattern shown 

in Figure 3.4(a) (inset) indicates that the sample was a single crystal with the corresponding 

1D WAXS profile indexed and fitted as the monoclinic MA2CuCl4 structure as reported 

previously. 77 Laboratory X-ray powder diffraction (XRPD) patterns of all three ground crystals 

are shown in Figure 3.4(b). As for the WAXS pattern, the XRPD pattern of Cu-1 ground crystal 

is in good agreement with the same MA2CuCl4 monoclinic structure. The XRPD patterns of the 

mixed halide crystals (Cu-2 and Cu-3) showed systematic shifts to lower 2theta (Figure 3.4(c)), 

indicating the incorporation of the larger halogen ion (Br) in the crystal structure.276 The 

incorporation of Br does not deteriorate structural stability of the material indicated by the 

absence of any secondary phases even after 10 weeks of storage in vacuum oven at 40 °C (see 

Figure 3.4(d)). 
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Figure 3.4: (a) Experimental and calculated 1D-WAXS pattern of Cu-1 corresponding to the 2D WAXS scanning map (inset). 

(b) Laboratory XRPD diffractograms of ground crystals of pure Cl (Cu-1) and mixed halide compositions (Cu-2 and Cu-3). (c) 

Zoomed-in powder XRD in the 2Theta range 8.5-10.0° with orange dotted line corresponding to monoclinic MA2CuCl4 (ICSD 

110695). (d) Laboratory XRPD diffractograms of (bottom) freshly ground Cu-2 crystal and (top) after storage in a vacuum 

oven kept at 40 °C for 10 weeks. 

The thermal stability of the samples was measured by means of differential thermal 

analysis/thermogravimetric (DTA/TG) coupled with gas–chromatography and mass 

spectrometry (GC – MS). All three samples started to decompose above 200 °C (Figure 3.5 

and 3.6), consistent with a previous report.276  DTA curves show a first endothermic peak, 

ascribing to the decomposition of the samples, that shifted to lower temperature increasing 

the Br amount; in particular, Cu-1 decomposed at 237 °C (Tonset), Cu-2 at 224 °C (Tonset) and 

Cu-3 at 198 °C (Tonset). This step is driven by the release of CH3Cl and CH3Br, as confirmed by 

the GC – MS analysis (Figure 3.6). This latter step is immediately followed by a second 

endothermic peak that becomes broader increasing the Br. The strength of H-bonds formed 
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between MA groups and halogen ions is essentially related to the electronegativity of the 

halogen species (Cl = 3.16; Br = 2.96), thus explaining why the measured decomposition 

temperatures decreases with the increase of Br. A clear identification of the decomposition 

mechanism is not trivial but it is reasonable to assume that the contemporary formation of 

the N(CH3)3 and CuX2 (X = Cl and Br) takes place; the formation of the CuX may also occurred. 

Additional endothermic peak are present at T > 500 °C that are ascribed to the melting point 

of the inorganic part (mainly CuX and CuX2 species). 

 

Figure 3.5: TG and DTA analyses for (a) Cu-1, (b) Cu-2 and (c) Cu-3. (d) Comparison of the DTA curves in the range 40 – 500 

°C. 
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Figure 3.6: TG, dTG and evolved gas analyses (by means of GC – MS) for sample (a) Cu-1, (b) Cu-2 and (c) Cu-3. The released 

molecules were identified using the NIST mass spectra library. 

The crystal structure of MA2TCl4 compounds77,279,283–286 (Figure 3.7, on the left; T = Cu, Mn, 

Fe, Cd) is essentially an octahedral framework built up of corner sharing [TCl6]4- octahedra 

forming stacked layers along the main axis. Neighboring layers are found to be shifted by half 

a unit cell in the octahedral plane, giving rise to an ABAB-type layer stacking. The MA groups 

are located in between these layers, being connected to the halogen atoms via H-bonds 

provided by the –NH3 group (2 bonds with neighboring equatorial Cl atoms and 1 bond with 

the opposite axial Cl atom; Figure 3.7, on the right). 

 

Figure 3.7: Crystal structure of MA2TCl4 compounds (redrawn after standardization of the structural data published by 

Heger et al.284 
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In order to gain insights about the possible relationship between crystal structure and the 

physical properties of these materials, an in-depth characterization of the structural 

properties down to the local scale was carried out. The MA2TCl4 compounds are known to 

crystallize with several polymorphic modifications; we tested several of these structural 

models with both orthorhombic (Cmme space group) and monoclinic (P21/c space group) 

symmetry. Moreover, in order to take into account the ordered distortion produced by the 

Jahn-Teller effect, we also tested a different orthorhombic structural model with space group 

Pbca. As a result, the Rietveld refinement using synchrotron XRPD data confirmed that Cu-1 

crystallizes with a monoclinic P21/c symmetry, whereas the crystal structures of the Br-

containing samples (Cu-2 and Cu-3) are well described by the orthorhombic Pbca structural 

model (Figure 3.8). 

 

Figure 3.8: (a-c) Rietveld refinement plots of synchrotron XRPD data obtained for Cu-1, Cu-2, and Cu-3, respectively. 

Furthermore, Rietveld refinements revealed that all the three samples are characterized by 

significant amounts of vacancies at the X sites, whose distribution is highly related to the 

[Cl]/[Br] ratio. Figure 3.9 displays a perspective view of the octahedral layer for the three 

samples, as calculated from structural data obtained by Rietveld refinements, highlighting the 

main differences.  
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Figure 3.9:  Perspective view of the octahedral layer in (a) Cu-1 (b) Cu-2 and (c) Cu-3 highlighting the different arrangement 

of the Cl and Br atoms as well as the significant planar corrugation characterizing the sample Cu-1. 

Sample Cu-1 exhibits a corrugation of the equatorial plane, which is hardly detectable in 

samples Cu-2 and Cu-3. Moreover, in Cu-1, significant amounts of vacancies result from the 

refinement of occupancies at both equatorial and axial positions occupied by Cl atoms. In 

particular, the equatorial position is characterized by a slightly higher amount of vacancies 

(~9%), compared to the axial one (~6%).  

In sample Cu-2, Br and Cl atoms are located at different sites, likely on account of their 

different ionic radii (Br: 1.96 Å; Cl: 1.81 Å). In particular, the larger Br atoms are located in 

axial positions where steric hindrance is reduced; nonetheless, this site is strongly defective, 

being occupied by only ~73%. Cl atoms are arranged in the much denser populated equatorial 

plane, characterized by a relatively similar amount of vacancies (~7%) as the equatorial sites 

in Cu-1. These results are consistent with the structural characterization of MA2CuCl2Br2 

reported by Willet,279 who observed a preferred occupation of Cl atoms for in-plane positions 

and Cu-Br bonds normal to the plane.  

In sample Cu-3, Rietveld refinement indicates that the equatorial positions are fully occupied 

by both Br and Cl atoms, while vacancies are found only at the axial position. In this context, 

it is worth noting that no evidence for a significant amount of vacancies was reported in 

previous structural studies carried out on these materials77,279,283–286; this fact can be ascribed 
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to the different and novel synthesis technique adopted in the present study. As mentioned 

above, a comparison of the inspected samples reveals that the octahedral layer flattens with 

the increase of Br content, as the out of plane octahedral tilting angle decreases from ~4.1° 

in Cu-1, down to ~2.3° in Cu-2 and to ~0.5° in Cu-3. It is interesting to observe that in samples 

Cu-2 and Cu-3 lattice parameters approaches a tetragonal metric, with a ~ c (Table 3.1); a 

tetragonal structural model was checked in order to ascertain the correct symmetry, however 

the orthorhombic structural model is preferred in both samples. 

The structural models obtained after Rietveld refinements were applied to fit the PDF data 

(Figure 3.10); different r-ranges of the G(r) function were fitted in order to compare the 

medium range structure with the average structure obtained by Rietveld refinements as well 

as to highlight the deviations at the nearer-neighbors scale. Table 3.1 compares the main 

structural parameters as obtained by Rietveld refinements and fitting the G(r) function. 

 

Figure 3.10: (a-c) G(r) curves fitting (PDF data in the range 2 – 50 Å) for Cu-1, Cu-2, and Cu-3, respectively. 

 
 
 
 
 
 
 
 
 



 

81 
 

Table 3.1: Lattice parameters and compositions of the inspected samples as obtained by Rietveld refinements and by fitting 

the G(r) function. 

 

Rietveld refinement G(r) function fitting 

lattice parameters  

(Å, °) 

Composition lattice parameters (Å, °) 

Cu-1 

a = 10.0310(1) 

b = 7.3628(1) 

c = 7.2934(1) 

 = 111.305(8) 

MA2Cu(Cl1.82)eq(Cl1.88)ax 

a = 10.018(6) 

b = 7.371(3) 

c = 7.275(3) 

 = 111.47(8) 

Cu-2 

a = 7.3429(1) 

b = 19.0717(1) 

c = 7.3452(1) 

MA2Cu(Cl1.86)eq(Br1.46)ax 

a = 7.334(7) 

b = 19.073(5) 

c = 7.323(6) 

Cu-3 

a = 7.4204(1) 

b = 19.3644(1) 

c = 7.4243(1) 

MA2Cu(Cl1.46,Br0.54)eq(Br1.55)ax 

a = 7.400(3) 

b = 19.310(5) 

c = 7.397(5) 

 

For sample Cu-1, data obtained by fitting the G(r) function are in fair agreement with that 

determined with Rietveld refinement. Also for sample Cu-2 the data are quite consistent, 
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even though some significant differences are present, indicating some degree of disordering 

at the local and short-range scale. On the contrary, data fitting for the sample Cu-3 using the 

Rietveld structural model provides a quite poor result. The reason for such a discrepancy 

between the average short and long structures can be likely ascribed to the intrinsic disorder 

affecting the crystal structure characterizing this composition. When studying the crystal 

structure of MA2CuCl2Br2, Willet279 observed that Cl and Br atoms were characterized by 

slightly different coordinates at both equatorial and axial positions, thus indicating a not 

relaxed structure (in other words, the crystal structure can be described as a superposition 

and interpenetration of two different structures). Such an intrinsic static disorder is likely the 

origin of the divergent results obtained for sample Cu-3 from Rietveld refinement 

(characterizing the average long range structure) and the G(r) function fitting (exploring the 

structural properties at the local scale). Hence, a different structural model was applied to fit 

the PDF data, where the equatorial positions of the Br and Cl atoms are characterized by 

slightly different coordinates. A significant improvement of the fitting was then obtained, 

indicating a marked difference between the local and long range average structures, 

therefore confirming the occurrence of a static disorder at the local scale. Moreover, this 

disorder relaxes to some extent the in-plane steric hindrance, thus possibly explaining why in 

this sample (Cu-3) the concentration of equatorial vacancies is not significant.  

All samples are characterized by quite large values of the thermal parameters associated to 

halogen atoms, indicating a significant degree of disordering, where Cl and Br atoms are 

displaced away from their time and space averaged positions, thus pointing to a dynamic 

motion of the rigid octahedral unit (Figure 3.11(a-c)). In particular, sample Cu-2 displays a 

quite peculiar shape of the thermal parameters characterizing equatorial Cl, strongly 
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elongated along the a-axis. This feature has to be compared with the bond valence sum 

map,287 generated by all the points in the unit cell representing possible locations for a Cl- ion; 

these bond valence sum maps thus provides insights about possible pathways for ionic 

conduction. In sample Cu-2, a strong concentration of negative charge in the middle of the 

equatorial Cl-Cl bond is evident, as shown in Figure 3.11(d).  

 

Figure 3.11: Out of plane view of the octahedral layer where atoms are represented as displacement ellipsoids (90% of 

probability) in sample (a) Cu-1, (b) Cu-3 and (c) Cu-2. (d) Yellow isosurface of the bond valence sum map of the sample Cu-2 

identifies the regions with a calculated oxidation state close to Cl- (isovalue ± 0.05 valence units). 

In order to evaluate how the different halide stoichiometry, and therefore the crystal 

structure, namely in terms of halide/vacancies arrangement and concentration, can affect the 

resistive switching properties of the Cu-based crystals, we tested them in proof-of-concept 

memory devices. As shown in Figure 3.12(a-c), we fabricated lateral devices using inert Pt as 

electrodes, to prevent the electrode material from participating in the switching 

mechanism.288 Furthermore, using single crystalline material will eliminate possible migration 

pathways through grain boundaries.271,289,290 To assess the suitability of the synthesized Cu-

halide based materials for resistive switching, we first performed I-V cycles (Figure 3.12(d-f)). 

The I−V characteris cs of the different Cu-based devices measured under a DC voltage sweep 

(from 0 V → 2V → 0V →−2V → 0 V) show a hysteresis (amplitude of the I-V curve at 0.5 V for 
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Cu-1 (1.2 nA), Cu-2 (14.2 nA) and Cu-3 (1.2 nA)), confirming the applicability of these materials 

for resistive switching. 

 

Figure 3.12: (a-c) Representative SEM images of the Cu-1, Cu-2 and Cu-3 memory devices showing the Pt contacts on top of 

the crystal chips. (d-f) I–V cycle for representative Pt/Cu-1/Pt, Pt/Cu-2/Pt and Pt/Cu-3/Pt devices indicating with a shaded 

area the operational voltage range for the memristor read-out. 

Analyzing the shape and direction of the hysteresis cycles (see the arrows in Figure 3.13(a-c)), 

we observe some differences upon the incorporation of Br in the crystal structure, translated 

to the type of resistive switching. In Cu-1 sample, starting from 0 V to 2V, the current increases 

with the voltage (low resistance); then, during the sweep down from 2 V to 0 V, we observe 

a lower current (higher resistance) than in the sweep up. We continue the sweep down 0 V 

to -2 V, then we reverse it by increasing the voltage from -2 V to 0 V. In this loop, the absolute 

value of the current is higher in the sweep up than in the sweep down (lower resistance). The 

full cycle has an “8” shape, with a crossing, behavior that is denoted as “bipolar resistive 

switching”.34,291,292 In Cu-2 and Cu-3 samples, where the Br is introduced, the behavior in the 

first part of the cycle (sweep up from 0 V to 2 V and down to 0 V) is similar, with the sweep 

up having a lower resistance than the sweep down. However, after passing 0 V, during the 



 

85 
 

sweep down to -2 V the current increases (in absolute value) steeply, and when returning 

from -2 V to 0 V the current is smaller (higher resistance). This behavior is commonly referred 

to as “complementary resistive switching”293 and the observed hysteresis shape without 

crossing can be ascribed to local changes at interfaces due to the electric field294 and/or 

additional capacitive effects.295 

 

Figure 3.13: I–V cycle characteristics in linear scale for representative (a) Pt/Cu-1/Pt, (b) Pt/Cu-2/Pt and (c) Pt/Cu-3/Pt 

devices indicating with a shaded area the operational voltage range for the memristor read-out. 

To discuss the connection between the I-V curve patterns and the resistive switching 

mechanisms, we must first of all note that in perovskite materials several types of I-V 

characteristics have been observed,34 and cannot unambiguously discern the physical 

mechanism by itself296. As mentioned, in Cu-1 we observe bipolar switching, that can occur 

when there is an asymmetry in defect/vacancies concentration in the device induced by the 

voltage applied.295  It can be possible that the asymmetry generated cannot be structurally 

overcome, and it does not change to the complementary behavior. In contrast, the 

complementary switching, observed in Cu-2 and Cu-3 is common in symmetric devices, as 

noted by Yang et al.297, where a key role is played by the dynamics of the distribution of 

vacancies in the material. The application of a voltage leads to an accumulation of vacancies 

at one electrode, inducing a high resistance on one side of the device. The application of an 

opposite bias will reverse the configuration.298,299 This behavior can be described as a self-
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limiting effect in the vacancy diffusion.293,300 The high/low resistance at the electrode can be 

also related to the formation of a Schottky junction, as noted in other layered materials such 

as MoS2,
301 where the switching is controlled by sulfur vacancies dynamics. In this way, we 

can describe our Cu-2 and Cu-3 devices as comprised of a resistive medium, the Cu layered 

crystal, with two Schottky barriers at the metal junctions (Pt contacts), resulting in the small 

current (order of nA) measured in the device. After biasing the device, the drift of ions and 

vacancies to the contacts will pin the Fermi level at the junction and affect the Schottky barrier 

height, resulting in a configuration with a diode in forward bias for positive voltage. When the 

bias is reduced and finally reversed, the overall doping distribution will swap to the opposite 

contacts, and the device will be in forward bias for negative voltage. This behavior is likely to 

be enhanced in case of high ion and/or vacancy mobility, i.e. in Cu-2. 

To better understand the observed behavior, we carried out scanning electron microscopy 

coupled to energy dispersive X-Ray spectroscopy (SEM-EDS) mapping of the devices after the 

set-reset measurements. In all cases, the corresponding SEM-EDS maps of Pt, Cu, Cl and Br 

indicate that there is neither Pt migration nor metallic Cu clusters formation during the device 

operation (Figure 3.14(a-c)). This suggests that the hysteresis can be only attributed to the Cl 

and Br ions migration due to halogen vacancies or lattice defects.288,296 
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Figure 3.14: (a-c) Representative SEM-EDS maps of the devices after operation for Cu-1, Cu-2 and Cu-3, respectively. The 

spectral lines used for the EDS were: Pt (blue, M = 2.05 keV), Cu (orange, Lα = 0.93 keV), Cl (green, Kα = 2.62 keV) and Br 

(yellow, Lα = 1.48 keV). 

Therefore, halogen ions/vacancies redistribution during the operation of the devices forms 

the necessary ‘conduction path’ that leads to lower resistance state (LRS), and can be 

exploited for memory operation (change from the high resistance state HRS (OFF state) to the 

LRS (ON state)). Under the applied bias, halogen ions migrate towards the positive electrode 

(due to the driving electric field), and the corresponding halogen vacancies drift in the 

opposite direction (negative electrode). Considering that the devices are symmetric, Pt/2D 

Cu-crystal/Pt, the switching mechanism should be activated on the SET and RESET with either 

positive or negative voltage.288,292  

We carried out tests as a memory device according to the following protocol: a SET pulse is 

applied to activate the LRS, followed by READ pulses at various voltages to evaluate the 

minimum voltage at which the system can work and be readable, then a RESET pulse is applied 
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to put back the HRS, followed by READ pulses as before; the current is monitored during the 

measurement. This SET/READ/RESET/READ run is repeated for at least 20 cycles to evaluate 

the device stability. We have found that SET (RESET) pulses are effective with a voltage of -2V 

(+2V), while READ operations are performed at ≤ 0.5 V (Figure 3.15(a-c)). From these 

measurements, we have calculated the ratio of the currents in ON (LRS) and OFF (HRS) states 

(after SET and RESET operation, respectively) (Figure 3.15(d-f)). We consistently find a higher 

ratio at VREAD = 0.1 V in all systems, which is compatible with low-power consumption device 

requirements. Comparing the different samples, it is observed that the Cu-2 crystal showed 

the best performance with an ION/IOFF ratio of ~10, while Cu-1 (ION/IOFF ratio of ~4) and Cu-3 

(ION/IOFF ratio of ~2) values are lower. In fact, the higher response in terms of ON/OFF ratio 

yielded by Cu-2 is supported by the observation of a large hysteresis in the I-V curve (see 

Figure 3.15(d), 14.2 nA difference between high and low current state at 0.5 V).  

 

Figure 3.15: (a-c) Time trace of voltage current during the reset/read/set/read procedure for the Pt/Cu-1/Pt, Pt/Cu-2/Pt and 

Pt/Cu-3/Pt devices. Set/reset voltage values are −2 V and +2 V, respec vely, and the read voltages are 0.1V, 0.2V and 0.5V 

(read pulse 1 s). (d-f) The corresponding ION/IOFF ratio values acquired over 20 set/reset cycles. 
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Considering the higher performance in Cu-2 devices, we carried out additional measurements 

on this sample showing an endurance of ~250 cycles (Figure 3.16). 

 

Figure 3.16: Endurance test of Cu-2 memory device in terms of ON/OFF ratio of the current measured with READ voltage of 

0.1 V. 

It has been previously reported that a higher Schottky barrier should result in an enhanced 

ON/OFF,302 which is not the case in our devices, considering the electronic band diagram in 

Figure 3.2(c) and the Pt work function (6.35 eV),302 assuming our crystals are intrinsic 

semiconductors. An explanation for the differences in hysteresis and ON/OFF ratios can 

instead be established on the bases of stoichiometry and composition of the crystals as well 

as on the crystal structure66,70,175. Firstly, note that there is a change in the crystal structure 

from monoclinic (Cu-1) to orthorhombic (Cu-2), which may promote a favorable environment 

for the halogen migration, as in other perovskite-structured compounds.303 It is also 

important to note that all samples are halogen deficient as evidenced by Rietveld refinement 

using synchrotron XRPD data, which means the presence of vacancies or interstitial defects in 

the structure, and therefore provides a favorable condition for ion mobility.68,270,304 The 

concentration and location of these vacancies at the distinct crystallographic sites play a role 

in defining the ion migration pathways and promoting the transport. As mentioned before, in 

both Cu-1 and Cu-2, relatively similar concentration of equatorial vacancies are present in 
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both samples. However, in Cu-2, all equatorial sites are located almost in the same plane, 

probably facilitating the halogen ion/vacancy diffusion, unlike in Cu-1, where the corrugated 

octahedral plane results in the two nearest neighboring equatorial Cl atoms being at 

significantly different heights from the bc plane, thus reducing the possibility of atomic 

diffusion along the plane. Moreover, the elongation of the ellipsoids along the a-axis in Cu-2 

suggests that, in this sample, the Cl atoms can diffuse parallel to the a-direction, thanks to the 

significant concentration of equatorial vacancies and the fact that all equatorial Cl atoms are 

located almost in a same plane (Figure 3.9). This anisotropic thermal motion was previously 

reported to indicate the preferred oxide ion migration pathway281,305. In addition, in Cu-2, the 

bond valence sum maps point to an ionic conduction mechanism mainly involving the 

migration of Cl ions along the equatorial plane. This scenario is fully consistent with 

theoretical calculations in 3D halide perovskites306. On the other hand, Cu-3 displayed smaller 

hysteresis and lower ON/OFF ratio with respect to Cu-2. This can be explained by the amount 

of vacancies at the equatorial positions that is negligible in Cu-3. Hence, the in-plane diffusion 

of halogen ions is prevented or at least strongly hindered. These results indicate that, in Cu-

3, the possible ion/vacancy migration path is axial-to-equatorial, and suggests that it is of a 

higher energy barrier compared to the expected equatorial-to-equatorial ion migration in Cu-

2. Indeed, it has been previously reported through density functional theory (DFT) that, in 3D 

MAPbBr3, the Br migration from equatorial-to-axial sites is of higher activation energy 

compared to equatorial-to-equatorial migration.71 Similarly, in layered oxide perovskites, it 

was reported that vacancy migration is more favored between two adjacent equatorial 

positions280. Our experimental results highlight that the previously reported suppressed ion 

migration in halide perovskites through compositional engineering67,267 or through 

dimensionality reduction307,308 could be indeed due to variations in the local crystal structure. 
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The best results we achieved with Cu-2 (ION/IOFF ratio of ~10 at VREAD = 0.1 V with SET/RESET 

±2V) compare well with the literature involving 2D Pb-based materials and non-active 

electrodes (i.e., devices in which only halide migration could take place), as NiO/2D 

BA2PbBr4/ZnO/FTO (where BA = butylammonium, ION/IOFF ratio of <10 at VREAD = 0.5 V with 

SET/RESET 1.2/-2V),309 and graphene/2D PEA2PbBr4 (single crystal)/Au (ION/IOFF ratio of 10 at 

IREAD = 10 pA with SET/RESET ±2.8V).174 Nevertheless, there is room for improvement in device 

configuration and design, as it has already been demonstrated with the extensively studied 

3D MAPbI3-based perovskite devices.310  

3.4 Conclusion 

Adopting a combined study of average/local structural characterization and detailed electrical 

measurements, we shine light on the interrelationships between structure and efficiency of 

ion migration in layered methylammonium copper halide materials (MA2CuX4). In our 

experimental investigation, we observe that the presence of mixed Cl/Br anions not only 

influences the optical bandgap and thermal stability but also induces intricate local structural 

changes that affect the ion migration and, consequently, the ON/OFF ratio in the memory 

devices. Through comparing the structural data obtained by detailed XRPD-PDF analysis and 

our devices performances, we identify several favorable conditions for halogen ion/vacancy 

mobility in sample Cu-2 (MA2Cu(Cl1.86)eq(Br1.46)ax): (i) some halogen ion vacancies are located 

in the equatorial octahedral sites; and (ii) all equatorial sites are located almost in the same 

plane; (iii) elongation of the equatorial Cl ellipsoids along the a-axis; and (iv)  its bond valence 

sum maps show a strong concentration of negative charge in the middle of the equatorial Cl-

Cl bond, which all lead to a better performance in terms of ION/IOFF ratio. These experimental 

results made on single crystalline samples highlights the need to study detailed structural 
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factors that could affect ionic migration in perovskite and perovskite-related compounds, 

which is important for the performance of memristor and optoelectronic devices. 
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Chapter 4 Zero-Dimensional Metal Halides 

A detailed investigation into the synthesis of green-emitting powders of Cs4PbBr6 and CsPbBr3 

materials by antisolvent precipitation from CsBr−PbBr2 precursor solutions in 

dimethylformamide (DMF) and dimethyl sulfoxide (DMSO) is reported. Various solvated lead 

bromide and polybromide species (PbBr2, [PbBr3]−, [PbBr4]2−, and possibly [PbBr5]3− or [PbBr6] 

4−) are detected in the precursor solutions by optical absorbance and emission spectroscopies. 

The solvodynamic size of the species in solution is strongly solvent-dependent: ∼1 nm species 

were detected in DMSO, while significantly larger species were observed in DMF by dynamic 

light scattering. The solvodynamic size of the lead bromide species plays a critical role in 

determining the Cs-Pb-Br composition of the precipitated powders: smaller species favor the 

precipitation of Cs4PbBr6, while larger species template the formation of CsPbBr3 under 

identical experimental conditions. The powders have been characterized by 133Cs and 207Pb 

solid-state nuclear magnetic resonance, and 133Cs sensitivity toward the different Cs 

environments within Cs4PbBr6 is demonstrated. Finally, the possible origins of green emission 

in Cs4PbBr6 samples are discussed. It is proposed that a two-dimensional Cs2PbBr4 inclusion 

may be responsible for green emission at ∼520 nm in addition to the widely acknowledged 

CsPbBr3 impurity. 

Recently, Cs4PbBr6 has been found to be a promising scintillating material due to its efficient 

emission favored both by the high PLQY and by the presence of lead inside the matrix 

(increasing the ionizing radiation stopping power thanks to its high Zeff number). In X-ray 

imaging, these perovskites have shown to performances competitive with that of commercial 

scintillators. We focused on using radioluminesence as a characterization tool to study the 

emission properties under ionizing radiation and also carried out thermally stimulated 
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luminescence studies in order to investigate defects acting as trapping centers and to 

understand the thermal energetic depths of such traps. 

 

Parts of this chapter have been adapted or reproduced with permission from: 

A. Ray, D. Maggioni, D. Baranov, Z. Dang, M. Prato, Q. A. Akkerman, L. Goldoni, E. Caneva, L. 

Manna and A. L. Abdelhady, “Green-Emitting Powders of Zero-Dimensional Cs4PbBr6: 

Delineating the Intricacies of the Synthesis and the Origin of Photoluminescence.”, Chem. 

Mater., 2019, 31, 7761–7769. 

4.1 Introduction 

All-inorganic lead halide semiconductors have recently attracted renewed research interest 

due to the various stoichiometries that can be crystallized from the same precursors. Lead 

halide compounds demonstrate structural tunability based on the connectivity of the [PbX6]4− 

(X = Cl−, Br−, or I−) octahedra that can form three-dimensional (3D) corner-sharing structures 

(perovskites), layered 2D networks, chains of 1D, and 0D isolated octahedral clusters.115,311–

314 In case of the organic−inorganic lead halide compounds, the size of the organic ca on has 

been found to be one of the main factors determining the dimensionality of the octahedral 

framework. However, in the all-inorganic Cs-Pb-Br compounds, all three dimensionalities can 

be formed with the same Cs cation. Mixing CsBr and PbBr2 in specific ratios and in appropriate 

solvents leads to the formation of pure or mixed structures of CsPbBr3 (3D), CsPb2Br5 (2D), 

and Cs4PbBr6 (0D).139 PbBr2-rich conditions lead to the 2D tetragonal CsPb2Br5 phase, 

characterized by a sandwich structure with Cs+ ions in between layers of [Pb2Br5]−. On the 

other hand, under CsBr-rich conditions, a trigonal 0D Cs4PbBr6 structure is formed, which 
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consists of disconnected [PbBr6]4− octahedra separated by Cs+ ions. An equimolar amount or 

a slight excess of PbBr2 with respect to CsBr results in the formation of 3D CsPbBr3 with an 

orthorhombic structure of corner-sharing [PbBr6]4− octahedra, as in the organic−inorganic 

perovskites (MAPbX3 and FAPbX3; MA = methylammonium and FA = formamidinium) 

commonly used in optoelectronic applications.315 Cs4PbBr6-based materials have recently 

gained increased interest due to the reports of strong and stable green photoluminescence 

(PL) in their powder, thin-film, single crystal, and nanocrystal forms.316–323 However, it was 

reported that Cs4PbX6 compounds are colorless324 with band gaps in the UV region.320 

Specifically, Cs4PbBr6 has a matching experimental and theoretical band gap around 3.95 

eV.118,325,326 Hence, the origin of the green PL has been proposed to be either due to intrinsic 

defects within the wide band gap of Cs4PbBr6
321–323 or due to the presence of 3D CsPbBr3 

nanocrystals.125,326–330 Ling et al.331 suggested that the 3D CsPbBr3 phase is not the direct 

cause of the intense PL; instead, they proposed trap states at the interface between the two 

phases (3D and 0D) to be responsible for that intense green emission.  

Herein, we explore reaction parameters governing the formation of Cs4PbBr6 and CsPbBr3 

phases from CsBr-PbBr2 solutions and the origin of the green PL in the Cs4PbBr6 samples. The 

nature and solvodynamic size of the lead bromide species formed in solution varies with the 

coordination strength of the solvent and subsequently determines the composition of the 

formed Cs-Pb-Br powders: species with an ∼1 nm solvodynamic radius (presumably isolated 

octahedra) were detected in dimethyl sulfoxide (DMSO) solutions of CsBr−PbBr2 leading to 

the formation of the Cs4PbBr6 phase upon addition of an antisolvent, while larger species 

were detected in dimethylformamide (DMF) and resulted in the formation of the CsPbBr3 

phase. In addition to the solvent, the solvent−an solvent pair and the absolute 
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concentrations of the precursors are key parameters defining the structure of the 

precipitated material. For example, antisolvents such as tetrahydrofuran (THF) and 

dichloromethane (DCM) precipitate mainly Cs4PbBr6 and CsPbBr3 phases, respectively, from 

the CsBr-PbBr2 solutions in DMSO when used in 1:6 (solvent:antisolvent by volume) ratios. 

Increasing the concentration of CsBr−PbBr2 while keeping their molar ratio fixed (1:1) from 

0.05 to 0.5 M in DMSO favors the formation of CsPbBr3 at higher concentrations. In addition 

to the powder X-ray diffraction (XRD) technique commonly used for a structural and 

compositional identification of the materials, we apply 133Cs and 207Pb solid-state nuclear 

magnetic resonance (ssNMR) to the analysis of various Cs-Pb-Br precipitates. We found that 

133Cs ssNMR is more sensitive toward detecting relatively low impurity content of the 

different phases compared to its 207Pb counterpart. The 133Cs ssNMR results are in agreement 

with XRD data in terms of observed phases, but 133Cs ssNMR could also distinguish between 

the two different Cs crystallographic positions in the 0D crystal. Finally, based on the observed 

absorbance in the visible region and the recurring green PL of Cs4PbBr6 samples, we 

hypothesize that 2D Cs2PbBr4 inclusion (not observed experimentally) may be responsible for 

green PL in addition to the widely acknowledged 3D impurity.  

We also carried out thermally stimulated luminescence (TSL) studies showing the presence of 

only shallow traps of thermal energetic depths of 0.2 eV that do not significantly affect the 

emissive properties of these materials at room temperature. Furthermore, 

radioluminescence (RL) studies indicate the significant potential of these materials as 

scintillating materials for X-ray detection with their properties being independent of the size 

of the particle with both powders and nanocrystals showing similar impressive emissive 

characteristics. 
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4.2 Synthesis  

Powders: Generally, CsBr and PbBr2 were dissolved in DMSO or DMF at the required ratio and 

the required concentration by sonication for 1 hour. Then the solution was filtered using PTFE 

filter with 0.2-mm pore size and the precipitation was carried out by quick injection of THF or 

DCM to the filtrate.  

Nanocrystals: First, 0.56 g of Cs2CO3 and 5 mL of oleic acid was stirred at 130°C in ambient air 

for 1 hour to generate a yellow Cs-oleate precursor. Next 200 µL of the latter precursor, 10 

mL of hexane, and 2 mL of oleic acid were mixed together and kept in a 20 mL vial. 

Subsequently, a mixture of 0.1 mL of PbBr2 (0.3M solution in DMF), 0.9 mL of DMF, 0.1 mL 

oleic acid, 0.05 mL of oleyl amine, 15µL of hydrobromic acid (48% v/v) was injected into the 

20 ml vial at the same time under vigorous stirring. After the color changed from white to 

green it was allowed to stir further for a total of 5 minutes. Finally, the as-synthesized 

nanocrystals were collected via centrifugation at 5000 rpm for 5 min, followed by dispersion 

in 2 mL of hexane before further characterization. 

4.3 Results and Discussion 

For experimental conditions regarding characterization techniques, see Appendix. 

PbBr2-containing solutions in DMF and DMSO are precursors for the Cs4PbBr6 and CsPbBr3 

samples; thus, it is anticipated that the nature of the solvated species has an effect on the 

resulting material obtained from them. Steady-state optical spectroscopy is a simple method 

for investigation of the lead bromide speciation. Absorbance, photoluminescence (PL), and 

photoluminescence excitation (PLE) spectra of 0.05 M solutions of CsBr:PbBr2 mixtures (1:1 

molar ratio) in DMSO and DMF were collected and are reported in Figure 4.1. The DMSO 

solution showed an absorbance peak at 285 nm that is attributed to PbBr2, while the DMF 
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solution had a clear absorbance peak at 310 nm corresponding to [PbBr3]− (Figure 4.1(a)), 

consistent with previous studies.332,333 Both solutions showed an absorbance tail in the longer 

wavelength region (340−360 nm, inset in Figure 4.1(a)), sugges ng the possible forma on of 

[PbBr4]2− species.26 Both [PbBr3]− and [PbBr4]2− species are emissive (at ∼600 and 560 nm, 

respectively),332,333 and their presence can be confirmed through selective wavelength 

excitation (Figure 4.1(b)). The DMSO solution emitted at 560 nm regardless of the excitation 

wavelength, indicating the presence of mainly [PbBr4]2−. On the other hand, the DMF solution 

exhibited emissions at 560 and 600 nm, confirming the presence of detectable amounts of 

both [PbBr3]− and [PbBr4]2− species. A relatively higher PL intensity of the DMF solution 

compared to DMSO under 360 nm excitation (Figure 4.1(b)) suggests a relatively higher 

concentration of [PbBr4]2− species in DMF with respect to DMSO (consistent with a higher 

absorbance at around 360 nm). The presence of an extra PLE peak at 374 nm in the DMF 

solution (Figure 4.1(b)) that is redshifted relative to that of [PbBr4]2− in the DMSO solution 

suggests that higher-order lead polybromide complexes, such as [PbBr5]3− or [PbBr6]4−, might 

be present in DMF (by analogy with their iodide counterparts).334 

We performed DLS measurements on both solutions to further investigate the discussed 

differences in lead bromide speciation between the two solvents. It was found that the DMSO 

solution contained roughly 1 nm-sized lead bromide species, while the DMF solution was 

composed of significantly larger clusters (Figure 4.1(c)). The large-sized clusters in the DMF 

solution could be due to an aggregation or polymerization of the lead bromide species 

because of the different solvent-solute interaction between PbBr2 and DMF compared to 

DMSO (similar to PbI2 138,334,335). Our findings indicate that a change of solvent significantly 
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alters the speciation and the solvodynamic size of the lead bromide species, as schematically 

summarized in Figure 4.1(d). 

 

Figure 4.1: (a) Normalized Absorbance, (b) PLE (solid lines) and PL (dotted and dashed lines) spectra of 0.05 M 1:1 CsBr:PbBr2 

precursor solutions in DMF and DMSO. PLE is reported at the highest intensity emission (560 nm) while PL is recorded at 

different excitation wavelengths. (c) Corresponding DLS measurements. (d) Scheme illustrating the photoactive species 

formed upon dissolving 0.05 M 1:1 CsBr:PbBr2 in DMSO and DMF. 

We also studied the absorbance, PLE, and PL of both solutions in the absence of CsBr (0.05 M 

PbBr2 in DMSO and in DMF) and the spectra are shown in Figure 4.2. The DMF solution 

showed slightly increased absorbance near 310 nm compared to the DMSO solution (Figure 

4.2(a)). Under the UV-lamp, the DMSO and DMF solutions showed green and orange 

emission, inset in Figure 4.2(b), and their PL peaks were recorded at 560 and 600 nm, 

respectively. Hence, in the absence of CsBr, [PbBr4]2- is already formed in the DMSO solution, 

while only [PbBr3]- is detected in the DMF solution. Importantly, the DLS measurements, 

shown in Figure 4.2(c), once again revealed that the solvodynamic size of the lead bromide 

species is up to an order of magnitude larger in DMF compared to the ones formed in DMSO. 
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Figure 4.2: (a) Absorbance spectra, (b) PLE (solid lines) and PL (dotted lines) spectra of 0.05 M PbBr2 in DMSO and DMF (# = 

the small peak at 670 nm is the second order Rayleigh peak due to excitation at 335 nm). Inset in (b): picture of both solutions 

under UV-lamp. (c) Corresponding DLS analysis. 

Previously, the changes in the solvodynamic size of the lead polyhalide species have been 

attributed to the relative ratio of salts (e.g., MAI:PbI2; MA = methylammonium)336 or to the 

effect of additives such as hydrohalic acids.337 This is of high significance to the perovskite 

photovoltaic community as the solvodynamic size of the species present in the precursor 

solution influences the composition of the resulting material (see below) and subsequent 

optoelectronic properties of the devices.336,337 

Next, we investigated the differences in the composition of the powders precipitated from 

the abovementioned CsBr−PbBr2 solutions in DMSO and DMF. Using the equimolar (0.05 M 

each precursor) solutions in DMSO and DMF, the precipitation of the powders was done by a 

quick injection of 6 mL of tetrahydrofuran (THF) to 1 mL of the solution. Powders were then 

dried overnight in a vacuum oven at 40 °C. X-ray diffraction (XRD) patterns of the dried 

powders are plotted in Figure 4.3(a) along with the simulated patterns of Cs4PbBr6 and 

CsPbBr3.  
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Figure 4.3: (a) XRD patterns of Cs-Pb-Br powders precipitated from 0.05 M 1:1 CsBr:PbBr2 DMSO and DMF solutions along 

with simulated patterns for trigonal Cs4PbBr6 (ICSD-162158) and orthorhombic CsPbBr3 (ICSD-97851) phases. (b) XRD of Cs-

Pb-Br powders precipitated from different DMSO:antisolvent volume ratio. (c) Scheme illustrating the effect of the 

solvodynamic size and solvent-antisolvent pair on the formed phases. 

It is observed that mainly the 0D trigonal phase was obtained from the DMSO solution with 

only low-intensity peaks corresponding to a 3D impurity, while 3D CsPbBr3 was the main 

precipitate from the DMF solution with an extremely low contamination from the 0D phase 

(inset in Figure 4.3(a)). The 0D impurity was only detected upon performing a slow XRD scan 

(see Experimental Section). We could eliminate the 0D impurity by using a CsBr:PbBr2 ratio of 

1:1.2 in DMF. This is relevant for perovskite-based light-emitting devices as we observed that 

even this extremely small amount of 0D impurity in the 3D sample could significantly enhance 

the PL peak (Figure 4.4).  
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Figure 4.4: PL of 3D CsPbBr3 powders obtained from varying ratios of CsBr:PbBr2 in DMF. 

The differences in the compositions obtained from DMSO (mainly Cs4PbBr6) and DMF (mainly 

CsPbBr3) under identical precipitation conditions can be rationalized on the basis of the DLS 

data of the precursor solutions (Figure 4.1(c)). The formation of clusters of the lead bromide 

species in the DMF solution possibly templates the growth of the 3D orthorhombic phase 

upon the addition of the antisolvent. On the other hand, the ∼1 nm-sized particles in DMSO, 

which are in agreement with a previous report,338 suggest that most of the complexes in 

solution are isolated octahedra, making the crystallization of the 3D phase less favorable. 

Coordination strength of the solvent is likely a main factor responsible for these differences. 

DMSO is known to have a stronger coordination with Pb2+ compared to DMF;138 hence, the 

Cs-rich phase Cs4PbBr6 can be easily precipitated from DMSO solution while the composition 

of precipitates from DMF solution is closer to the stoichiometry of the feed solution (1:1 

CsBr:PbBr2). Nonetheless, 3D CsPbBr3 could be precipitated out from a DMSO solution by 

changing the antisolvent or the absolute concentration of the precursors, as discussed next.  

We studied the effect of two different antisolvents on an equimolar (0.05 M) mixture of CsBr 

and PbBr2 dissolved in DMSO. THF and dichloromethane (DCM) were chosen as antisolvents. 

XRD patterns of the powders are presented in Figure 4.3(b). Simply by changing the 
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antisolvent from THF (1:6 THF) to DCM (1:6 DCM), despite the absence of any large sized 

clusters, 3D perovskite is the main precipitate (see sketches in Figure 4.3(c)). Hence, it is not 

only the solvodynamic size of the different lead polybromide in the precursor solution that 

controls the phase of the obtained precipitate but also the solvent−an solvent pair. In a 1:1 

CsBr:PbBr2 DMSO solution, addition of THF favors the precipitation of the Cs-rich phase 

(Cs4PbBr6) possibly due to the higher solubility of PbBr2, compared to CsBr, in this 

solvent−an solvent pair. On the other hand, using DCM as an an solvent resulted in the 

precipitation of the 3D phase as both precursors are relatively insoluble in the DMSO−DCM 

pair. Nevertheless, when an excess amount of THF is added (1:30 THF), the 3D phase is the 

primary formed phase (see Figure 4.3(b)). It could be possible that excess THF forces full 

precipitation of the PbBr2 present in the precursor solution; hence, the stoichiometric 3D 

phase is formed. The effect of the solvodynamic size of the different lead polybromide species 

and solvent−an solvent pair on the resul ng Cs-Pb-Br phase is demonstrated in Figure 4.3(c). 

We also explored a mixed DMSO/DMF solution and found that both THF and DCM lead to the 

precipitation of mainly the 3D phase with minor 0D impurity (Figure 4.5). 

 

Figure 4.5: XRD patterns of powders precipitated from a 1:1 CsBr:PbBr2 mixture dissolved in a mixed solvent of 1:1 

DMSO:DMF. 
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Another parameter that we varied was the absolute concentration of the solution (0.05 to 0.5 

M) using DMSO−THF as the solvent−an solvent pair, and interes ngly, we discovered that 

the lower concentration favors the precipitation of a majority of 0D, while the higher 

concentration favors a majority of 3D perovskites (Figure 4.6).  

 

Figure 4.6: XRD patterns of powders precipitated from a 0.05 M and a 0.5 M 1:1 CsBr:PbBr2 precursor solutions in DMSO. 

The 3D precipitated from the 0.5 M DMSO solution is likely due to the high concentration that 

results in significant interaction between adjacent octahedra after the addition of the 

antisolvent.339 In fact, upon direct addition of the antisolvent, we observed a white 

precipitate, which is most probably in the 0D phase or ultrasmall 3D clusters340 that in a few 

seconds turned into orange-colored 3D perovskites. XRD analysis of the precipitate from the 

lower absolute concentration (0.05 M) detected around 15% 3D CsPbBr3 (calculated using 

Reference Intensity Ratio (RIR) method341); hence, we used a 4:1 CsBr:PbBr2 ratio in order to 

precipitate 3D-free 0D Cs4PbBr6 (Figure 4.7, blue pattern). We observed that the (121) peak 

at 21.5° (2θ) corresponding to the 3D orthorhombic phase completely disappeared. However, 

at this precursor ratio, peaks, especially the (110) peak at 29.5° (2θ), corresponding to cubic 

CsBr are detected. Importantly, powders precipitated from 3.75:1 CsBr:PbBr2 contained 

detectable 3D impurity (Figure 4.7, green pattern). These results suggest that the formation 
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of CsBr- and CsPbBr3-free Cs4PbBr6 from DMSO and DMF solutions could be challenging. It is 

worth mentioning that the dried powders precipitated from all the different ratios were 

green-emitting under the UV lamp 

 

Figure 4.7: XRD patterns of powders precipitated from a 3.75:1 (green pattern) and a 4:1 (blue pattern) CsBr:PbBr2 precursor 

solutions in DMSO. 

We carried out 207Pb and 133Cs solid-state nuclear magnetic resonance (ssNMR) analyses to 

explore the composition of our precipitates. ssNMR is a powerful characterization tool that 

can distinguish between different crystal structures of the same material,342 and it can also 

identify the formation of amorphous and hydrated hybrid perovskite phases.343–345 Since it is 

well known that the main drawback for NMR is the intrinsic poor sensitivity, we first checked 

the sensitivity of ssNMR in detecting perovskite impurities in the Cs-based perovskites. For 

this purpose, two samples were used, specifically, 3D CsPbBr3 with very low 0D Cs4PbBr6 

impurity (1:1 DMF) and 0D Cs4PbBr6 with very low 3D CsPbBr3 impurity (3.75:1 DMSO) as 

suggested by their XRD patterns shown in Figure 4.3(a) (black pattern) and Figure 4.7 (green 

pattern), respectively. All ssNMR data are summarized in Table 4.1. The detection of the 

impurity phases was successful by 133Cs ssNMR (Figure 4.8(a)) but not by 207Pb ssNMR (Figure 

4.8(b)) despite the first nuclide being quadrupolar (I = 7/2, natural abundance = 100%) while 
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207Pb is not (I = 1/2, natural abundance = 22.6%), suggesting higher sensitivity of 133Cs ssNMR 

compared to its 207Pb counterpart in these highly crystalline materials. It is worth noticing that 

the Pb signals show a fine structure with well-defined components of the multiplet originating 

from coupling between 207Pb and the six 79/81Br atoms (I = 3/2, natural abundances of 79Br = 

50.54% and 81Br = 49.46%), surrounding the metal ions in an octahedral geometry, as already 

reported for similar Cl complexes.41 We found that 133Cs ssNMR was also able to distinguish 

between two kinds of Cs atoms, lying in different environments in the 0D crystal structure117 

with a ratio between 2:1 to 3:1, as expected from the 0D unit cell. Moving to the “3D-free” 

0D sample (4:1_DMSO), the XRD pattern of which we report in Figure 4.7 (blue pattern), 133Cs 

ssNMR identified the CsBr (δiso = 268 ppm), which was also detected by XRD. Importantly, 

133Cs ssNMR did not detect any 3D impurity in agreement with powder XRD.  

 

Figure 4.8: (a) 133Cs and (b) 207Pb ssNMR spectra (10 kHz MAS, 11.75 T, 312 K) of the samples 1:1_DMF (red trace), 

3.75:1_DMSO (green trace), and 4:1_DMSO (blue trace). The asterisks (*) mark the spinning sidebands (SSB) of 3D phase 
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signal, the section signs (§) mark the SSB of the less intense 0D peak while the hash signs (#) mark the SSB of the more intense 

0D peak. 

Table 4.1:  Summary of powder XRD, and 133Cs and 207Pb ssNMR analysis on 3 different samples. In brackets the δiso (ppm) of 

the different phases is reported. For 207Pb signal the scalar coupling constant 1JPb-Br typical for these systems is also included.346  

Sample 

CsBr:PbBr2_solvent 
Powder XRD 133Cs ssNMR 207Pb ssNMR 

1:1_DMF 3D + 0D impurity 
3D (120 ppm) + 0D 

impurity 

3D only (246 ppm, 

1JPb-Br=2425 Hz) 

3.75:1_DMSO 0D + 3D impurity 

0D (354 ppm and 

233.6 ppm ) + 3D 

impurity 

0D only (-373 ppm, 

1JPb-Br=2050 Hz) 

4:1_DMSO 0D + CsBr 0D + CsBr (268 ppm) 0D only 

 

We focused on the “3D-free” 0D powder (4:1_DMSO). Although XRD (Figure 4.7 blue pattern) 

and ssNMR (Figure 4.8 blue trace) did not detect any 3D impurity in this sample, diffuse 

reflectance measurements, as plotted in Figure 4.9(a), showed absorption throughout the 

green region with a matching PLE (Figure 4.9(b)) and a single PL emission peak at 520 nm 

(Figure 4.9(a)). It is worth mentioning that in the case of our 0D powders with (3.75:1_DMSO) 

or without (4:1_DMSO) detectable 3D impurity, the as-precipitated wet powders are non-

emissive under the UV-lamp. However, they turn green emitting after some time, whether 

the precipitate is left in solution, dried in a vacuum oven at 40 °C, or under N2 at room 

temperature.  
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Figure 4.9: (a) Optical absorption (solid line) of 4:1_DMSO powder sample obtained by converting reflectance (R) to 

absorption using the Kubelka-Munk equation347: F(R) = (1-R)2/2R and PL emission (dotted line) at excitation wavelength of 

405 nm (b) PLE spectra of 4:1_DMSO powder tracking emission at 520 nm. 

An inspection of the 4:1_DMSO sample with optical microscope under white light (Figure 

4.10(a)) and UV light (Figure 4.10(b)) revealed that the green emission is localized in bright 

spots scattered across the sample.  

 

Figure 4.10: Optical images of the 4:1_DMSO powder under (a) white light illumination and (b) UV light. 

This observation was further confirmed by confocal PL microscope using 488 nm excitation 

(Figures 4.11). The PL spectrum collected from a local area containing several emission 

centers peaked at ~520 nm (Figure 4.11(c)), in agreement with the PL spectrum in Figure 
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4.10(a). A spatial distribution of the emitting centers in three dimensions was obtained 

through the series of z slices of ~40×40×5 micron volume of the sample (Figure 4.11(b)). It 

further confirms that the emission originates from the localized spots in the sample, which 

are unevenly distributed across the sample. The size of the emissive domains is sub-micron 

and resolving their shape is beyond the spatial resolution of the microscope used. 

 

Figure 4.11: (a) Confocal PL microscopy volume view of the 4:1_DMSO powder showing distribution of bright spots in space, 

recorded with 488 nm excitation (b) Confocal PL microscopy image and (c) PL spectrum from an area highlighted by the white 

square. 

Elemental analysis of the powder was done using X-ray photoelectron spectroscopy (XPS) and 

Energy-dispersive X-ray spectroscopy (EDS) and the compositional data is listed in Table 4.2. 

Both XPS and EDS analyses reveal that the sample is Br-deficient. This Br-deficiency 
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contradicts most reports on green-emitting 0D material where samples were reported to be 

Br-rich with Pb:Br ratios up to 1:7.4.348 The bromine deficiency in our 0D sample could be due 

to incorporation of other phases with lower bromine content.  

Table 4.2: Elemental composition of 4:1_DMSO sample obtained using XPS and EDS. 

Technique Stoichiometry 

XPS Cs4.17PbBr5.27 

EDS Cs4.25PbBr5.36 

 

Next, we measured the separation between the onset of valence band maxima (VBM) and 

Fermi level shown in Figure 4.12(a). We observed only a small shift when compared to 

reported VBM onsets of 3D CsPbBr3, suggesting a possible 3D or 3D-like impurity in our 0D 

sample.35 Similarly, high-resolution transmission electron microscopy (HRTEM) analysis on 

the 0D sample detected a domain with lattice spacing of 5.8 Å that is indicative of 3D-like 

nature (Figure 4.12(b-c)). Based on elemental analysis of different particles in the 4:1_DMSO 

sample, Cs4PbBr6 and the impurity CsBr particles were observed as individual entities and not 

as a composite (Figure 4.13). 

  

Figure 4.12: (a) XPS results on the 4:1_DMSO sample showing the separation between the onset of valence band maxima 

(VBM) and Fermi level. (b) HRTEM image and (c) corresponding Fast Fourier transform (FFT) of the white square area showing 

lattice spacing of 5.8 Å. 
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Figure 4.13: High-angle annular dark-field (HAADF) and elemental analysis of the 4:1_DMSO sample showing Cs4PbBr6 and 

CsBr particles are individual entities. 

While bromine vacancy (VBr) transition level energy in the Cs4PbBr6 was calculated by Yin et 

al.321 to be 2.3 eV above the VBM, matching the green emission, recently, VBr was instead 

suggested to form a shallow defect level.349 In addition, as we have previously reported,320 

the intense and sharp emission and the absence of Stokes shift does not match with a deep-

trap emission. Therefore, impurity emission would be more reasonable as the origin of the 

green emission. Impurity emission is in line with our confocal PL microscopy, VBM analysis, 

and HRTEM findings. 3D CsPbBr3 could be the impurity source of the green PL emission, as 

non-quantum confined nanocrystals (> 8 nm) do indeed emit at around 2.39 – 2.41 eV.350 

However, in agreement with Wang et al.351 it is expected that the 3D CsPbBr3 impurity might 

not be the only origin of the green emission. For instance, a previous report detected 



 

112 
 

quantum confined ~3 nm CsPbBr3 nanocrystals embedded within larger-sized Cs4PbBr6 using 

HRTEM, however, the sample was green emitting at 520 nm,125 defying reported PL values for 

such small CsPbBr3 nanocrystals.350 In fact, PLQYs of our 0D samples with detectable 3D 

impurity (3.75:1_DMSO) and 3D-free (4:1_DMSO) were 25% and 50%, respectively.  

Other than the known perovskite or perovskite-related phases of 3D (CsPbBr3), 2D (CsPb2Br5) 

and 0D (Cs4PbBr6), Song et al.352 reported the synthesis of a Cs2PbBr4 material, which they 

described as a 2D sheet of corner sharing [PbBr6]4- octahedra passivated by Cs+ ions, exhibiting 

an absorbance and emission in the green region of the visible spectrum. This phase has not 

been previously reported in the phase diagram of this ternary Cs-Pb-Br system and the 

synthesis of a bulk sample of Cs2PbBr4 appears to be challenging, as the phase was suggested 

to be thermodynamically unstable.96 However, this 2D sheet of corner-shared [PbBr6]4- 

octahedra is in essence a monolayer of 3D CsPbBr3. Furthermore, the 2D Ruddlesden-Popper 

(RP) phase of Csn+1PbnBr3n+1 with n = 1 or 2 has also been detected as an impurity within 3D 

CsPbBr3 nanosheets.353 Theoretically, at n = 1, the Cs2PbBr4 layer is predicted to be a direct 

bandgap material, and upon introducing spin orbital coupling (SOC) combined with hybrid 

function (HSE), Yang et al.354 calculated its bandgap to be 2.29 eV. 

In pure 2D perovskites such as 2D MA2PbI4, the difference between the bandgaps of a 

monolayer and bulk material is theoretically calculated to be of only 0.01 eV.355 

Experimentally, unlike the quasi-2D e.g. (BA)2(MA)n-1PbnI3n+1 (BA = butylammonium) that 

possess considerable blue shift in the PL peak position as number of layers (n) decreased,89 

pure 2D perovskites showed insignificant differences.356,357 Hence, a 2D perovskite structure 

with small Cs cation as an interlayer spacer could explain the narrow range of PL (515 nm to 

524 nm)320,358 reported for the emissive 0D single crystals, powders and nanocrystals. The 

proposed Cs2PbBr4 is different from 3-5 layered CsPbBr3 nanosheets or nanoplatelets that 
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usually emit between 440 nm to 460 nm.359,360 This discrepancy in the PL peak position could 

be attributed to the fact that, in case of nanosheets and nanoplatelets, their top and bottom 

surfaces are covered with large organic cations such as oleylammonium or octylammonium, 

hence, they could be considered as quasi-2D perovskites, leading to the pronounced blue shift 

in their emissions.  

This hypothesis of 2D Cs2PbBr4 inclusions being responsible for the absorbance and emission 

in the green region of the visible spectrum is in agreement with Liu et al.361 where they 

suggested the formation of [PbBr4]2- intermediates (in the form of sheet structures observed 

in TEM) during the transformation of CsPbBr3 nanocrystals to Cs4PbBr6 nanocrystals. It is 

possible that the 0D matrix stabilizes this 2D Csn+1PbnBr3n+1 with n = 1 (Cs2PbBr4) phase similar 

to what was detected in 3D nanosheets.353 

We next tested the 0D samples using thermally stimulated luminescence (TSL) in order to 

probe the effect of traps on this impurity emission, as it is a very sensitive technique capable 

of detecting even very low concentration of defect states in solid state materials,362 and has 

been previously used to probe trap energy spectra and kinetics of charge-carrier capture 

processes in organic crystals363 and inorganic ceramics.362 The TSL technique involves first 

irradiation with ionizing radiation which leads to the formation of delocalized electron-holes 

pairs that can migrate along the matrix and are subsequently captured by point defects acting 

as traps. After irradiation the sample is subjected to heating in the dark, with a linear ramp 

(constant heating rate) which stimulates detrapping of charge carriers allowing them to 

radiatively. The emitted light intensity as a function of the heating temperature is called “glow 

curve” and features a TSL peak for each trap being depleted during the heating process. For 

this TSL investigation, we decided to use two different sized samples of the green emissive 

0D, the bulk powder (4_1_DMSO) and nanocrystals. XRD (Figure 4.14(a)) shows the majority 
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phase in both cases matching the trigonal phase of the 0D along with a minor amount of 

remnant CsBr. The width of the XRD peaks in the case of the smaller nanocrystals are 

predictably broader than the peaks of the powder sample, and this is confirmed to be due to 

their difference in sizes. Microscopy images show nanocrystals to be 100-150 nm in size 

(Figure 4.14(d)), while the powders have an average size of 500 nm (Figure 4.14(c)). Despite 

this difference, the PL of the nanocrystals show a very similar bright green emission under UV 

excitation (Figure 4.14(b)) similar to that that observed for the powders (Figure 4.9(a)).  

 

Figure 4.14: (a) XRD patterns of Cs4PbBr6 powder and nanocrystals, (b) PLE and PL spectra of Cs4PbBr6 nanocrystal, (c) SEM 

image of Cs4PbBr6 powder with particles 400-500 nm in size, and (d) TEM image of Cs4PbBr6 nanocrystals showing them to 

be 100-150 nm in size.  
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Thermoluminescence measurements were next carried out where the emission intensity at 

two wavelengths (510 and 700 nm) was tracked while heating the sample at a fixed rate (0.1 

K/s). The temperature at which the charge carriers (electrons or holes) are released depends 

on the energetic difference of the trap and the conduction band (for electrons) or the valence 

band (for holes). In this scenario this defect where the electron/hole is released from is called 

trapping center while the energetic state where they recombine is called recombination 

center. In our materials after irradiation at 10 K and the subsequent heating ramp, the 

characteristic features (Figure 4.15 (a,b)) include an initial background thermally independent 

luminescence until a sharp TSL peak at 110 K followed by two minor peaks at about 150 K and 

180 K. The initial background luminescence is due to tunneling364 from a charge trapped in a 

localized defect nearby the luminescent center that is completely emptied after 200 K.362 The 

sharp TSL peak at 110 K on the other hand indicates the presence of a point defect capable of 

trapping charges from the delocalized band when the sample is exposed to ionizing 

radiation.362  The thermal energy barrier that this charge trapped in the defect was calculated 

to be approximately 0.2 eV in both cases (Figure 4.15(c,d)) indicating that the trap depth is 

the same irrespective of the particle size. The frequency factor of the trap was calculated to 

be in the order of 7· 10-7 s-1 resulting in a decay time of the trap at 290 K of about 70 μs. 
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Figure 4.15: Thermally stimulated luminescence (TSL) of Cs4PbBr6 (a) powders (b) nanocrystals and thermal energy barrier for 

the defect leading to emission at 111 K in (c) powder and (d) nanocrystal sample, respectively. 

Simultaneously, we performed temperature dependent RL studies on both samples in order 

to gauge their suitability as scintillators. Both samples show similar emission characteristics 

and shifts with temperature. The RL emission peak energy (Figure 4.16(a,b)) observed at room 

temperature upon X-ray excitation is similar to the PL peak energy observed in Figure 4.9(a) 

for the powders and 4.14(b) for the nanocrystals. In addition, the red shift of this RL peak with 

lowering temperature is also similar to shift observed in previous temperature-dependent PL 

studies on Cs4PbBr6 powder samples.365 Furthermore, the FWHM of this peak increases with 

increasing temperature, consistent with the spreading of excited electrons to higher 

vibrational levels.366 However, in our case, under X-ray irradiation an additional broadband 

emission centered around 1.9 eV emerges at 200 K, such RL side bands have also been 

previously observed in other perovskite materials.192 As seen in the color map (Figure 
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4.16(c,d)) this broad emission increases in intensity before peaking at 110 K and acts as a 

radiative recombination center (i.e. luminescent center) for the charge being released from 

the point defect causing the sharp TSL peak at the same temperature. 

 

Figure 4.16: Temperature-dependent radioluminescence (RL) of Cs4PbBr6 (a) powders (b) nanocrystals and the color map 

scaling the intensity of the emission in (c) powders and (d) nano crystals, respectively. 

4.4 Conclusion 

To summarize, a mixture of CsBr-PbBr2 salts dissolved in DMSO and DMF results in the 

formation of different lead bromide species with a solvent-dependent solvodynamic radius 

of the species. Solutions in DMSO feature smaller species (~1 nm solvodynamic size) 

compared to the solutions in DMF, likely due to the stronger coordination of DMSO to Pb2+ 



 

118 
 

compared to DMF. The size of lead bromide species influences the composition of the Cs-Pb-

Br precipitates upon addition of the antisolvent: smaller species favor formation of the 

Cs4PbBr6 phase, while larger species template the precipitation of CsPbBr3. Overall, 0D 

Cs4PbBr6 has a higher tendency to be precipitated out from solutions with stronger 

coordinating solvents to Pb2+, lower absolute concentration of the precursors and higher 

CsBr:PbBr2 ratios, compared to its 3D CsPbBr3 counterpart. We have discussed a possible 

origin of the green emission in the wide bandgap Cs4PbBr6 and concluded that 3D impurities 

might not be the only source of the emission and high PLQY. Alternatively, an impurity of 2D 

Cs2PbBr4 has been proposed but no conclusive experimental evidence of its existence was 

obtained. Our work highlights the importance of the less investigated small cation spacers 

(e.g. Cs or MA) in 2D perovskites. Thermally stimulated luminescence studies were performed 

to probe the possible presence of traps affecting the emissive properties in these materials 

and the observed features were found to be independent of the sample size. Temperature-

dependant radioluminescence spectra showed their appropriateness as scintillating 

materials. Future work would target understanding the formation mechanism of Cs2PbBr4 as 

an impurity within the Cs4PbBr6. 
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Appendix Experimental Methods 
 

A1 Structural Properties: 

Laboratory X-ray powder diffraction (XRPD) for the single crystals and powders synthesized in 

Chapters 2-4 was performed using a PANalytical Empyrean X-ray diffractometer equipped 

with a 1.8 kW Cu Kα ceramic X-ray tube and a PIXcel3D 2 × 2 area detector, operating at 45 kV 

and 40 mA. XRPD data were analysed using the HighScore 4.1 software from PANanalytical. 

Step sizes of 0.013° and scan speeds of 0.013°/s were used for the scans, respectively.  

Room temperature raman spectroscopy measurements of MAPbBr3 and mixed 

DMA/MAPbBr3 single crystals reported in Chapter 2 were carried out in a Renishaw inVia 

equipped with a 50× (0.75 N.A.) objective with an excitation wavelength of 785 nm. While the 

temperature-dependent Raman spectroscopy study was performed using a liquid nitrogen 

cryostat (Linkam) mounted in a Renishaw inVia microscope equipped with a long working 

distance objective (20×, 0.40 NA) with an excitation wavelength of 633 nm. For all the Raman 

spectra acquisition a laser power < 1 mW was used to avoid the damage of the samples during 

the measurement. 

Temperature-dependent Synchrotron X-ray powder diffraction (SPXRD) of MAPbBr3 and 

mixed DMA/MAPbBr3 single crystals reported in Chapter 2 were processed by EXPO2014,367 a 

software able to perform all the steps of the ab initio structure solution process (i.e., indexing, 

space group determination, full pattern decomposition, structure solution, structure model 

optimization and Rietveld refinement). The indexing step was carried out by the software 

TREOR09,368 implemented in EXPO2014. 
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Wide angle X-ray scattering (WAXS) experiments on the MA2CuX4 single crystals reported in 

Chapter 3 were performed by a Rigaku three pinholes camera, coupled to an Fr-E+ superbright 

rotating anode microsource (Cu K,  = 0.15405 nm) through a focusing Confocal Max Flux 

optics (CMF 15-105).369 Beam footprint was 0.2 mm (diameter). Sample-to-detector distance 

was 28 mm, calibrated by LaB6 powder standard. The sample was raster scanned with a 0.2 

mm lateral step, in order to obtain an average pattern from a large crystal volume. 2D WAXS 

data were centered and calibrated using LaB6 standard and the corresponding 1D WAXS 

profiles were derived by SUNBIM software.370 

Synchrotron X-ray elastic scattering experiments were carried out on MA2CuX4 powders, 

reported in Chapter 3, at the ID22 beamline of the European Synchrotron Radiation Facility 

(ESRF; Grenoble, France); data were collected at 297 K. Samples were analyzed by X-ray 

powder diffraction (XRPD) using a wavelength λ = 0.400 Å. Structural refinements were 

carried out according to the Rietveld method371 using the FullProf (FP) program; in particular, 

a file describing the instrumental resolution function, and a Thompson-Cox-Hastings pseudo-

Voigt convoluted with axial divergence asymmetry function were used during calculations. 

Pair distribution function (PDF) data were collected using a wavelength λ = 0.2065 Å. Data 

from an empty borosilicate capillary were collected to subtract the container scattering; 

moreover, a standard LaB6 sample was analyzed using the same experimental conditions in 

order to describe the experimental resolution effects. Reduction of the total scattering data 

to obtain G(r), the reduced PDF, and S(Q), the total-scattering structure function, was 

achieved by the PDFgetX3 software372 using Qmax = 25.0 Å-1, a range sufficient for an accurate 

analysis.373 Full-profile fitting of the G(r) function was carried out using the PDFgui software374 
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and the structural parameters obtained by the Rietveld refinements as starting structural 

models.  

High-resolution transmission electron microscopy (HRTEM) analysis on the Cs-Pb-Br powders, 

reported in Chapter 4, was carried out on a 200 kV TEM (JEOL JEM-2200FS) and a Bruker 

Quantax 400 system with an XFlash 5060 detector was used for EDS analysis. The sample was 

prepared by dispersing the powders in THF before depositing on an ultrathin carbon film 

supported on a holey carbon film coated 400 mesh TEM copper grids.  

Room-temperature Raman measurements on single crystal samples reported in Chapter 2 

were carried out in a Renishaw® inVia equipped with a 50× (0.75 N.A.) objective with an 

excitation wavelength of 785 nm using a laser power < 0.1 mW, to avoid the damage of the 

samples during the measurement. 

A2 Elemental analysis 

Solid-state NMR (ssNMR) measurements on the Cs-Pb-Br powders, reported in Chapter 4, 

were collected on a 500 MHz Bruker BioSpin NMR Spectrometer AvanceTM 500, operating at 

a static field of 11.7 Tesla and equipped with a 4 mm CPMAS probe, by spinning the sample 

at the magic angle (MAS), with speed rates from 10 to 14 kHz. All samples were packed into 

Zirconia (ZrO2) rotors and closed with Kel-F caps (80 μL internal volume). The working 

frequency of the 133Cs nucleus was 65.598 MHz and spectra were acquired by using a single 

pulse sequence (zg), with a spectral width of 104166 Hz, wide enough to ensure a 

homogeneous irradiation of the whole spectrum. The optimal spinning speed (MAS) was 

achieved at 10 KHz; however, comparative spectra were also acquired at different spinning 

rates (12 KHz and 14 KHz), to assign all sidebands in the spectrum and to exclude any possible 

signal impurity overlapping to the manifold SSB. The NMR parameters used for 133Cs 
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experiments were: 90° pulse length (p1) = 2.5 μs, repetition time (d1) = 3-60 s, number of 

scans (ns) = 200-800. The working frequency of 207Pb nucleus was 104.63 MHz and spectra 

were acquired by using a single pulse sequence (solidecho, with an echo time of 7 μs), with a 

spectral width of 1600 ppm (corresponding to 167.000 Hz), wide enough to allow a 

homogeneous irradiation of the whole spectrum, but not enough to cover the wide 

anisotropic chemical shift range, typical of such a nucleus. Different experiments were 

needed (with the same spectral width but changing the offset) to cover the whole possible 

range of detectable signals. The spinning speed (MAS) was optimized at 10 kHz, a value that 

returned resolved spectra. The NMR parameters used for 207Pb experiments were the 

following: 90° pulse length (p1) = 2 μs, repetition time (d1) = 0.5 s, ns = 28.000-105.000. 133Cs 

and 207Pb shifts were referenced to solid CsBr (δiso = 268.0 ppm vs. CsCl: δiso = 223.2 ppm) and 

Pb(NO3)2 (δ = -3490 ppm), respectively, which were used as external calibration standards. 

X-ray photoelectron spectroscopy (XPS) measurements on the MA2CuX4 and Cs-Pb-Br 

powders, reported in the Chapters 3 and 4 respectively, were carried out on a Kratos Axis 

UltraDLD spectrometer, using a monochromatic Al Kα source (15 kV, 20 mA). The spectra 

were taken on a 300 × 700 μm2 area. Wide scans were collected with a constant pass energy 

of 160 eV and an energy step of 1 eV. High-resolution spectra were acquired at a constant 

pass energy of 10 eV and energy step of 0.1 eV. The binding energy scale was referenced to 

the C 1s peak at 284.8 eV. The spectra were analyzed using the CasaXPS software (version 

2.3.17). Samples were prepared by covering an indium substrate with the powder.  
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A3 Thermal properties 

Differential thermal analysis/thermogravimetry coupled with gas – chromatography and mass 

Spectrometry (DTA/TG and GC – MS) on the MA2CuX4 powders, reported in Chapter 3, were 

carried out in a LabsysEvo 1600 – Setaram  system in a temperature range of 40 to 800 °C, 

with a heating rate of 10 °C/min in He (20 mL/min). The sample (~ 10 mg) was put into an 

open alumina crucible. Every minute the autoinjector, set at 280 °C (Automation – Advanced 

Lab Solutions), collected for 10 seconds, in a loop of 1 mL, the evolved gas from the outlet of 

DTA/TG. The so collected molecules were injected into the GC (TraceGC Ultra – 

ThermoFisher): oven and inlet temperature, 180 °C and 280 °C respectively, carrier gas He 1.2 

mL/min, split ratio 1:10 and split flow 12 mL/min, column Mega-5 (5%Phenyl – 95% Methyl 

polisiloxane). The GC was coupled to a MS – quadrupole (DSQ I – ThermoFisher) operating in 

the EI mode (70 eV), ion source at 250 °C, transfer line at 280 °C. The MS scanning was 

performed in the m/z range 10 – 200. The experimental conditions allowed a distinguishable 

separation between the different features and their attribution.375 The mass spectra 

identification was performed using the NIST Mass Spectral Search Program for the 

NIST/EPA/NIH Mass Spectral Library Version 2.2. 

A4 Optical and Electronic Properties 

A4.1 Liquid Samples 

The optical absorbance of the precursor solutions, reported in Chapter 4, was recorded on a 

Varian Cary Eclipse UV−vis spectrophotometer. While photoluminescence excita on (PLE) 

and photoluminescence (PL) of the same solutions were performed on a Varian Cary Eclipse 

fluorescence spectrophotometer. Dynamic light scattering (DLS) was performed using a Zeta 

Sizer (Malvern Instruments) equipped with a 4.0 mW He-Ne laser operating at 633 nm and an 
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avalanche photodiode detector, in order to determine the average size of the precursors in 

the precursor solutions. 

A4.2 Solid Samples 

Absorbance measurements on the MA2CuX4 and Cs-Pb-Br powders, reported in the Chapters 

3 and 4 respectively, were carried out in a Cary 5000 spectrometer using the diffuse 

reflectance accessory. Ultraviolet photoelectron spectroscopy (UPS) analyses were 

performed on the same ground powders to estimate the position of the valence band 

maximum (VBM) of the material under investigation with respect to the vacuum level. The 

measurements were carried out with a Kratos Axis UltraDLD spectrometer, using a He I 

(21.22eV) discharge lamp, on an area of 55µm in diameter, at a pass energy of 5eV and with 

a dwell time of 100 ms. PL and photoluminescence quantum yield (PLQY) measurements on 

the Cs-Pb-Br powders were conducted on an Edinburgh Instruments FLS920 fluorescence 

spectrometer equipped with a calibrated integrating sphere exciting at 405 nm. Optical 

microscopy of the Cs-Pb-Br powder samples in Chapter 4 was performed on a Nikon 80i 

microscope equipped with a grayscale digital camera and a high-pressure mercury lamp 

(Nikon) and optical filters. The sample was prepared by mixing a small amount of the finely 

ground powder with a drop (~5 μl) of octadecene-1. The mixture was prepared on top of a 

rectangular microscope slide and covered with a thin glass coverslip. Confocal PL microscopy 

on the same sample was performed using a Nikon A1 confocal laser microscope with 488 nm 

excitation (Oxxius LBX-488 diode laser). The laser power setting was kept at 0.5%, and the 

resolution of a 32-channel spectral detector set at 2.5 nm during the experiments. The 

spectrally-resolved imaging data and the z-series used for a volume view reconstruction were 

acquired (as *.nd2 files) using Nikon NIS-Elements High Content Software Analysis ver. 
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4.30.02 and viewed and processed in either Nikon NIS-Elements Viewer ver. 4.20.00 or ImageJ 

1.51j8.  

Radioluminescence spectroscopic measurements on the Cs4PbBr6 samples, reported in 

Chapter 4, involved exciting by ionizing radiation using a Philips 2274 X-ray tube, with a 

tungsten target, equipped with a beryllium window and operated at 30 kV and 30 mA. The 

radioluminescence was collected with a Jobin-Yvon Spectrum One 3000 CCD detector 

operating in the 200−1100 nm interval, coupled to a Jobin-Yvon Triax 180 monochromator 

with a 100 grooves/mm grating. For thermally stimulated luminescence (TSL) measurements 

the samples were irradiated by the same source at 10 K, followed by heating the sample up 

to 320 K with a heating rate 0.1 K/s 

Temperature dependent PL measurements on the MAPbBr3 and DMA-MAPbBr3 single 

crystals, reported in Chapter 2, were carried out in the same FLS920 fluorescence 

spectrometer coupled with optical fibres to collect the emitted spectra. The single crystals 

were attached to a sapphire substrate (TedPella®) with silver paste and placed inside a closed-

cycle helium cryostat (Advanced Research Systems, Inc.) and the steady state PL spectra 

collected every 10 K using an excitation source of a 445nm continuous wave (CW) laser placed 

in back scattering geometry.  

A5 Device Fabrication and Characterization.  

MAPbBr3 and DMA-MAPbBr3 perovskite photodetectors, reported in Chapter 2, were 

fabricated by depositing 60 nm of Au electrodes via e-beam evaporation (using a Kenosistec® 

e-beam evaporator, equipped with a cooling system for the sample holder during 

evaporation) using a shadow mask (with a channel length of 50 µm and width of 1 mm). The 
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active area of a fabricated device is 1 × 102 cm2. The sample was kept at 20 °C during the 

metal deposition to avoid any additional annealing effects. The measurement procedure was 

controlled by a PC using LabView® software. A bias voltage between source and drain contacts 

was applied from -10 to 10 V. Illumination was provided through an optical window using 

laser diodes coupled into a fiber and focused on the sample using collimating lens. The light 

irradiation was achieved by using a 520 nm semiconductor green laser. An Agilent 34410A 

multi-meter coupled to a calibrated Si photodetector from Thorlabs was used to measure the 

incident power. For space charge-limited current (SCLC), metal electrodes were deposited on 

opposite sides of the crystal and a bias voltage between source and drain was applied from 0 

to 100 V. All measurements were performed under vacuum. 

MA2CuX4 crystals reported in Chapter 3 were partially exfoliated into crystal chips (few µm 

thick) via scotch tape (Nitto® blue tape) method to ensure a flat surface on which deposit the 

metal contacts and fixed in with a double-side tape in microscope slides. Pt electrodes (60 nm 

thickness, Pt pellets 99.99% from Kurt J. Lesker®) were deposited (rate 0.4 Å/s) by e-beam 

evaporation (Kurt J. Lesker Kenosistec® evaporator equipped with a cooled sample holder) 

through a shadow mask, obtaining devices in lateral configuration that have an active channel 

of 100 µm long and 1 mm wide. Electrical characterization was performed in air and in dark 

using a Karl Süss – Microtech® and EverBeing® probe-stations, and a Keithley 2612/2635A 

source meters in a two-probe configuration controlled by a PC. The measurement protocol 

was established as previously described.376 To avoid spurious effects from electrical spikes, 

we consider the ION (LRS) and IOFF (HRS) values for each cycle by taking the average over the 

read pulse. The ION/IOFF ratio for each read voltage and sample is determined by the median 

from the overall of at least 20 cycles.  
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Perspectives 

Future research on bulk metal-halide based materials perovskites should focus on lead-free 

materials since toxic lead can be stored for a long time in the human body especially the 

bones, drastically affecting the normal functioning of the nervous system and preventing the 

synthesis of hemoglobin by inhibiting key enzymes.377 Furthermore, it has been shown that 

lead from solar cells is more hazardous than other contamination sources as it is ten times 

more bio-available and easily absorbed by plants.378  

Indeed, lead-free bulk single crystals of double perovskites, such as Cs2AgBiBr6, are also 

showing promising applications in direct photon to electron detectors.379,380 However, most 

studies have focused on the typical Cs-containing double perovskites whose optoelectronic 

properties suffer from small diffusion lengths limiting their applicability.381 Having shown in 

the first study (Chapter 2) that the three-dimensional (3D) framework of the perovskite 

structure can be still maintained with the incorporation of larger A-site organic cations, new 

mixed organic-inorganic compositions should be explored for double perovskite single 

crystals with detailed studies on their optical and structural properties. 

Layered 2D materials have interesting coupled ionic-electronic properties as shown in 

Chapter 3. There is a better need to explore the key structure-property relationships 

especially the intrinsic effect of structural anisotropy, in and out of the octahedral plane, on 

the ionic conduction in the lead-free layered double perovskites382 and other metal-halide 

based383 materials to rationally design new compositions for applications in stable 

memristors.  
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Research on 0D metal halide materials, most interesting for phosphor lighting applications, 

has flourished focusing on their self-trapped excitonic (STE) emission behavior.384 However, 

efficient STE is heavily dependent on the electron-phonon coupling in the soft lattice385 

indicating that stability of these flexible materials and high photoluminescence quantum 

yields are incompatible with each other. Focusing on non-STE emitters such as Mn-based 

compositions386 might allow these novel solution-processable materials to compete with 

established inorganic phosphors. 

Novel synthetic techniques for perovskite single crystals, such as the solvent acidolysis 

crystallization (SAC) developed in this thesis, are needed to probe the intrinsic properties of 

new compositions unhindered by the large number of defects usually present in solution-

processed thin films.387 
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