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ABSTRACT

DEFECT TOLERANCE, ANHARMONICITY, AND ORGANIC-INORGANIC COUPLING IN

HYBRID ORGANIC-INORGANIC SEMICONDUCTORS

Implementing and improving sustainable energy technologies is predicated upon the dis-

covery and design of new semiconducting materials. Perovskite halides represent a paradigm

shift in solar photovoltaic technologies, as devices utilizing perovskites as the active semicon-

ductor can achieve power conversion efficiencies rivaling those of commercial solar cells after

less than a decade of dedicated research. In contrast to conventional semiconductors, per-

ovskites are unique in that they exhibit excellent photovoltaic performance despite the pres-

ence of significant materials disorder. This disorder manifests as (1) a large concentration of

crystallographic defects introduced by low-temperature processing, and (2) as dynamic dis-

order due to the deformable metal-halide framework and the presence of dynamic organic

species within the crystalline voids. Vacancy ordered double perovskites of the general formula

A2BX 6 are a defect-ordered variant of the archetypal perovskite structure comprised of isolated

[BX 6] octahedral units bridged by cationic species at the A-site. The presence of ordered vacan-

cies and relatively decoupled octahedral units presents an ideal system to investigate defects

and lattice dynamics as they pertain to optical and electronic properties of perovskite halide

semiconductors.

This work aims to illuminate the fundamental structure-dynamics-property relationships

in vacancy-ordered double perovskite and hybrid organic-inorganic semiconductors through

a combination of advanced structural characterization, optical and electrical measurements,

and insight from computation.

We begin with a study of the Cs2Sn1−xTexI6 series of vacancy-ordered double perovskites

to inform the chemical and bonding characteristics that impact defect chemistry in vacancy-

ordered double perovskites. While the electronic properties of Cs2SnI6 are tolerant to the pres-
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ence of crystallographic defects, introducing tellurium at the B-site yields an electronic struc-

ture that renders Cs2TeI6 defect-intolerant, indicating the importance of the B-site chemistry in

dictating the optoelectronic properties in these materials.

Next, we elucidate the interplay of the A-site cation with the octahedral framework and

the subsequent influence upon lattice dynamics and optoelectronic properties of several tin-

iodide based vacancy-ordered double perovskites. The coordination and bonding preferences

of the A-site drive the structural and dynamic behavior of the surrounding octahedra and in

turn dictate charge transport. A-site cations that are too small produce structures with cooper-

ative octahedral tilting, while organic-inorganic coupling via hydrogen bonding yields soft, an-

harmonic lattice dynamics characterized by random octahedral rotations. Both regimes yield

stronger electron-phonon coupling interactions that inhibit charge transport relative to undis-

torted analogs.

The final study presented here details the discovery of two hybrid organic-inorganic semi-

conductors containing the organic tropylium cation within tin- and lead-iodide frameworks. In

C7H7PbI3, the tropylium electronic states couple to those of the lead iodide framework through

organic-inorganic charge transfer. Electronic coupling between the organic and inorganic sub-

lattices within a singular material provides an avenue to elicit unique optical and electronic

properties unavailable to either components individually.

The above work is then placed in context of other recent studies of vacancy-ordered dou-

ble perovskite semiconductors, and a set of design principles are constructed. Future avenues

of research are proposed. These structure-dynamics-property relationships represent an im-

portant step towards rational design of vacancy-ordered double perovskite semiconductors for

potential optoelectronic applications.
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Chapter 1

Introduction

1.0.1 Perovskite Halides for Emerging Photovoltaics

Transitioning to alternative, sustainable sources of energy is a challenge that is fundamen-

tally rooted in the discovery, development, and design of solid-state materials. Photovoltaic

(PV) technology is a source of renewable energy generation that has the potential to mitigate

the dependence upon fossil fuel and combustion-based energy sources by transforming solar

radiation into electricity. In a photovoltaic cell, incident photons in the ultraviolet and visible

region of the solar spectrum are absorbed by the active semiconducting material and converted

into electricity. Commercial photovoltaic technology utilizes silicon or cadmium telluride as the

active light-absorbing semiconductors, and modules utilizing single crystalline silicon (sc-Si)

can achieve up to ∼26% power conversion efficiencies.16 However, there are several fundamen-

tal materials properties that limit the maximum efficiency that can be realized by silicon-based

devices. Silicon possesses an indirect band gap of Eg = 1.12 eV,17 which yields a low absorption

coefficient, a weak absorption onset, and subsequently inefficient absorption of photons. A

larger volume of absorber material can enhance light absorption, but this in turn increases the

probability of electron-hole recombination processes that limit efficiencies and increases both

cost and weight of the PV module. Optimization of these parameters for a silicon-based solar

cell with a band gap of 1.1 eV yields a calculated maximum photovoltaic efficiency of ∼30%

for a single junction solar cell, which is commonly known as the Shockley-Queisser limit.18

While utilizing solar energy to produce electricity encourages a societal shift to renewable en-

ergy sources, the limitations of silicon-based solar cells inhibit their ubiquitous implementa-

tion. Improved photovoltaic technology therefore relies on the discovery and development of

new semiconducting materials.
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Perovskite halides have recently emerged as promising semiconductor materials for appli-

cations in inexpensive, high-efficiency photovoltaic technologies. In only a decade of dedi-

cated research, photovoltaic devices containing hybrid perovskite halides as the active semi-

conductor have achieved power conversion efficiencies up to ∼22%,19 which are competitive

with those of commercial silicon-based devices. Further, the low-temperature solution-based

materials processing routes and thin-film device architecture enables facile, inexpensive fabri-

cation of perovskite solar cells. However, the ease of material and device preparation and resul-

tant rapid growth in power conversion efficiencies has left unanswered questions regarding the

fundamental structure-property relationships that give rise to their advantageous performance.

Perovskite materials are structurally distinct from other diamond-like semiconducting ma-

terials (i.e. silicon, cadmium telluride, or gallium arsenide) that are conventionally used for

photovoltaics. In Figure 1.1a, the crystalline structures of diamond-like semiconductors are

compared to the general perovskite structure. The canonical perovskite structure, named for

the perovskite mineral CaTiO3, is described by the general stoichiometry ABX 3. The structure is

formed by a framework of vertex-sharing anionic [BX 6] octahedral units with the A-site cation

residing in the 12-coordinate cuboctahedral void formed by the X-site anions, as shown in Fig-

ure 1.1b.

Figure 1.1: Crystal structure comparison of diamond-like semiconductors with the general perovskite
structure. In (a), structural representations of the diamond-like semiconductors silicon (Si), cadmium
telluride (CdTe), and gallium arsenide (GaAs) are shown. The unit cell representation of the general cubic
perovskite structure of the general formula ABX 3 is shown in (b); A-site cations are shown in purple, B-
site cations are shown in teal, and X-site anions are shown as orange spheres.
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The highest efficiency perovskite material in photovoltaic devices is a compositional deriva-

tive of the hybrid organic-inorganic perovskite methylammonium lead iodide (CH3NH3PbI3).

As shown in Figure 1.2, Pb2+ ions occupy the B-site and are coordinated by six I – ions, while

the A-site is occupied by a dynamically disordered organic CH3NH +
3 cation. In the highest

efficiency solar cells, there is compositional mixing at all three sites;19 at the A-site, methylam-

monium (CH3NH +
3 ) is substituted with the smaller cesium (Cs+) and larger formamidinium

(CH(NH2) +
2 ) cations. The B-site is occupied by Pb2+ and Sn2+, while the X-site is occupied by

I – , Br – , and Cl – in varying stoichiometric ratios.

Figure 1.2: Crystal structure of the perovskite methylammonium lead iodide (CH3NH3PbI3). The zoom
region is shown to highlight the dynamic nature of the methylammonium cation within the cuboctahe-
dral void. Lead atoms are grey, iodine atoms are purple, carbon atoms are brown, nitrogen atoms are
light blue, and hydrogen atoms are beige.

Perovskite halides, such as methylammonium lead iodide, exhibit unusual photophysical

properties that have been strongly implicated in their advantageous performance in solar cells.

Of particular note is the observance of long carrier excited state lifetimes > 1 ms20–22 and long

carrier diffusion lengths > 1 µm20–23 in methylammonium lead iodide. Longer excited state

lifetimes and diffusion lengths increase the probability of harvesting photoexcited carriers and

subsequently improve power conversion efficiencies in photovoltaic devices. These observa-
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tions suggest that excited state carriers are mobile through the perovskite framework and are

protected from electron-hole recombination pathways that typically limit device efficiencies.

The exceptionally long carrier excited state lifetimes and diffusion lengths in CH3NH3PbI3 are

hypothesized to originate from (1) the apparent tolerance of the electrical properties of per-

ovskite halides to the presence of crystallographic defects that often originate from the low-

temperature solution-based processing24 and (2) polaron formation via electron-phonon cou-

pling between photoexcited charge carriers and the deformable metal-halide framework to

protect mobile charge carriers.25 The presence of significant crystallographic disorder and the

influence of lattice dynamics upon charge transport behavior in perovskite halides provides

a unique paradigm to understand and develop structure-dynamics-property relationships in

functional semiconductors. The following sections will address the research efforts directed

at understanding materials defects and lattice dynamics and the subsequent implications for

charge transport in perovskite halide semiconductors.

1.0.2 Defect Tolerance

Materials defects are ubiquitous and often strongly influence the optical and electronic

properties of semiconducting materials. Point defects, such as interstitials, vacancies, and site

substitutions, can be introduced into a semiconductor intentionally to yield p-type vs.n-type

behavior; these defects are referred to as dopants and can be used to chemically engineer the

carrier transport characteristics of a semiconductor. Dopants or “shallow” defects typically in-

troduce localized states within a few tens of millielectronvolts within the conduction and va-

lence band edges, and electrons can be thermally excited into/out of these acceptor/donor

states to yield free carriers. In contrast, point defects may also form highly localized “trap” states

deep within the band gap that serve as recombination centers and impede charge transport.26

These defects are represented in the simplified energy diagram shown in Figure 1.3.

“Defect tolerance” refers to the ability of a semiconductor to retain its optical and electronic

properties despite the presence of crystallographic defects. Using Cu3N and GaN as a test case,
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Zakutayev et al. classified semiconductors with antibonding states at the valence band maxi-

mum and bonding states at the conduction band minimum as “defect tolerant,” as the dangling

bonds formed at these defect sites result in electronic states that are resonant with the conduc-

tion and valence bands rather than trap states deep within the band gap.27 In Cu3N, the lowest

enthalpy of formation defects form as donor or acceptor states near or within the band edges,

and thus the formation of these defects are not anticipated to be detrimental to charge trans-

port properties. In contrast, the native defects in GaN form as deep traps within the band gap,

demonstrating the inherent intolerance of this material to crystallographic defects. Similarly,

the electronic properties of conventional semiconductors such as Si and GaAs are quite sen-

sitive to the presence of point defects, and high-temperature and high-precision processing

techniques are required to mitigate the formation of detrimental defects in these materials.28

Figure 1.3: A simplified energy band diagram of a semiconductor. The valence and conduction bands are
denoted by the blue and orange slabs, respectively. Electrons are shown as magenta circles, and holes are
represented by black open circles. Dotted lines represent localized energy states introduced by defects.
Egap is the band gap, and kB T is the product of the Boltzmann constant and temperature.

Perovskite halides appear to challenge the notion that significant defect concentrations di-

minish photovoltaic efficiencies, in that they exhibit excellent electrical performance despite

the presence of significant crystallographic disorder introduced by the often low-temperature

solution-processing routes that result in imperfect materials with small grain sizes. Defect tol-

erance in CH3NH3PbI3 was addressed in an X-ray photoelectron spectroscopy (XPS) study by
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Steirer et al.1 Upon irradiation by X-rays in vacuo, CH3NH3PbI3 decomposes via evolution of

CH3NH2(g) and HI(g) to yield CH3NH +
3 and I – vacancies (VCH3NH +

3
/VI−). Despite the forma-

tion of these defects, the energy difference between the Fermi level and valence band maxi-

mum (∆Ev) remains constant until a significant number of defects are created to yield a mixed

phase region, in which both PbI2 and CH3NH3PbI3 coexist (Figure 1.4). The marginal changes

in electronic structure despite the large concentration of crystallographic defects indicates that

VCH3NH +
3

and VI− defects do not form localized states deep within the band gap, but rather form

close to or resonant with the conduction and valence band edges, consistent with computa-

tional studies of the defect chemistry of CH3NH3PbI3.29,30 This is also consistent with the clas-

sification of “defect tolerance” proposed by Zakutayev et al.,27 as the band structure of methy-

lammonium lead iodide is formed by antibonding states at the valence band maximum and

bonding states at conduction band minimum.31 The inherent defect tolerance of methylam-

monium lead iodide offers an explanation for the long carrier diffusion lengths and excited

state lifetimes and subsequently high photoconversion efficiencies, despite low-temperature

solution-based materials processing.

Figure 1.4: Experimental realization of defect tolerance in CH3NH3PbI3. The energy difference between
the Fermi level and valence band maximum (∆Ev) determined by X-ray photoelectron spectroscopy
is plotted as a function of I:Pb stoichiometric ratio. Figure reproduced with permission from Steirer,
Schulz, Teeter, Stevanovic, Yang, Zhu, Berry, ACS Energy Lett., 2016, 1, 360–366. 1 Copyright 2016 Ameri-
can Chemical Society.

6



1.0.3 Lattice Dynamics and Electron-Phonon Coupling

Lattice dynamics are well-known to influence charge transport in semiconducting mate-

rials. Electron-phonon scattering processes often reduce carrier mobilities and are responsi-

ble for thermalization of “hot carriers” with above-bandgap energies to the conduction band

minimum, which is a factor that dictates device efficiencies.18 Electrons may also interact with

lattice vibrations via the formation of polarons. A polaron is a quasiparticle consisting of a lo-

calized lattice distortion formed via electrostatic interactions with an electron, which screens

the charge of the electron.32 This effect is more pronounced in ionic crystals due to the strong

coulomb interaction between the electron and the charged ionic species compared to that of

neutral atoms in covalently-bonded materials.33 The strength of the electron-phonon coupling

interaction for a given material, called the Frölich coupling constant, is inversely proportional

to the frequency of the lowest-energy longitudinal optical phonon, and as such, materials with

large dielectric constants and softer lattice dynamics typically exhibit stronger electron-phonon

coupling interactions.34 The electron dressed by the lattice distortion experiences variations in

charge transport mechanism based upon the electron-phonon coupling strength and the resul-

tant size of the polaron. In the “small polaron” case, short-range lattice deformations localize

the electron at a single atomic site and charge transport is dominated by thermally-activated

hopping conductivity of the polaron from site to site within the crystal.35,36 In the “large po-

laron” case, the lattice distortion may persist over multiple unit cell lengths and the transport

in band-like in nature, but with reduced mobility relative to the undressed electron.37,38

The lattice dynamics of halide perovskites are well-suited to facilitate electron-phonon cou-

pling interactions. In contrast to the highly covalent diamond lattice of conventional semi-

conductors, the ionic perovskite halide structure is soft and deformable, characterized by low

Young’s moduli,39,40 low speeds of sound,41 and low thermal conductivity.41–43 Cooperative oc-

tahedral tilting is a well-known origin of perovskite lattice dynamics. At elevated temperatures,

octahedral tilting occurs as a spontaneous and dynamic process, which yields a time-averaged

untilted structure.44–46 As the thermal energy of the system is reduced upon cooling, these tilt-
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ing vibrational modes progressively soften and crystallographic phase transitions to structures

with frozen-in tilted octahedra are observed.47 The propensity of a given perovskite to exhibit

cooperative octahedral tilting is governed by the relative radii of the constituent atoms and can

be predicted by the Goldschmidt tolerance factor, t = (r A + rX )/(
p

2(rB + rX )), which expresses

the ratio of the side lengths of a cubic perovskite in terms of the ionic radii of the constituent A,

B, and X ions.48 The Goldschmidt tolerance factor is strongly correlated with phase transition

temperatures and phonon softening within compositional families of the perovskite structure,

and can therefore be used to predict the presence (and to some extent, the temperature) of

these symmetry-lowering phase transitions.49,50

The formation of large polarons is hypothesized to prolong carrier excited state lifetimes

in perovskite halides, as polaron formation is hypothesized to screen the excited electron from

electron-electron, electron-defect, and electron-phonon interactions that contribute to recom-

bination processes.25,51–53 Charge carrier-lattice coupling has been demonstrated through ex-

periment and supported by computational studies.54,55 Terahertz absorption spectroscopic

studies of CsPbI3, CH3NH3PbI3, and CH(NH2)2PbI3 reveal spectral features at energies asso-

ciated with dynamics of the lead iodide framework upon photoexcitation.56,57 This process

has also been observed by optical Kerr effect spectroscopy of CsPbBr3 and CH3NH3PbBr3.58

The structural effects of carrier-lattice coupling have also been directly probed by ultrafast

electron diffraction studies and differential pair distribution function analysis of CH3NH3PbI3.

Upon photoexcitation, Wu et al. observe broadening of the I–I pair correlation, indicating that

electron-phonon coupling results in I–Pb–I bending.59 These studies indicate that polaron for-

mation occurs predominantly within the inorganic octahedral framework. The formation of

large polarons is further supported by the observation that halide perovskites exhibit only mod-

est carrier mobilities, a hallmark of large polaron transport.60,61

The presence of dynamic, organic molecular cations imbues hybrid halide perovskites

with additional dynamic degrees of freedom. In CH3NH3PbI3 and CH(NH2)2PbI3, the organic

cations undergo rapid molecular reorientations on picosecond timescales.62–66 The cation re-
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orientations in CH3NH3PbI3 are coupled to dynamic tilting modes of the lead iodide frame-

work,67 and have been shown to affect the octahedral tilting progression observed during

temperature-dependent phase transitions. This is exemplified by comparison of CH3NH3PbBr3

and CsPbBr3. While CsPbBr3 exhibits in-phase octahedral tilting motifs upon cooling,68 replac-

ing Cs+ with CH3NH +
3 instead yields out-of-phase tilting.62,69 The temperatures at which the

hybrid halide perovskites undergo crystallographic phase transitions are correlated with freez-

ing out of the methylammonium reorientational dynamics,70–73 and it has been suggested that

coupling between the organic cations and the octahedral framework via hydrogen bonding in-

teractions drives these phase transitions.73–76

Organic cation dynamics and organic-inorganic coupling affect electron-phonon coupling

processes in hybrid perovskite halides. While polaron formation is observed in both hybrid

and all-inorganic perovskite halides,57 electron-phonon coupling occurs on faster timescales

in CH3NH3PbBr3 than in CsPbBr3 due to participation of coupled organic-inorganic modes in

the polaron formation process.58 This notion is supported by a terahertz spectroscopy study of

CH3NH3PbI3, in which Guzelturk et al. observed that photoexcitation is accompanied by emis-

sion features at energies associated with I–Pb–I bending as well as coupled organic-inorganic

modes.56 Furthermore, the presence of rapidly reorienting dipolar organic cations has been

suggested to influence polaron transport behavior via “dielectric drag,” in which movement

of charges as large polarons is accompanied by rotational relaxation of the dipolar organic

cations.77 This phenomenon is hypothesized to reduce carrier mobility in hybrid perovskite

halides containing dynamically disordered dipolar organic cations, as these rotating dipoles

provide additional friction to the polaron and result in slower charge transport processes. The

influence and necessity of organic cations upon carrier excited state lifetimes in perovskite

halide semiconductors is still an active area of debate within the literature.53
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1.0.4 Vacancy-Ordered Double Perovskites

The presence of ordered defects and the absence of polyhedral connectivity in vacancy-

ordered double perovskites provide an excellent structural framework to understand defect

chemistry and lattice dynamics as they pertain to the optical and electronic properties of per-

ovskite halide semiconductors. Vacancy-ordered double perovskites are a structural derivative

of the archetypal perovskite structure. The structure is derived from the conventional per-

ovskite by doubling the ABX 3 unit cell along all three crystallographic axes and then replacing

every-other B-site cation with a vacancy, as illustrated in the schematic in Figure 1.5. The struc-

ture can alternatively be thought of as an antifluorite arrangement of A-site cations and anionic

BX 6 units, to which these materials are often referred.

Figure 1.5: A schematic of the relationship between the archetypal perovskite (ABX 3) and vacancy-
ordered double perovskite (A2BX 6) structures.

Early research efforts of vacancy-ordered double perovskites were devoted to understanding

the structural and dynamic behavior of these molecular-like crystals. Vacancy-ordered dou-

ble perovskites exhibit cooperative octahedral tilting motifs familiar to ordered double per-

ovskites,78,79 which are nominally driven by a size mismatch between the A-site cations and

the surrounding BX 6 octahedral framework. The tendency of a given composition to exhibit

octahedral tilting at room temperature can be predicted by the geometric “radius ratio,” which

is defined as the ratio of the A-site cation ionic radius to the radius of the enclosing void formed

by twelve X-site anions.9,80 The radius ratio (R) is calculated as R = r A/(Dxx − rX ), where r A is
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the radius of the A-site cation, Dxx is the interoctahedral X−X bond length, and rX is the radius

of the X-site anion. When 0.89 < R < 1, no octahedral tilting is expected at room tempera-

ture. Smaller A-site cations yield R < 0.89, and the octahedral framework will undergo coop-

erative tilting to optimize coordination to the A-site cation.81 This is exemplified by the A2TeI6

(A = Cs+, Rb+, K+) family; while Cs2TeI6 adopts the cubic vacancy-ordered double perovskite

structure (space group Fm3̄m),82 replacing the larger Cs+ cation with the smaller Rb+ and K+

cations yields cooperative octahedral tilting to lower symmetry structures (P4/mnc and P21/n,

respectively), as illustrated in Figure 1.6.83,84

Figure 1.6: Crystal structures of Cs2TeI6, Rb2TeI6, and K2TeI6 as representative examples of common
octahedral tilting motifs observed in the vacancy-ordered double perovskite family.

Temperature-dependent structural phase transitions in vacancy-ordered double per-

ovskites follow the octahedral tilting progression shown in Figure 1.6 upon cooling. Through

a nuclear quadrupole resonance study of the vacancy-ordered double perovskite K2ReCl6,

O’Leary and Wheeler determined that the temperature-dependent phase transitions corre-

sponded with softening of the [ReCl6] octahedral rotary phonon mode corresponding to rigid-

body rotations of the octahedra.85 Subsequent studies of K2ReCl6 and other members of the

vacancy-ordered double perovskite family by nuclear quadrupole resonance and inelastic neu-

tron scattering attributed octahedral rotations as the primary source of dynamics and the ori-

gin of the temperature-dependent phase transitions in this family of materials.86–93 It follows

that the energy of the octahedral rotary phonon is correlated with the size of the A-site cation,
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which is exemplified by the increase in frequency of the [PtCl6] rotary phonon from 55 cm−1 to

64 cm−1 to 75 cm−1 with increasing size of the alkali cation across the A2PtCl6 (A = K+, Rb+, Cs+)

series.87 A comprehensive review of the temperature-dependent structural evolutions and the

influence of lattice dynamics upon phase transition behavior in 5d transition metal vacancy-

ordered double perovskite halides can be found elsewhere.94

Incorporation of A-site cations such as ammonium (NH +
4 ) or methylammonium

(CH3NH +
3 ) influences phase transition behavior through hydrogen bonding interactions. In

the vacancy-ordered double perovskites (NH4)2SiF6, (NH4)2SnBr6, and (NH4)2SnCl6, reorien-

tations of the NH +
4 cations are coupled to rotations of the [BX 6] octahedral units and are

suggested to hinder octahedral rotations at higher temperatures.95,96 Furthermore, deuter-

ation of the ammonium group in (ND4)2SeCl6 has been shown to affect the phase transi-

tion behavior relative to the hydrogenated analog, and (ND4)2SeCl6 exhibits three additional

phase transitions where only one is observed in (NH4)2SeCl6.97 The larger methylammonium

(CH3NH +
3 ) cation also undergoes rapid molecular reorientations in plastic crystals such as

(CH3NH3)2SnCl6 and (CH3NH3)2PtCl6, and these dynamic reorientations have been implicated

in the phase transition behavior of these materials.98–102 The absence of extended polyhedral

connectivity in vacancy-ordered double perovskites alleviates the competition between co-

operative octahedral tilting and hydrogen bonding interactions often observed in ABX 3 per-

ovskites,72 and therefore the phase transitions in hybrid vacancy-ordered double perovskites

are predominantly driven by organic-inorganic coupling through hydrogen bonding interac-

tions.

While the structural and dynamic behavior of vacancy-ordered double perovskites has been

well characterized, the optical and electronic properties of these materials have only recently

been explored. The vacancy-ordered double perovskite Cs2SnI6 exhibits optical and electronic

properties relevant for applications in photovoltaics. Cs2SnI6 possesses a direct optical gap of

1.3 eV, corresponding to its deep black color.11,103 Electrical resistivity and Hall effect measure-

ments indicate that Cs2SnI6 is a native n-type semiconductor with a moderate electron mobil-
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ity of 310 cm2 V−1 s−1, which is of the same order of magnitude as the value of 585 cm2 V−1 s−1

reported for CsSnI3, despite the presence of ordered vacancies in Cs2SnI6.104 Lee et al. demon-

strated that p-type conductivity could be achieved under appropriate doping conditions, yet

the hole mobilities (42 cm2 V−1 s−1) were notably lower than the electron mobilities.11 A com-

putational study of the defect chemistry in Cs2SnI6 suggested that the ambipolar doping and

charge transport in Cs2SnI6 was due to the formation of n-type iodide vacancies/tin intersti-

tials or p-type cesium vacancies.105 Despite the lower hole mobilities, a dye-sensitized solar

cell utilizing Cs2SnI6 as a hole-transporting material was reported to achieve 7.8% power con-

version efficiency.11 The presence of formally tetravalent tin in Cs2SnI6 is suggested to improve

air and moisture stability relative to the Pb2+- and Sn2+-based ABX 3 perovskites, as well as mit-

igate toxicity concerns associated with the use of lead. The advantageous properties of Cs2SnI6

motivates further study of the structure-property relationships in vacancy-ordered double per-

ovskites for potential optoelectronic applications.

1.0.5 Hybrid Organic-Inorganic Materials

Hybrid materials, in which both inorganic and organic components coexist in a single crys-

talline phase, have been the subject of research interest beyond hybrid perovskite halides.

Hybrid materials offer a uniquely tunable structural framework, as both the organic moiety

and inorganic framework can be modified (somewhat independently) to afford these materials

with desirable functional properties. Further, hybrid materials are often processed by solution-

based routes at low temperatures, a useful trait for fabrication of devices by processes such as

spin-coating or drop casting.

Rao et al. classified hybrid organic-inorganic materials according to the “dimensionality”

of the organic and inorganic lattices based upon the metal-organic connectivity and the con-

nectivity of inorganic polyhedra (Figure 1.7).2 While there is significant research devoted to hy-

brid materials with metal-organic-metal connectivity (e.g., metal-organic frameworks, coordi-

nation polymers), the present work will focus upon hybrids consisting of polyhedral inorganic

13



frameworks with non-coordinating organic ions, as shown in the first row of the grid in Fig-

ure 1.7 denoted by purple text. Zero-dimensional hybrid materials, also known as “molecular

complexes,” are those with isolated inorganic polyhedra. One-dimensional hybrid materials

contain chains of inorganic polyhedra, and two-dimensional hybrids are composed of layers of

inorganic polyhedra. Three-dimensional hybrids form extended inorganic lattices in all dimen-

sions. In all cases, the organic species reside within the crystalline voids and charge balance the

inorganic framework.

Figure 1.7: Classification of hybrid organic-inorganic materials based upon the dimensionality of the
inorganic polyhedral connectivity and the metal-organic-metal connectivity. The first row (purple text)
denotes hybrid materials with varying degrees of inorganic connectivity with non-coordinating organic
moieties. Figure adapted with permission from Rao, Cheetham, Thirumurugan, J. Phys.: Condens. Mat-
ter, 2008, 20, 083202. 2 Copyright 2008 IOPScience.

Alteration to the connectivity of the inorganic framework can significantly influence func-

tional properties in hybrid materials. Mitzi et al. prepared a series of layered two-dimensional

Ruddlesden-Popper hybrid perovskite materials in which the thickness of the inorganic lay-

ers was varied.106 Upon increasing the thickness (and thus the dimensionality) of the inor-

ganic layers, the electronic conductivity of the materials increased and eventually transitioned

from semiconducting to metallic behavior. A more recent study by Stoumpos et al. further

showed that the optical absorption of similar Ruddlesden-Popper perovskites can be progres-
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sively tuned by increasing the inorganic layer thickness, with thinner layers resulting in larger

optical gaps concomitant with a gradual color change across the series.107 As the optical and

electronic properties of hybrid materials are often dictated by the inorganic lattice, hybrid ma-

terials containing 1D chains and 2D layers of polyhedra may result in anisotropic functional

properties, and these materials are often considered as 1D electronic wires or 2D quantum

wells.108,109

Although organic species typically do not participate directly in charge transport or visible

light absorption in most hybrid materials, the choice of organic may indirectly influence these

properties by dictating the dimensionality of the inorganic framework or templating certain in-

organic structural motifs.110–113 Small organic cations such as methylammonium (CH3NH +
3 ),

formamidinium (CH(NH2) +
2 ), or guanidinium (C(NH2) +

3 ) may fit within the smaller crystalline

voids in three dimensional frameworks, such as in the 3D hybrid halide perovskites.114,115 Large

organics often result in structural topologies with reduced dimensionalities; incorporation of

the large cycloheptylammonium and cyclooctylammonium cations within lead iodide frame-

works yields chains of corner-sharing PbI6 octahedra and sheets of face-sharing PbI6 octahedra

respectively.116 While larger organics often require lower-dimensional frameworks, the corol-

lary is not true; smaller organics do not exclusively produce structures of high-dimensionality.

This is evidenced by hybrid compounds such as (CH3NH3)3Bi2I9, which adopts a structure

composed of face-sharing bismuth iodide octahedral dimers with methylammonium cations

in the voids.117 Hybrid compounds often include organic cations in which the positive charge

is localized on an ammonium group, which can then act as a hydrogen bond donor to drive

certain structural topologies.111 In the 1-D hybrids ABiI5, the differences in steric constraints

between the organic cations strongly influences the packing of the corner-sharing bismuth io-

dide octahedral chains within the crystal structure.112 The spatial organization of the organic

species is dictated by weak van der Waals interactions between the organic molecules, such as

in pi stacking in aromatic systems such as the layered tin iodide perovskites containing halogen-
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substituted phenylethylammonium organic species110,118 or aliphatic stacking motifs observed

in hybrids with long-chain hydrocarbons.119

Synergy between the the organic and inorganic sublattices can to give rise to interesting and

emergent phenomena unavailable to inorganic solid-state materials or organic compounds in-

dividually. Incorporating organic chromophores, such as pyrene, within lead-halide layered

perovskites can enhance phosphorescence through charge transfer between the inorganic and

organic sublattices.120,121 Studies of hybrid compounds containing tetrathiofulvalene (TTF)

within metal halide inorganic framework demonstrate the influence of organic-inorganic cou-

pling upon electrical properties. An early report by Kondo et al. revealed semiconducting be-

havior in the hybrid compounds (TTF)SnX 6 (X = Cl – or Br – ) arising from a layered organization

of the TTF species that enables two-dimensional electronic conductivity.122 More recent work

by Evans et al. of (TTF)Pb2I5 reveals low-energy features in the UV-visible absorption spectrum,

which was attributed to charge transfer between the TTF+· radical and the inorganic lead iodide

framework.123 Similarly, the electrical conductivity observed in (TTF)BiI4and (TTF)4BiI6 is at-

tributed to both the connectivity of the inorganic framework as well as stacking motifs of the

TTF ions within the crystallographic voids.124 Unique functional behavior may therefore be re-

alized in hybrid materials by coupling and exploiting the functionalities of both the organic and

inorganic sublattices.

1.0.6 Summary of Dissertation

The following body of work is aimed at understanding the crystal-chemistry of vacancy-

ordered double perovskite halides and hybrid organic-inorganic materials, in order to inform

materials design principles relevant for potential optoelectronic applications.

Chapter two focuses on the defect chemistry of the vacancy-ordered double perovskites

Cs2Sn1−xTexI6, and in particular, what specific structure and bonding characteristics are neces-

sary to achieve defect-tolerant perovskite halide semiconductors. In Cs2SnI6, iodine vacancies

are the lowest enthalpy of formation defect with states that form as donor states that are nearly
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degenerate with the conduction band, giving rise to the native n-type conductivity observed

experimentally. However, substituting Te4+ for Sn4+ results in defect-intolerance; the more co-

valent Te–I interactions inhibit the formation of iodine vacancy defects and push the conduc-

tion band higher in energy, such that any defect states that do form result in trap states deep

within the band gap. From these observations, a set of bonding principles is then constructed

to inform the design of new, defect-tolerant semiconductors.

Chapter three reports the vacancy-ordered double perovskites Cs2SnI6, (CH3NH3)2SnI6, and

(CH(NH2)2)2SnI6 and correlates trends in electronic and optical properties with anharmonicity

that manifests in the local bonding environment. By modeling the local coordination environ-

ment with random rotations of the SnI6 octahedral units, insights are drawn regarding the influ-

ence of soft, anharmonic lattice dynamics on the charge transport behavior of these materials.

It is further proposed that the anharmonicity arises from dynamic reorientations of the organic

methylammonium (CH3NH +
3 ) and formamidinium (CH(NH2) +

2 ) cations coupled to rotations

of the SnI6 octahedral units via hydrogen bonding. The presence of soft, anharmonic lattice

dynamics results in stronger electron-phonon coupling that reduces electron mobilities. These

conclusions are put in perspective of the charge transport behavior of other hybrid perovskite

halide semiconductors.

In chapter four, incorporation of the Rb+ ion into the tin(IV) iodide vacancy-ordered dou-

ble perovskite lattice is results in cooperative octahedral tilting to improve coordination to the

A-site cation. Rb2SnI6 undergoes a phase transition upon cooling, characterized by further oc-

tahedral tilting relative to the high-temperature structure. It is found that the low-temperature

structure is observed in the local coordination environment at all temperatures, consistent

with the presence of dynamic octahedral rotations that “freeze in” to yield the low temper-

ature structure observed by powder X-ray diffraction. Reduced electronic conductivity rela-

tive to Cs2SnI6 arises from stronger electron-phonon coupling due to a larger number of low-

frequency phonon modes introduced by the lower symmetry of Rb2SnI6 that contribute to the

dielectric response of the lattice. This study further exploits these observations to derive a set of
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design principles for the charge transport characteristics of vacancy-ordered double perovskites

based upon the geometric perovskite tolerance factor.

In chapter five, a study of the local coordination environment of the vacancy-ordered dou-

ble perovskites Cs2Sn1-xTexI6 reveals asymmetry of the Cs–I/I–I pair correlation that increases

concomitantly with the concentration of tin. From Reverse Monte Carlo simulations, this asym-

metry is captured by rotations of the isolated [BX6] octahedra coupled with displacements of

Cs+ cations. As this asymmetry appears to increase at higher temperatures in Cs2SnI6, suggest-

ing that it originates from anharmonic lattice dynamics rather than from a static structural dis-

tortion. The anharmonicity across the Cs2Sn1-xTexI6 series is directly correlated with the bond

valence of the Cs+ cation within the cuboctahedral void, in that the smallest degree of anhar-

monicity is observed when the coordination preference of the Cs+ cation is most satisfied by

the twelve surrounding iodide ions. As the charge transport properties of perovskite materials

are highly dependent upon lattice dynamics, this study provides insight into the structure and

bonding characteristic that give rise to anharmonicity in vacancy-ordered double perovskite

materials.

Chapter six details the discovery and characterization of two new hybrid organic-inorganic

materials containing the seven-membered aromatic tropylium ring. The structures of tropy-

lium lead(II) iodide (C7H7PbI3) and tropylium tin(IV) iodide ((C7H7)2SnI6) were solved ab ini-

tio from high-resolution powder X-ray diffraction patterns. The large size of the tropylium ring

prohibits the formation of perovskite structural topologies and structures containing 1D chains

of face-sharing lead iodide octahedra and isolated tin iodide octahedra are observed instead.

From computational analysis, it is found that the bright red-orange color of tropylium lead(II)

iodide arises from charge transfer from the electronic states of the inorganic framework at the

top of the valence band to the lowest-unoccupied electronic states of the tropylium ring at the

conduction band minimum. In tropylium tin(IV) iodide, the organic states are energetically

out-of-range for inorganic–organic charge transfer processes to occur; rather, the deep black

color arises from transitions within the Sn–I framework. The presence of organic-inorganic
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electronic coupling in tropylium lead(II) iodide provides insight into the design of new hybrid

materials with advantageous optical properties.

The final chapter summarizes the insights and structure-property relationships of vacancy-

ordered double perovskite semiconductors deduced from the above work. The findings are

placed in the context of other studies and used to construct a set of design principles that may

be used to elicit particular optical, electronic, and dynamic properties of these materials. From

this, future avenues of study are proposed.

The appendices of this document contain ad hoc Python code used in chapter 3, as well as

a description of the mathematical relationships used to derive the pair distribution function

from total scattering data.
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Chapter 2

Defect Tolerance to Intolerance in the

Vacancy-Ordered Double Perovskite Semiconductors

Cs2SnI6 and Cs2TeI6
2

2.1 Introduction

Hybrid inorganic/organic and all-inorganic halide-based perovskites, such as CsSnI3 and

(CH3NH3)PbI3, have been recently shown to exhibit advantageous optical and electronic prop-

erties for applications in field-effect transistors,125,126 light-emitting diodes,127,128 and efficient

photovoltaic devices.104,129–132 These materials challenge conventional wisdom in that they ex-

hibit excellent electrical performance despite the inexpensive, low-temperature solution-based

preparatory routes that result in imperfect materials with small grain sizes.133–137 Many of these

perovskite halides suffer from several issues that currently preclude their widespread use in

commercial applications, including lead toxicity,138,139 air and moisture sensitivity,114,140–144

and crystalline phase stability.104,145–148

The immense compositional and structural diversity of the perovskite family provides many

opportunities to circumvent the challenges that accompany the ASnX 3 and APbX 3 perovskite

halides. As in the perovskite oxides,149 the halides also undergo symmetry-lowering phase tran-

sitions upon cooling, manifesting as cooperative tilting of the BI6 octahedra, which influence

the band gap and conductivity.68,70,104,150,151 The halides can also form ordered double per-

ovskites, of the general formula A2B′B′′X 6, in which there is rock-salt ordering of the B′ and

B′′ metals; the ordering is often driven by a large charge difference between the two metals.152

2Substantial portions of this chapter have been reproduced with permission from A. E. Maughan, A. M.
Ganose, M. M. Bordelon, E. M. Miller, D. O. Scanlon, and J. R. Neilson, J. Am. Chem. Soc., 2016, 138, 8453–8464. 7

©2016 the American Chemical Society
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The recently-reported double perovskite halides, Cs2AgBiX 6 (X = Cl – , Br – ),153,154 absorb visible

light with long carrier recombination lifetimes, which provide new opportunities for non-toxic

and air-stable alternatives to Pb2+- and Sn2+-based ABX 3 perovskites.

Replacing one B-site cation with a vacancy in the A2B′B′′X 6 double perovskite yields the

vacancy-ordered double perovskites, A2BX 6 (e.g., A2B�X 6, where � is a vacancy). Often re-

ferred to as anti-fluorite materials, these defect-variant perovskites adopt the K2PtCl6 structure

type, which can be described as isolated [BX 6]2−octahedra bridged by A+ cations. These A2BX 6

perovskites exhibit several similarities to ABX 3 perovskites. Although every-other [BX 6] octa-

hedron is removed, the close-packed anionic lattice familiar to ABX 3 perovskites is retained.

Additionally, the vacancy-ordered structure type undergoes cooperative octahedral tilting and

rotations in symmetry-lowering phase transitions upon cooling.155–158 As in ABX 3 perovskites,

these phase transitions are driven by a mismatch in ionic radii of the constituent atoms; in ABX 3

perovskites, structural stability is predicted by the Goldschmidt tolerance factor,159,160 while the

“radius ratio” of A-site cation radius to the radius of the 12-coordinate void has been used in the

A2BX 6 perovskites.80

Figure 2.1: (a) Crystal structure of the vacancy-ordered double perovskites, Cs2SnI6 and Cs2TeI6. (b)
Reorientation of the unit cell reveals the isolated octahedral units. Panel (c) illustrates the cubic close-
packed iodine sublattice, and panel (d) shows how the cubic close-packed iodine sublattice is decorated
with Sn atoms to yield the isolated octahedral units. Teal spheres are cesium, grey are tin/tellurium, and
purple are iodine.
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Cs2SnI6 adopts the cubic structure at room temperature (Fm3̄m), as predicted by its ra-

dius ratio ∼ 0.94,80 and the compound exhibits intrinsic n-type electrical conductivity, air and

moisture stability, and strong visible light absorption – all are advantageous properties for pho-

tovoltaic devices.11,12 Despite the presence of regularly-ordered B-site vacancies, the room-

temperature carrier mobility of Cs2SnI6 is reported to be of the same order of magnitude to that

of CsSnI3 (µ∼ 310 cm2 V−1 s−1 and 585 cm2 V−1 s−1, respectively);11,104 yet, a more recent report

on Cs2SnI6 thin films has determined a moderate electron mobility (µe ∼ 3 cm2 V−1 s−1).12 The

origin of conductivity in Cs2SnI6 has been hypothesized to stem from (a) the presence of dis-

persive conduction band states and (b) the formation of iodine vacancies which serve as elec-

tron donors that contribute to conductivity.11,12,103 The seemingly inherent “defect-tolerance”

of Cs2SnI6 motivates exploration of these molecular perovskites and the effect of composition

on their tolerance to crystallographic defects. The concept of defect tolerance has been em-

ployed to identify materials that are insensitive to charge localization due to intrinsic defects,27

and has previously been applied to ABX 3 perovskites.161,162

In this contribution, we describe the structure-property relationships of the solid solution,

Cs2Sn1−xTexI6, which characterizes Cs2SnI6 as a defect-tolerant semiconductor, thus illustrat-

ing how the close-packed anionic lattice of the vacancy-ordered perovskite halides can yield

advantageous electronic properties, despite the lack of B–X–B connectivity. In these materi-

als, the tin(IV) ion, (formal [Kr]4d105s0 electron configuration), is substituted with the larger

tellurium(IV) ion (formal [Kr]4d105s2 electron configuration) to yield a solid solution with no

distortions of the local coordination environment, despite the presence of the tellurium lone

pair. In this work, we refer exclusively to formal oxidation state of the Sn and Te ions in these

materials (i.e., Sn4+ and Te4+), as the actual charge is likely reduced through covalent bond-

ing interactions.163,164 The larger Te(IV) ion is accommodated into the structure by expansion

of the [BI6] octahedra at the expense of the inter-octahedral void region. Despite the reduced

I–I separation between neighboring octahedra and higher predicted carrier mobilities, substi-

tution of tellurium is accompanied by a significant reduction in electrical conductivity from a
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dramatically reduced carrier concentration and carrier mobility. There is a non-linear change

in the optical gap with increasing Te substitution, yet no distortions of the crystal structure or

local coordination environment are observed across the solid solution, as determined by anal-

ysis of high-resolution time-of flight neutron and synchrotron X-ray diffraction data and X-ray

pair distribution function analysis. From density functional calculations, we have identified io-

dine vacancies as the lowest energy defect in Cs2SnI6, which act as shallow electron donors. In

contrast, iodine vacancies in Cs2TeI6 have a higher enthalpy of formation and form deep in the

band gap, a consequence of increased Te–I covalency, which renders Cs2TeI6 defect intolerant.

While the close-packed halogen sublattice provides a framework for mobile charge carriers in

these vacancy-ordered double perovskites, the interaction between the B-site cation and X-site

anions serves to set the magnitude and character of the band gap and dictates the tolerance of

these materials to point defects in the lattice.

2.2 Methods and Materials

Note on author contributions: This chapter was published in Journal of the American Chem-

ical Society, 2016, volume 138, pages 8453–8464 by Annalise E. Maughan, Alex M. Ganose,

Mitchell M. Bordelon, Elisa M. Miller, David O. Scanlon, and James R. Neilson. AEM and MMB

performed the syntheses and experiments and analyzed the data. JRN, AMG, and DOS per-

formed density functional calculations, and EMM performed X-ray photoelectron spectroscopy

measurements. AEM wrote the initial draft of the manuscript, and JRN supervised the project.

All authors contributed to editing and finalization of the manuscript.

Synthesis of SnI4 and TeI4

Two equivalents of solid I2 were added to one equivalent of either elemental Sn or Te in a

silica ampoule and sealed under dynamic vacuum. The reaction was heated to T = 200◦C until

the purple iodine vapor in the tube had subsided (∼ 60 h), resulting in bright orange (SnI4) and

dark grey (TeI4) products, as confirmed with powder X-ray diffraction. Yields are quantitative.
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Synthesis of Cs2Sn1−xTexI6

The compounds in the solid solution series Cs2Sn1−xTexI6 were synthesized by modification

of the method described by Lee et al.11 In a beaker, ∼0.5 mmol of Cs2CO3 was added to 3 mL

of 57% hydriodic acid (aqueous, 1.5% H3PO2) and stirred to dissolve. Solid Cs2CO3 was added

slowly to hydroiodic acid in order to account for the vigorous reaction between Cs2CO3 and HI,

which produces heat and CO2(g). In a separate beaker, the appropriate ratio of SnI4/TeI4 pre-

cursor was dissolved in 15 mL of absolute ethanol and 2 mL of 57% hydriodic acid (aqueous,

1.5% H3PO2), to which excess elemental iodine was added to consume the hypophosphorus

acid stabilizing agent. The beaker containing the BI4 precursors was gently heated to T ∼ 60 ◦C

to encourage solubility. Once the solids had completely dissolved into their respective solu-

tions, the Cs2CO3/HI solution was quickly added to the BI4 solution, resulting in a black pre-

cipitate that immediately crashed out of solution. The reaction was stirred for an additional

30 m. The precipitate was collected by centrifugation and washed three times with absolute

ethanol. The final products were dried at 60 ◦C for 24 h. Phase purity was verified by powder

X-ray diffraction. Synthetic yields range from 87–94% for the solid solution, as determined by

comparing the amount of product collected from the synthesis to the theoretical mass of prod-

uct calculated from precursor amounts.

Characterization

Powder X-ray diffraction data were collected on a Scintag X-2 Diffractometer with CuKα

radiation. Diffraction data were quantitatively analyzed using the Rietveld method as imple-

mented in GSAS/EXPGUI.165,166 High-resolution time-of-flight neutron powder diffraction was

performed on the POWGEN diffractometer at the Spallation Neutron Source, Oak Ridge Na-

tional Laboratory at T = 300 K and T = 10 K. High-resolution synchrotron powder X-ray diffrac-

tion data were collected on the 11-BM-B beamline at the Advanced Photon Source, Argonne

National Laboratory.167 X-ray pair distribution function data were calculated from X-ray total

scattering collected at the 11-ID-B beamline at the Advanced Photon Source, Argonne National
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Laboratory. Two-dimensional diffraction images were calibrated and radially integrated using

the FIT2D software.168 The PDFs were extracted using PDFgetX3 after correcting for the empty

Kaptonr capillary container169 and were quantitatively modeled using PDFgui.170 The crystal

structures were visualized using VESTA.171

Electrical resistivity measurements were performed using a Physical Properties Measure-

ment System (Quantum Design, Inc.) on cold-pressed pellets of the members of the solid-

solution series using a 4-wire configuration with Au-paste contacts and Pt wires. Measurements

were performed upon cooling and then again upon heating to ensure reproducibility. Analysis

of the temperature dependent resistivity data was performed as in Ref.172 Hall measurements

were performed using a Physical Properties Measurement System (PPMS, Quantum Design,

Inc.) in the van der Pauw configuration on cold-pressed polycrystalline pellets. Measurements

on the Te-substituted samples were not possible due to the highly insulating nature of the spec-

imens.

UV–visible diffuse reflectance spectroscopy was performed on powdered samples of the

solid solution series diluted to 10wt% in BaSO4, using BaSO4 as a baseline; spectra were ac-

quired using a Thermo Nicolet Evolution 300 spectrophotometer with a Praying Mantis mirror

setup from λ = 200 to 1000 nm at a scan rate of 240 nm/min. Heat capacity measurements were

performed on pelleted samples of Cs2SnI6 and Cs2TeI6 using the quasi-adiabatic heat-pulse

technique implemented in the Quantum Design, Inc. PPMS from T = 3–150 K.

Photoluminescence (PL) spectra were collected from cold-pressed polycrystallline pellets of

Cs2SnI6 and Cs2TeI6 mounted on glass substrates. The compounds were excited with an LED

head at 780 nm. The excitation beam was modulated at 50 Hz and loosely focused (spot size

roughly 0.8 cm in diameter) on the samples. The incident angle of the excitation beam was

∼ 45◦, and the resulting PL were collected at an angle perpendicular to the excitation beam and

detected by an amplified Ge photodiode routed to a lock-in amplifier. The 830 nm long-pass

filters were placed before the detector to remove excitation light. The PL spectra were corrected

for monochromator and detector efficiencies using a calibrated lamp.
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The XPS (hν = 1486.7 eV) measurements for Cs2SnI6 were performed on a PHI 5600 XPS

instrument, which has been previously described in detail.173 For the XPS core level, valence

band, and workfunction measurements, the pass energy was set to 11.75 eV, 5.85 eV, and 2.95 eV

with a step size of 0.10 eV, 0.050 eV, and 0.025 eV, respectively. The spectrometer was calibrated

with metallic Fermi edges and atomic core levels from Au, Ag, Cu, or Mo. The instrumental re-

sponse of the XPS spectrometer was 350 meV, respectively, and is determined from comparing

the measured and calculated Fermi function for a particular instrument condition. The energy

uncertainty of XPS (± 0.050 eV) is a statistical quantity determined from multiple measure-

ments of the Fermi energy. The Cs2SnI6 pellet did not charge as verified with power dependent

measurements. To determine the EF -EV B M value, we used two methods. First, we fit both the

baseline and main valence band feature to a line, and the intersection was taken as the onset

value, EF -EV B M = 1.44 eV ± 0.05 eV. Second, we used the calculated density of states (DOS).

We broaden the DOS with a ∼ 350 meV FWHM Gaussian line shape, which is the instrument

response of the spectrometer. Because the DOS calculation does not account for the XPS cross-

section, we only fit the broadened DOS to the rising edge of the experimental spectrum, similar

to that used by Kraut, et al. and Chambers, et al., EF -EV B M = 1.49 eV ± 0.05 eV.174,175

Density Functional Theory Calculations

First-principles calculations were performed using the Vienna Ab initio Simulation Pack-

age (VASP),176–179 a periodic density functional theory (DFT) code utilizing a plane-wave ba-

sis set, with interactions between the core and valence electrons described using the Projector

Augmented Wave (PAW) method.180 This study employed the HSE06 functional,181 which com-

bines 75% exchange and 100% of the correlation energies from the Perdew, Burke and Ernzer-

hof (PBE) functional182 together with 25% exact Hartree-Fock (HF) exchange at short ranges.

HSE06 has been shown to accurately reproduce the lattice constants and electronic properties

of a wide range of solid-state semiconductors.183–185 For band structure and density of states

calculations, special attention was paid to accurately modelling the relativistic effects seen in
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Sn, Te and I, through use of scalar relativistic PAW pseudopotentials and explicit treatment of

spin-orbit coupling (SOC) effects.186 A plane wave cut-off of 350 eV and k-point sampling of Γ

centered 3 × 3 × 3 for the 9 atom unit cells of Cs2SnI6 and Cs2TeI6 were used. For structural

relaxations the ionic forces were converged to 0.01 eV Å−1, using a larger cutoff energy (455 eV)

in order to avoid errors arising from Pulay stress.

Electronic structure calculations of the solid solution were calculated by constructing a

2 × 2 × 2 supercell (containing 288 atoms) of the Cs2SnI6 standard Fm3̄m unit cell. Compo-

sitions corresponding to 25%, 50%, 75%, 88%, and 91% Te concentration were generated based

on the quasi-random structure (SQS) approach,185,187 in which an appropriate number of Sn

atoms are replaced with Te (8, 16, 24, 28, and 29 atoms, respectively). Due to the solid so-

lution nature of the alloys observed by experiment, these random structures are expected to

demonstrate properties representative of each composition. Each structure was geometrically

relaxed using the HSE06 functional at a single k-point before the band gap was calculated using

HSE06+SOC.

Phonon calculations were carried out on 2 × 2 × 2 supercells of the standard cell structures

of Cs2SnI6 and Cs2TeI6, containing 288 atoms. These calculations were performed at a single

k-point (Γ) and employed the PBEsol functional without the use of SOC; explicit treatment of

relativistic effects greatly increases computational complexity and has been shown to have a

minimal effect on lattice vibrations.188,189 Lattice-dynamics calculations were carrier out us-

ing the Phonopy package,190 using the finite difference approach to calculate the interatomic

force constants (IFCs). Dielectric constants and Born effective charges were calculated within

the framework of density functional perturbation theory (DFPT) at a denser k-point mesh of

4 × 4 × 4, using the PBEsol functional both with and without SOC effects. These were used to

make non-analytical corrections to the calculated phonon frequencies, in order to determine

the splitting between the longitudinal and transverse optical phonons (LO-TO splitting).

COHPs were calculated using the LOBSTER program based on wavefunctions calculated us-

ing HSE06.191,192 The optical transition matrix elements were calculated using the transversal
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approximation and used to construct the imaginary dielectric function and corresponding op-

tical absorption.193 Band alignments were performed using a slab model (45 Å slab, 35 Å vac-

uum), with the corresponding electrostatic potential averaged along the c-direction, using the

MacroDensity package.194–196 The energy of the potential at the plateau was used as the ex-

ternal vacuum level. The slab calculations were performed using the HSE06, PBE, and PBEsol

functionals, with corrections to the valence band energy and band gap in each case taken from

the HSE06+SOC, PBE+SOC, and PBEsol+SOC calculated bulks. All defects were calculated using

HSE06 in a 3 × 3 × 3 (243 atom) supercell, employing a single k-point at Γ. All the competing

phases required to construct the chemical potential limits were structurally converged using

HSE06. Bader charge analysis was calculated using the bader code197,198 with the GPU port of

VASP199,200 using the HSE06 functional and explicit treatment of spin-orbit coupling.

2.3 Results and Discussion

2.3.1 Electronic Properties

Cs2SnI6 exhibits properties consistent with an intrinsically-doped, n-type semiconductor.

As measured on a cold-pressed polycrystalline pellet, the resistivity of Cs2SnI6 at T = 300 K is

ρ ∼ 13 Ω·cm. The exponential increase in resistivity on cooling is consistent with semicon-

ducting behavior (Figure 2.2a), and the data follow, ρ = ρ0 exp([ T0
T ]p ), where p = 0.56, consistent

with Efros-Shklovskii variable range hopping (ES-VRH).201,202 However, the precise nature of

the transport is yet inconclusive due to the polycrystalline nature of the specimens. Measure-

ment of the Hall voltage at T = 300 K confirms intrinsic n-type behavior, with a carrier concen-

tration of ne ∼ 5(1) × 1016 cm−3 and a carrier mobility of µe ∼ 8.6(5) cm2 V−1 s−1 (Figure 2.2c).

Partial substitution of Sn by Te in the solid solution series Cs2Sn1−xTexI6 increases electrical

resistivity of the materials. At 5% tellurium substitution (x = 0.05), a 50-fold increase in resis-

tivity is observed, and samples containing more than 25% Te are too insulating for accurate

measurements (Figure 2.2b). Measurements of the Hall voltage for the 5% and 10% Te sam-

ples reveal that, while the dominant carriers are still electrons, the carrier concentrations and
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mobility are dramatically reduced (Figure 2.2c). Therefore, detailed analyses of the crystal and

electronic structures are necessary to determine the nature of resistivity increase.

Figure 2.2: (a) The temperature dependence of the electrical resistivity for the solid solution
Cs2Sn1−x Tex I6. The data for Cs2SnI6 (black circles) indicate semiconducting behavior, as described by
variable range hopping conductivity from T = 130–300 K (orange line). Temperature-dependent curves
are also shown for x = 0.05 (purple squares) and x = 0.1 (green triangles). (b) The room-temperature
resistivity for x = 0, 0.05, 0.1, and x = 0.25 in Cs2Sn1−x Tex I6. The x = 0.5, 0.75, 0.9, and x = 1 samples
were too resistive for accurate measurements. (c) The carrier concentration, ne (filled teal triangles), and
carrier mobility, µe (open pink diamonds), for x = 0, 0.05 and x = 0.1 are reduced upon Te substitution,
as determined by Hall voltage measurements. Error bars denote the propagation of uncertainty from
the sample dimensions for all samples, except for x = 0.05 which denotes the standard deviation of 3
transport specimens.

2.3.2 Crystal Structures

High-resolution time-of-flight neutron powder diffraction data for Cs2SnI6 and Cs2TeI6 col-

lected at T = 300 K and T = 10 K reveal cubic crystal structures, as shown in Figures 2.3 and

2.4. Structural parameters and refinement statistics can be found in Table 2.1. The diffrac-

tion patterns are all consistent with the cubic, vacancy-ordered double perovskite structure

shown in Figure 2.1 (Fm3̄m, Figure 2.3 and 2.4). Rietveld analysis yields lattice parameters of
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11.65272(4) Å and 11.7088(1) Å for Cs2SnI6 and Cs2TeI6, respectively at T = 300 K. The lack of

sharp Bragg features beyond Q > 8 Å−1 at T = 300 K suggests the presence of significant ro-

tational disorder of the BI6 octahedral units, which is not uncommon in crystalline materials

containing isolated polyhedra,203,204 and is reflected in the somewhat large I anisotropic dis-

placement parameters (U22, U33) generated during the refinement (Table 2.1). The radius ra-

tios of Cs2SnI6 (rA/rH = 0.94) and Cs2TeI6 (rA/rH = 0.97) fall in the range 0.89 < r < 1, and thus

these materials are not expected to undergo symmetry-lowering phase transitions upon cool-

ing, consistent with neutron scattering data collected at T = 10 K.80,205–207

Figure 2.3: Rietveld refinements of high-resolution time-of-flight neutron scattering data of (a,c) Cs2SnI6
and (b,d) Cs2TeI6 collected from wavelength frame 2 on the POWGEN diffractometer at the Spallation
Neutron Source, Oak Ridge National Laboratory. Data collected at T = 300 K are shown in panels (a) and
(b) and data collected at T = 10 K are shown in panels (c) and (d). Refinements were performed using
data collected from wavelength frames 2 and 4 of the POWGEN diffractometer. Black circles are the data,
the orange line is the fit, and the blue line is the difference. The pink tick marks indicate the location of
predicted Bragg reflections for the cubic structure.

The crystallography is further supported by the absence of any entropy-releasing anomalies

in the experimentally measured low-temperature heat capacity, shown in Figure 2.5. Instead,

the specific heat reveals the presence of low-energy localized lattice vibrations, as described by

the summation of the Einstein and Debye models of specific heat. Analysis of the data according

to these models yields Debye temperatures of ΘD =149(2) K and ΘD = 122(2) K and localized
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Figure 2.4: Rietveld refinements of high-resolution time-of-flight neutron scattering data of (a,c) Cs2SnI6

and (b,d) Cs2TeI6 collected from wavelength frame 4 of the POWGEN diffractometer at the Spallation
Neutron Source, Oak Ridge National Laboratory. Data collected at T = 300 K are shown in panels (a) and
(b) and data collected at T = 10 K are shown in (c) and (d). The structural models were refined jointly
against data from wavelength frames 2 and 4. Black circles are the data, the orange line is the fit, and the
blue line is the difference. The pink tick marks indicate the location of predicted Bragg reflections for the
cubic structure.

Table 2.1: Structural parameters and refinement statistics for Cs2SnI6 and Cs2TeI6 from high-resolution
neutron diffraction data at T = 300 K and T = 10 K.a

Cs2SnI6 Cs2TeI6

T = 300 K a (Å) 11.65272(4) 11.7088(1)
I (x, 0, 0), 24e 0.2452(1) 0.2498(2)
U iso(Cs) (Å2) 0.0393(4) 0.0445(7)
U iso(B) (Å2) 0.0159(4) 0.0262(7)
U11(I) (Å2) 0.0104(3) 0.0142(6)
U22 = U33(I) (Å2) 0.0396(2) 0.0444(4)
Red. χ2 2.55 1.958
wR 3.27% 3.88%

T = 10 K a (Å) 11.53346(3) 11.5895(1)
I (x, 0, 0), 24e 0.2481(1) 0.2514(2)
U iso(Cs) (Å2) 0.00435(9) 0.0064(2)
U iso(B) (Å2) 0.0054(1) 0.0114(4)
U11(I) (Å2) 0.00308(3) 0.00497(7)
U22 = U33(I) (Å2) 0.00277(8) 0.0052(1)
Red. χ2 4.498 4.399
wR 4.43% 6.03%

a Space group: Fm3̄m. Sn position, 4a: (0, 0, 0); Cs position, 8c: (0.25, 0.25, 0.25).

(Einstein) oscillator energy of ε = 3.58(4) meV and ε = 3.27(4) meV for Cs2SnI6 and Cs2TeI6,

respectively, and is consistent with the presence of localized octahedral rotations.208

High-resolution synchrotron powder X-ray diffraction (SXRD) data collected for all mem-

bers in the Cs2Sn1−xTexI6 series at room temperature confirm solid-solution behavior. SXRD
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Figure 2.5: Heat capacity data of Cs2SnI6 (a,b) and Cs2TeI6 (c,d). The data are shown as filled black circles
for Cs2SnI6 and open black squares for Cs2TeI6. The orange line is the total fit to the sum of the Debye
and Einstein models of the heat capacity, and the separate contributions from each model are shown
in pink dotted (Debye) and teal dashed (Einstein) lines. In (c) and (d) the data are shown at Cp /T 3 to
highlight the deviation of the Debye model from the data at low temperatures.

Figure 2.6: (a) High-resolution synchrotron X-ray diffraction data (11-BM) and Rietveld refinements of
the solid solution series Cs2Sn1−x Tex I6 collected at room temperature (black circles represent data, col-
ored lines represent the fit, and blue lines are difference curves). (b) The strongest reflection, {222} at
Q = 1.87 Å−1 shifts to lower Q with increasing tellurium substitution.

data for the entire solid solution present reflections consistent with the cubic vacancy-ordered

double perovskite structure (Figure 2.6a), and the noticeable shift in the reflection positions

to lower Q with increasing x is consistent with an expansion of the unit cell upon substitution

of the larger tellurium ion, as shown in Figure 2.6b. Structural models for the solid solution

were constructed by modifying the Sn/Te occupancy to reflect the nominal stoichiometry uti-
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lized during the syntheses. The resulting Rietveld refinements are shown in Figure 2.6, and the

structural parameters and refinement statistics are compiled in Table 2.2.

Table 2.2: Structural parameters and refinement statistics for Cs2Sn1−x Tex I6 from Rietveld refinements
of high-resolution synchrotron powder X-ray diffraction data.

x 0 0.1 0.25 0.5 0.75 0.9 1

stoichiometric x 0 0.101 0.2498 0.5007 0.7505 0.9003 1
a (Å) 11.64572(2) 11.64912(2) 11.65697(2) 11.67028(3) 11.68567(3) 11.69277(3) 11.70220(4)
I (x, 0, 0) 0.24516(4) 0.24579(5) 0.24668(5) 0.24809(5) 0.24916(5) 0.24984(5) 0.25039(6)
U iso(Cs) (Å2) 0.0402(2) 0.0401(2) 0.0413(2) 0.0415(2) 0.0434(3) 0.0433(2) 0.0447(3)
U iso(B) (Å2) 0.0276(3) 0.0331(3) 0.0308(3) 0.0299(3) 0.0290(3) 0.0270(3) 0.0302(4)
U11(I) (Å2) 0.0202(2) 0.0190(2) 0.0236(4) 0.0237(2) 0.0225(4) 0.0201(3) 0.0231(5)
U22 = U33(I) (Å2) 0.0444(1) 0.0458(1) 0.0450(2) 0.0446(1) 0.0470(2) 0.0484(2) 0.0489(3)
Red. χ2 4.054 3.692 5.384 6.341 6.352 7.462 4.397
wR 7.49% 8.60% 7.99% 8.06% 8.04% 8.85% 8.60%

Figure 2.7: Crystal structure parameters across the solid solution series, Cs2Sn1−x Tex I6, as determined
from high-resolution synchrotron X-ray diffraction at room temperature. (a) The refined lattice param-
eters are plotted as a function of nominal x in Cs2Sn1−x Tex I6. The dashed line represents Vegard’s law
interpolated from the end members. (b) The average polyhedral volumes of the BI6 octahedra and �I6

void regions show that the voids become smaller as the [BI6] octahedra become larger. (c) The average
B–I bond distances and I–I contact distances along the 〈110〉 directions in the unit cell reflect the trend
shown in (b). Dashed lines in (b) and (c) are linear regressions.

The refined lattice parameters follow a linear increase upon tellurium substitution, as

shown in Figure 2.7a. While the increase in unit cell volume is not altogether unsurprising given
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the increase in B-site ionic radius from rSn = 0.69 Å to rTe = 0.97 Å,206 the 0.5% increase in unit

cell parameter is insufficient to account for the the 40.5% increase in ionic radius from Sn4+ to

Te4+. From the crystallographic analysis of the structures with only one free internal structural

coordinate, the iodine position, (x, 0, 0), the larger Te4+ ion is accommodated into the struc-

ture with an increase of the average B–I bond length by 1.6% at the expense of the I–I contact

distances between octahedra (inter-octahedral), as shown in Figure 2.7c.

Figure 2.8: Synchrotron X-ray pair distribution function analysis of all compounds in the solid solution
series from data collected at room temperature. The XPDF data for all compounds can be constructed
by a linear combination of the XPDF data for the end members (i.e., XPDF = (1–x)XPDFSn + (x)XPDFTe.
The data are shown as solid colored lines, and the computed linear combinations for each member are
overlain as a black dotted line. The difference between the data and the linear combinations are shown
as blue lines. The difference curve shown below x = 1 (green line) is the difference between end-members
and illustrates the apparent shift in bond lengths across the solid solution. Note the split x-axis to high-
light the nearest-neighbor (B–I) and next-nearest-neighbor (I–I) pair correlations.

In order to rule out the presence of distortions in the local coordination environment or

stereochemical lone-pair activity of the Te(IV) 5s2 electrons, the X-ray pair distribution func-

tion (XPDF) for each compound in the solid solution was computed from synchrotron X-ray

total scattering data (beam line 11-ID-B). As shown in Figure 2.8, the XPDFs are nearly identi-

cal across the solid solution, with the exception of the increasing coordination distance of the
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nearest neighbor (B–I) and decreasing coordination distance of the next-nearest neighbor (I–

I) pair correlations, as highlighted in the left panel of Figure 2.8. Interestingly, we have found

that the PDFs of the intermediate members of the solid solution can be modeled as a linear

combination of the end member PDFs (i.e., XPDF(Cs2Sn1−xTexI6) = (1–x)XPDFSn + (x)XPDFTe),

which indicates that the local structure of the solid solution is identical to that of the end mem-

bers. This analysis is shown in Figure 2.8. The XPDFs extracted from the experimental data

are shown as colored lines and the computed linear combinations are overlain as dotted lines.

The differences between the data and the linear combination analyses are shown as blue lines

below.

Figure 2.9: Charge density isosurfaces of the occupied ns2 states in Cs2SnI6 and Cs2TeI6. Sn, Te, and
I atoms are denoted by grey, gold, and purple spheres, respectively. Contours shown from 0 (blue) to
0.002 eV Å−3 and 0.0034 eV Å−3 (red) for Cs2SnI6 and Cs2TeI6, respectively.

Density functional calculations of the longitudinal optical-transverse optical phonon (LO-

TO) splitting for Cs2SnI6 and Cs2TeI6 further support the experimental observation that the

ns2 electrons are stereochemically-inactive, and are in good agreement with LO-TO splittings

determined experimentally.209 As shown in Table 2.3, the largest splitting across both com-

pounds is 21 cm−1, which is similar in magnitude to other materials with stereochemically in-

active lone-pairs such as PbTe (52 cm−1)210 and significantly smaller than in materials with

distorted local geometries, such as GeS (322 cm−1)211 and the cubic perovskite oxides (typically

∼ 700 cm−1).212 Analysis of the charge-density isosurface for the electron density range con-

taining the Sn and Te 5s2 electrons reveals no asymmetry in the electron density surrounding
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the metals (Figure 2.9). As such, it is clear that the compounds studied here do not display a

tendency to structurally distort due to lone-pair stereochemical activity.

Table 2.3: LO-TO splitting (cm−1) in the phonon spectrum of Cs2SnI6 and Cs2TeI6.

Cs2SnI6 0.3, 3.4, 9.4, 10.8, 20.7
Cs2TeI6 0.3, 4.2, 11.6, 14.9

2.3.3 Optical Spectroscopy and Electronic States

UV-visible diffuse reflectance spectroscopy performed on powdered samples illustrates an

increase in optical gap from Cs2SnI6 to Cs2TeI6 across the solid solution. While Tauc anal-

ysis is often used to extract the nature (direct vs. indirect) and magnitude of the band gap

from diffuse reflectance data, the method often underestimates the band gap of most crys-

talline semiconductors, particularly those that are degenerately doped or which exhibit delo-

calized electronic states.213 Therefore, the energy of the absorption onsets determined by UV-

visible diffuse reflectance spectroscopy is used to approximate the optical gaps of these mate-

rials. The reflectance data were converted to absorbance, and the baseline and onset regions

were fit to linear functions. The optical gap was determined by the intersection of the two fits,

which yields the non-linear relationship shown as the orange circles in Figure 2.10. Values for

the optical gaps were additionally extracted by transforming the raw reflectance data to the

Kubelka-Munk function, F(R), and fitting a line to the onset region and extrapolating to zero

absorbance. Additionally, the data were converted from reflectance to absorbance and normal-

ized from hν = 1.25–4 eV. A line was fit to the onset region and extrapolated to zero absorbance

to yield a value for the optical gap by this method. The range of values obtained by these meth-

ods are represented by the blue bars in Figure 2.10 and are shown to highlight the ambiguity in

determination of the optical gaps by diffuse reflectance spectroscopy.

Two previous studies of Cs2SnI6 report a band gap magnitude of ∼ 1.3 eV but disagree re-

garding the assignment of direct vs. indirect band gap,3,11 while another report suggests a direct
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Figure 2.10: Optical gaps of the solid solution series determined from UV-visible diffuse reflectance
data. The optical gaps (shown as yellow circles) are determined by converting the reflectance data to
absorbance, fitting linear functions to the baseline and onset regions of the data, and determining the
intersection. The blue bars represent a range of values for optical gaps determined by extracting the data
by various methods and are shown to highlight the ambiguity in determining the value of the optical gap
by diffuse reflectance spectroscopy. The red square represents the magnitude of the DFT-calculated op-
tical gap arising from the dipole-allowed transition below the valence band maximum (See Figure 2.13).

Figure 2.11: Room-temperature photoluminescence (PL) measurements of (a) Cs2SnI6 and (b) Cs2TeI6.

band gap of 1.6 eV for thin-film samples.12 The analysis performed here suggests an optical gap

of ∼ 1.25 eV for Cs2SnI6. The same analysis for Cs2TeI6 gives an optical gap of ∼ 1.59 eV, which

is in reasonable agreement with the previously reported indirect band gap of 1.5 eV.214 How-

ever, determination of the optical gap for Cs2TeI6 is complicated by the presence of exciton-like

features near the absorption edge, which are also consistent with single-ion excited states aris-

ing from the Te(IV) 5s2 electron configuration.215–218 Photoluminescence (PL) measurements
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attempted on a cold-pressed polycrystalline pellet of Cs2SnI6 and Cs2TeI6 did not show any

measurable PL intensity, as shown in Figure 2.11. We note that PL was observed in thin-films

of Cs2SnI6,12 and thus we anticipate that the lack of signal is due to phonon quenching and

differences arising from bulk vs. thin film nature of the specimens.

Figure 2.12: Band structures, including orbital projection analysis, of (a) Cs2SnI6 and (b) Cs2TeI6, show-
ing the contributions of: the I p states in red, the B 5s states in blue, and the B 5p states in green.

As shown in Figure 2.10, the optical gaps of these materials shift to higher energy with in-

creased tellurium substitution. Between x = 0 and x = 0.75, the gaps increase steadily (and nearly

linearly), and the spectra present well-defined onset regions. The optical gaps of the x = 0.9 and

x = 1 compounds do not follow the linear trend; however, determination of the optical gaps for

the x = 0.9 and x = 1 members of the solid solution is somewhat ambiguous, given the presence

of peaks near the absorption edge. With that being said, the optical gaps are monotonically in-
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creasing across the solid solution and do not follow a parabolic band-bowing relationship [e.g.,

Eg = (1−x)E Sn
g (x)+xE Te

g (x)−bx(x −1)], as often observed in solid-solutions.219–222

Density functional calculations of the electronic structures provide insight to the experi-

mental observations. The calculations were performed using the Vienna Ab initio simulation

package (VASP),176–179 with the HSE06 hybrid functional181 to provide an accurate description

of the electronic structure; the calculations also included an explicit treatment of spin-orbit

coupling (SOC) effects. The band structures are shown in Figure 2.12. The band structure of

Cs2SnI6 illustrates a direct band gap, Edir
g = 0.97 eV, at the Γ-point, which is smaller than the

experimentally-observed optical gap of Eopt = 1.25 eV. Calculation of the optical absorption re-

veals an onset that occurs at 1.33 eV, which is considerably larger than the direct band gap of

0.97 eV (Figure 2.10, red square). The direct VB-CB optical transition at the Γ-point is dipole for-

bidden in Cs2SnI6, as illustrated in Figure 2.13.223–225 As such, prior reports may have employed

artificially large amounts of Hartree-Fock exchange to fit the fundamental band gap to the ex-

perimental optical gap.12,103,105 In agreement with the HSE06+SOC calculations presented here,

GW0 calculations of Cs2SnI6 indicate a direct band gap of 0.88 eV.209

Figure 2.13: Band structure of Cs2SnI6 depicting the fundamental band gap at Γ. The bands resulting in
the fundamental allowed optical band gap are indicated in green. The valence band maximum is set to
0 eV.
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The band structure of Cs2TeI6 indicates an indirect band gap with a magnitude

Eind
g = 1.83 eV, which is larger than the experimentally-observed optical gap of 1.59 eV. In

Cs2TeI6, the highest occupied and lowest unoccupied bands appear at the X and L points in

the first Brillouin zone, respectively, with the direct band gap (Edir
g = 2.05 eV) occurring at L. The

discrepancy between the DFT-calculated band gap and the experimentally-determined optical

gap may arise from the fact that VASP calculations do not take into account absorption aris-

ing from configuration interactions with different excited states,215–218 which may obscure the

absorption edge.

Figure 2.14: Crystal orbital Hamilton population (COHP) analysis of (a) Cs2SnI6 and (b) Cs2TeI6, in which
the density of states is partitioned for Sn–I and Te–I interactions, with the sign indicating bonding or
anti-bonding character, and the magnitude related to the strength of the interaction. The valence band
maximum is set to 0 eV.

Analysis of the orbital character of Cs2SnI6 and Cs2TeI6 reveals that the highest occupied

bands in both compounds are comprised of I 5p character (Figure 2.12). For Cs2SnI6, the states

at the highest occupied band are primarily non-bonding, but are anti-bonding in character

for Cs2TeI6, as determined by crystal orbital Hamilton population (COHP) analysis of the B–I

interactions (Figure 2.14).191 Similar to previous hybrid DFT studies on Cs2SnI6,103,105 there are

occupied Sn 5s states around 7 eV below the highest occupied band due to the strong covalent

interaction between Sn and I.105 For Cs2TeI6, the conduction band is of anti-bonding Te 5p

40



and I 5p character (Figure 2.14), as consistent with the formal charge, Te(IV), that would have

occupied 5s and unoccupied 5p states. The occupied 5s states in Cs2TeI6 are predominately

localized around E ∼ –12 eV, but also have a small projection just below the Fermi energy.

Figure 2.15: Comparison of DFT-calculated band alignments for Cs2SnI6 and Cs2TeI6 (HSE06 + SOC)
to experimentally-determined band alignments. The experimental valence band maximum position
of Cs2SnI6 was determined by XPS and the conduction band minimum was positioned 0.97 eV above
(HSE06 + SOC band gap). The experimental values are shown for CsSnI3, 3 MASnI3, 4 and MAPbI3

5

(where MA = CH3NH +
3 ).

From analysis of the calculated electronic structures, the band gaps and optical gaps in these

materials are dictated by the energies of the empty Sn 5s and Te 5p states at the lowest unoc-

cupied band (as illustrated in Figure 2.15). The calculated ionization potentials of both Cs2SnI6

and Cs2TeI6 are ∼5.1 eV, with the I 5p states comprising the highest occupied bands, thus pro-

viding support that the valence band energy levels are pinned across the solid-solution. The

electron affinities (EA) of each material, 4.13 eV and 3.27 eV, respectively, are therefore con-

trolled by the energy of the unoccupied states of Sn or Te. Density functional calculations of

the band gaps across the solid solution (25%, 50%, 75%, 88%, and 91% Te concentration) are

consistent with this notion, and show a nearly linear increase in band gap across the solid so-
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lution (Figure 2.16). In contrast to the calculated band gaps, the experimentally-determined

optical gaps increase steadily from x = 0 to x = 0.75 until a rapid increase for x = 0.9 and x = 1.

One possible explanation for the non-linear trend in optical gaps arises from the nature of the

optical transition compared to the fundamental band gap. As discussed previously, the DFT

calculations reveal that the optical gap of Cs2SnI6 is derived from dipole-allowed transitions

originating from below the valence band maximum. These transitions may persist across part

of the solid solution, which would yield discrepancies between the experimental and calculated

band gaps. Another possibility arises from the introduction of Te-derived states ∼ 0.85 eV above

the conduction band minimum upon substitution of Te for Sn in Cs2SnI6. These states may not

immediately influence the magnitude of the band gap until the concentration of tellurium ex-

ceeds the percolation threshold for the face-centered cubic lattice (12% Sn, 88% Te),226 at which

point the optical gap becomes reflective of the larger, indirect gap of Cs2TeI6.

Figure 2.16: Fundamental band gaps calculated using HSE06+SOC for several members of the solid solu-
tion. The calculated dipole-allowed optical transition for Cs2SnI6 is shown as a red square for reference.

X-ray photoelectron spectroscopy (XPS) was performed to align the ionization potential

with related perovskite halides (Figure 2.17). The ionization potential is –5.92(5) eV, as shown in

Figure 2.15, and is in good agreement with previous measurements of bulk powders of Cs2SnI6

(–5.40 eV,11 –5.94 eV3), but not with thin-film samples (–6.1 eV12). Here, the conduction band
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was positioned using the 0.97 eV band gap calculated using DFT (HSE06+SOC). The discrep-

ancy between calculation and experiment is likely due to the extreme sensitivity of Cs2SnI6 to

the nature of the exchange correlation functional used in the density functional calculations

and/or from the surface sensitivity of the XPS measurements.

Figure 2.17: X-ray photoelectron spectroscopy data for Cs2SnI6. (a) The work function is extrapolated
from the secondary electron cutoff. (b) The DOS convoluted with a 350 meV Gaussian allows interpola-
tion of the XPS data to yield the valence band maximum with respect to Fermi level.

The band structures of both Cs2SnI6 and Cs2TeI6 present fairly dispersive conduction band

states, indicative of significant orbital overlap despite the presence of ordered B-site vacancies.

Calculation of the electron effective masses for Cs2SnI6 yield m∗
e = 0.48 m0 (along Γ→ X, in

the [0.5 0 0.5] direction) and m∗
e = 0.92 m0 (Γ→ L, along [0.5 0.5 0.5]), reflecting its intrinsic

n-type behavior. The hole effective masses are considerably larger: m∗
h = 1.32m0 (Γ→ X) and

m∗
h = 2.75 m0 (Γ→ L). These calculations are consistent with recently reported calculations.12

Cs2TeI6 presents highly anisotropic electron and hole effective masses, with the lightest masses

appearing along L → W (m∗
e = 0.22 m0) and X → Γ (m∗

h = 0.97 m0) and the other directions pro-

ducing significantly heavier charge carriers: m∗
e = 1.40 m0 (L → Γ) and m∗

h = 4.40 m0 (X → Γ).

The electron effective masses in these systems are all relatively light, albeit larger than that seen
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in the hybrid perovskites CH3NH3PbI3 and CH3NH3SnI3 (m∗
e = 0.15 m0 and 0.28 m0).140,227 In-

terestingly, unlike in the hybrid perovskites where the hole effective masses are smaller than the

electron effective masses (m∗
h = 0.12 m0 and 0.13 m0 for CH3NH3PbI3 and CH3NH3SnI3, respec-

tively),140,227 here no such trend is observed. The lighter electron effective masses in Cs2TeI6

correlates with the reduced inter-octahedral distances observed in the crystal structures. The

reduced electrical conductivity in tellurium-doped Cs2SnI6, despite the presence of dispersive

conduction band states and small electron effective masses, suggests that the origin of this insu-

lating behavior instead arises from the nature of carrier generation and mobility from intrinsic

defects.

2.3.4 Intrinsic Defects

By varying the chemical potentials, µi , as calculated from DFT, we can simulate the effect of

experimentally varying the partial pressures in the formation of Cs2SnI6 and Cs2TeI6 and the re-

sulting native defects. The accessible range of chemical potentials for Cs2SnI6 and Cs2TeI6, are

shown in Figure 2.18 in a two-dimensional (µCs,µTe) plane.228,229 Through varying the chemical

potentials, µi , we can simulate the effect of experimentally varying the partial pressures in the

formation of Cs2SnI6 and Cs2TeI6. These potentials are defined within the global constraint of

the calculated enthalpy of the host, in this case: Cs2SnI6: 2µC s +µSn = ∆H Cs2SnI6
f and Cs2TeI6:

2µC s +µTe = ∆H Cs2TeI6
f . To avoid precipitation into solid elemental Cs, I, and Sn or Te, we also

require µC s ≤ 0, µI ≤ 0, µSn ≤ 0, and µTe ≤ 0. Lastly, the chemical potentials are further con-

strained in order to avoid decomposition into a range of binary and ternary compounds. In the

case of Cs2SnI6 these are: µCs +µSn +3µI = ∆H CsSnI3
f , µSn +4µI = ∆H SnI4

f , µCs +µI = ∆H CsI
f , and

µCs + 3µI = ∆H CsI3
f . On the other hand, Cs2TeI6 is limited by: µCs + 4µI = ∆H CsI4

f , µCs + 3µI =
∆H CsI3

f , µCs +µI =∆H CsI
f , and µTe +4µI =∆H TeI4

f .

Previous studies have performed similar calculations using the HSE functional but have ad-

justed the amount of non-local Hartree-Fock exchange (α) to fit the fundamental band gap to

the experimental optical band gap, without consideration of the optical allowed transitions.
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However, as we have demonstrated, the fundamental band gap of Cs2SnI6 is dipole disallowed

and HSE06 does not need to be altered to yield a reasonable description of the electronic struc-

ture of Cs2SnI6. As such, the close agreement between the calculated HSE06 electronic proper-

ties and the experimental optical band gap gives us confidence in our model.

Figure 2.18: Illustration of the accessible chemical potential ranges of (a) Cs2SnI6 and (b) Cs2TeI6. Con-
straints imposed by the formation of competing binary and ternary compounds result in the stable re-
gion indicated in orange.

Focusing on the formation of n-type defects to provide a theory-based understanding of the

experimental data, calculations of Cs2SnI6 indicate that the formation energies of iodine vacan-

cies (V I) are small (0.14–0.39 eV). Additionally, the +1/0 transition level is only 0.07 eV below the

lowest unoccupied band and is therefore likely to be the source of the native n-type conductivity

observed in this material. While previous defect calculations of Cs2SnI6 have identified iodine

vacancies as deep donor states with an ionization level of 0.52 eV,103 the large size of the super-

cells used in our calculations as well as the improved accuracy of the fundamental band gap

provides a representation of these defect states consistent with the intrinsic n-type conductiv-

ity and equilibrium carrier concentration on the order of ∼ 1016 cm−3.230 Cs2SnI6 appears to be

intrinsically doped and is tolerant of the native iodine vacancy defects.
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Cs2TeI6, on the other hand, yields an electronic structure that is less amenable for introduc-

ing mobile carriers. The formation energy of V I in Cs2TeI6 is much larger (0.56–0.84 eV) than

in Cs2SnI6, which is likely responsible for the reduction in carrier concentration and insulating

behavior upon tellurium substitution (Figure 2.19). The factor of 2-to-4-fold increase in defect

formation enthalpy translates to a reduction in defect concentration by ∼ 106–108 upon substi-

tution of Sn by Te. Furthermore, the energy of the (+1/0) transition level is effectively pinned

across the solid solution at E = 0.9 eV above EF . Therefore, the depth of the defect level is largely

dependent upon the energy of the empty B states that comprise the lowest unoccupied bands.

In Cs2SnI6, V I defect states form ∼ 0.07 eV below the unoccupied Sn 5s states, and therefore can

behave as donor states. In Cs2TeI6, the defect transition level is deep in the band gap, with the

lowest unoccupied band ∼ 0.85 eV higher in energy, such that the native defects are likely to

behave as deep trap states for charge carriers. These dramatic changes can account for the re-

duction in carrier concentration, mobility, and thus conductivity upon tellurium substitution.

Figure 2.19: Formation energies for iodine vacancies in Cs2SnI6 (teal) and Cs2TeI6 (orange), under tin-
poor conditions (point C in Figure 2.18). Sloped lines indicate the +1 charge state, and the solid dots
represent the transitions levels ε(q/q ′). The dashed lines represent the fundamental band gap of each
material.

The general structure-property relationships in these materials follow from the close-

packed anionic lattice and the interaction between the B-site ions and the halides. The main
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difference between the electronic band structures of Cs2SnI6 and Cs2TeI6 is the position and

symmetry of the conduction band, since the valence bands are pinned by the I 5p states. The

increased Pauling electronegativity of Te4+ (χ = 2.1) compared to Sn4+ (χ = 1.8)231 increases the

covalency of the [TeI6] octahedral units relative to [SnI6]. This notion is further supported by

Bader charge analysis of Cs2SnI6 and Cs2TeI6 (Table 2.4), which shows reduced Bader charges

for Te relative to Sn. The average integrated COHP (ICOHP) value for each B–I bond was found

to be –3.4 and –2.0 for Cs2SnI6 and Cs2TeI6. This would suggest a more covalent interaction

for the Sn–I bonds relative to the Te–I bonds; however, we note that this computational result

likely results from the shorter bond lengths in Cs2SnI6. The Born effective charges for the B-site

cation in Cs2SnI6 and Cs2TeI6 are 3.9 and 4.4, respectively, which indicate a higher degree of

covalency for the Te–I bonds232 in support of the Bader charge analysis and the Pauling elec-

tronegativities.

While the close-packed iodine sublattice is responsible for the dispersive conduction band

states, increased covalency of the Te–I bonds relative to Sn–I affect the electronic structure and

defect chemistry in these materials. The increased covalency of Te–I bonding likely prevents

the formation of iodine vacancies in the material and raises the energy of the conduction band,

which yields defect states that form deep within the band gap. While the smaller band gap and

more ionic [SnI6] units in Cs2SnI6 yields a defect-tolerant material with shallow donor states,

the larger band gap and more molecular [TeI6] units render the material intolerant to crystallo-

graphic defects.

Table 2.4: Bader charges generated for Cs2SnI6 and Cs2TeI6.

Cs B I

Cs2SnI6 0.84 1.31 –0.50
Cs2TeI6 0.84 0.89 –0.43
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2.4 Conclusions

Vacancy-ordered double perovskite halides present a fertile testbed to explore structure-

property relationships in complex semiconductors with potential for transformative applica-

tions in photovoltaics. From the preparation of the solid-solution of Cs2Sn1−xTexI6, the end

member, Cs2SnI6, exhibits intrinsic n-type conductivity, yet substitution of tin by tellurium is

accompanied by a reduction in conductivity, carrier concentration and carrier mobility. The

poor conductivity of Cs2TeI6 is attributed mostly to the electronic structure and hindered for-

mation of intrinsic iodine vacancy donor defects, despite a predicted increase in carrier mo-

bility, as further supported from hybrid-functional DFT calculations. This conclusion is based

upon extensive structural characterization by high-resolution time-of-flight neutron powder

diffraction, synchrotron powder X-ray diffraction, and X-ray pair distribution function analy-

sis, which together, reveal that tellurium does not induce structural distortions or instabilities

across this series of materials, as one might hypothesize from the potential for stereochem-

ical activity of the formal 5s2 valence electron configuration. Even when there is no three-

dimensional covalent B–X–B connectivity in the crystal structure, the close-packed anionic lat-

tice of large halides (such as iodine) forms dispersive frontier electronic bands with light car-

riers, provided that the B-site ions occupying the interstitial voids provide the right bonding

environment to stabilize the highly-symmetric structure and to stabilize shallow defect states

to provide mobile charge carriers.
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Chapter 3

Anharmonicity and Octahedral Tilting in Hybrid

Vacancy-Ordered Double Perovskites3

3.1 Introduction

Perovskite halides are a technologically relevant family of crystalline materials for optical

and electronic applications including light-emitting diodes and photovoltaics.233 Significant re-

search interest in perovskite halide semiconductors has been spurred by the demonstration of

up to 20% efficiency of photovoltaic devices containing the hybrid organic-inorganic perovskite

methylammonium lead iodide (CH3NH3PbI3).134 The high efficiency of hybrid perovskite pho-

tovoltaic devices is attributed to unique properties such as tolerance to crystallographic de-

fects1,161 and long excited state carrier lifetimes.21,51,234 The excellent performance of main

group metal halide perovskites in thin-film photovoltaic devices motivates further study of

these materials, in an effort to elucidate a fundamental crystal-chemical understanding of their

advantageous properties.

The conventional ABX 3 perovskite structure is characterized by corner-sharing [BX 6] octa-

hedra with the A-site cation residing in the cuboctahedral void formed by twelve neighboring

X-site anions. In perovskite halides, the B-site is typically occupied by a main-group metal

such as Pb2+ or Sn2+, while the X-site is a halide (Cl – , Br – , or I – ). The A-site is occupied by

a monovalent cation such as Cs+ or larger, dipolar organic cations such as methylammonium

(CH3NH +
3 ) or formamidinium (CH(NH2) +

2 ). In most perovskite halide semiconductors, the

electronic states of the [BX 6] octahedral framework comprise the valence and conduction band

3Substantial portions of this chapter have been reproduced with permission from A. E. Maughan, A. M.
Ganose, A. M. Candia, J. T. Granger, D. O. Scanlon, and J. R. Neilson, Chem. Mater., 2018, 30, 472–483. 6 ©2017
the American Chemical Society

49



edges and dictate light absorption and charge transport processes,186,235,236 while the A-site

cation serves to stabilize the octahedral perovskite framework.81

A unique feature of main-group metal perovskite halides, compared to conventional com-

pound semiconductors, is the “softness” of the lattice. Deformations of the [PbBr6] octahedral

framework in CH3NH3PbBr3 and CsPbBr3 enable the formation of large polarons that may pro-

tect charge carriers and prolong excited state lifetimes.58 This notion provides an explanation

for long carrier diffusion lengths despite having modest carrier mobilities.25,60 Recently, it has

been hypothesized that carrier mobilities may be further reduced in CH3NH3PbX 3 perovskites

compared to CsPbX 3 via “dielectric drag,” in which movement of charges necessitates molec-

ular reorientations of CH3NH +
3 cations.77 These molecular reorientations have been shown to

occur on picosecond timescales and are coupled to the dynamics of the surrounding inorganic

framework.62–64,66,71 Given that the dynamics of the organic cations are intimately coupled to

the soft inorganic lattice,52,65,67 decoupling cooperative octahedral tilting modes of the soft in-

organic framework from molecular dynamics presents a challenge for understanding the un-

derlying charge transport behavior of hybrid perovskites.

Defect-ordered perovskites provide a structural framework to study organic-inorganic cou-

pling in a lattice with relatively decoupled octahedra. Vacancy-ordered double perovskites are

a family of perovskite derivatives with the general formula A2B�X 6, where � represents a va-

cancy. The structure is formed by removing every other B-site cation from the fully-occupied

perovskite to yield rock-salt ordering of [�I6] and isolated [BX 6] octahedral units. Despite the

absence of octahedral connectivity, the semiconductor Cs2SnI6 exhibits a direct optical gap of

about 1.3 eV and native n-type conductivity.7,11 The origin of this behavior lies in the close-

packed iodine sub-lattice, which provides a dispersive conduction band. Similarly to conven-

tional perovskite materials, the valence and conduction band edges are derived from the inor-

ganic framework.7,9 As states of the X-site anion comprise the edges of both the valence and

conduction bands, substitution at the X-site will subsequently affect charge transport and op-

tical absorption properties through changes in band dispersion.9 This has been illustrated in
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the series Cs2SnX 6 where X = I – , Br – , Cl – ; incorporation of the smaller and more electroneg-

ative Cl – and Br – anions increases the magnitude of the band gap and reduces charge trans-

port through reduced conduction band width.209 Further, substitution at the B-site dictates

the nature (direct vs. indirect) and magnitude of the band gap, as well as tolerance to intrin-

sic defects, as has been shown in the solid solution series Cs2Sn1−xTexI6.7 Though the elec-

tronic states of the A-site cation do not comprise the band edges, changing the size of the A-site

cation can indirectly influence electronic and optical behavior by changing the close-packing

of the halogen sub-lattice through cooperative rotations of the octahedral units to lower sym-

metry, as is illustrated by the A2TeI6 series (A = K+, Rb+, Cs+). While Cs2TeI6 adopts the cubic

vacancy-ordered double perovskite structure,7 cooperative octahedral tilting to lower symme-

tries is favorable to improve coordination to the smaller Rb+ and K+ ions.9,83,84 These cooper-

ative octahedral tilting distortions are also observed as a series of structural phase transitions

from cubic (Fm3̄m) to tetragonal (P4/mnc) to monoclinic (P21/n) upon cooling, due to con-

densation of the octahedral rotary phonon mode.85,208 The temperature dependence of these

phase transitions trends with the “radius ratio” of the radius of the A-site cation to the radius of

the enclosing 12-coordinate void; smaller A-site cations tend to yield higher transition temper-

atures.80 These phase transitions may be further affected by introduction of molecular species

such NH +
4 or alkylammonium cations which are capable of hydrogen-bonding interactions

with the surrounding X-site framework and thus can influence the temperature-dependence,

phase transition mechanism, and low-temperature structural behavior by coupling to the rota-

tional dynamics of the [BX 6] octahedral units.95–97,237

In this work, we have exploited the isolated octahedral framework of the “soft” vacancy-

ordered double perovskite structure to understand the influence of organic-inorganic coupling

on the structural, optical, and electronic properties of these materials. We have synthesized

the series of vacancy-ordered double perovskites A2SnI6, where A = Cs+, CH3NH +
3 (methylam-

monium), and CH(NH2) +
2 (formamidinium) and have drawn connections between crystallo-

graphic structure, local bonding environment, and optical and electronic behavior. Cs2SnI6 ex-
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hibits native n-type conductivity,7,11,103 yet replacement of Cs+ with the polar organic CH3NH +
3

and CH(NH2) +
2 cations reduces both carrier concentration and carrier mobility across the se-

ries. Despite nearly identical crystal structures observed by powder X-ray diffraction, the local

coordination environment reveals deviations in the inter-octahedral I–I distances seen in X-ray

pair distribution function analysis due to anharmonic lattice dynamics, which is modeled as

rotational disorder of the [SnI6] octahedral units. This anharmonicity is enhanced in the hy-

brid (CH3NH3)2SnI6 and (CH(NH2)2)2SnI6 compounds, which we attribute to the formation of

hydrogen bonds and coupled organic-inorganic dynamics. Soft, anharmonic lattice dynamics

give rise to stronger electron-phonon coupling and reduced carrier mobilities, as supported by

calculation of Hellwarth electron mobilities within a temperature-dependent polaron transport

model, to which we attribute the trends in electronic behavior across the series. The combina-

tion of organic cations within a framework of relatively decoupled octahedra provides insight

into the influence of organic-inorganic coupling on the optical and electronic behavior of per-

ovskite halide semiconductors.

3.2 Methods and Materials

Note on author contributions: This chapter was published in Chemistry of Materials, 2018,

volume 30, pages 472–483 by Annalise E. Maughan, Alex M. Ganose, Andrew M. Candia, Juliette

T. Granger, David O. Scanlon, and James R. Neilson. AEM, AMC, and JTG performed the synthe-

ses and experiments and AMG and DOS performed density functional calculations. AEM and

JRN analyzed the data. AEM wrote the initial draft of the manuscript, and JRN supervised the

project. All authors contributed to editing and finalization of the manuscript.

Methylamine hydrochloride (∼0.5 g) was added to 2.0 mL of hydriodic acid (57%, aqueous,

1.5% H3PO2) and 3.0 mL of absolute ethanol and stirred to dissolve. Once dissolved, the so-

lution was cooled in an ice bath while stirring. The cooled solution was crashed with diethyl

ether to yield a sparkly white precipitate. The precipitate was washed thoroughly with diethyl

ether to remove any trace of yellow color and collected by centrifugation. The product was
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dried overnight. Energy dispersive X-ray spectroscopy yields a molar ratio of [Cl]:[I] content as

0.04(2).

Formamidinium acetate (∼ 1 g) was added to 10 mL of absolute ethanol and 2.50 mL of hy-

driodic acid (57%, aqueous, 1.5% H3PO2). The solution was heated gently to T = 50 ◦C until the

solid had fully dissolved. Once dissolved, the solution was crashed with diethyl ether to yield

a white precipitate. The product was then recrystallized 4-5 times from ethanol to yield pure

formamidinium iodide.238 The purification step proves critical for later syntheses. In partic-

ular, early recrystallization products often contained an unidentified impurity evidenced by a

peak in the powder diffraction pattern at Q ' 1.5 Å−1 that does not index to the reported crystal

structure of formamidinium iodide and persists through later syntheses of (CH(NH2)2)2SnI6.

Repeated recrystallizations remove this impurity and yield a powder diffraction pattern consis-

tent with the reported crystal structure.238 Proton NMR spectra of the final product dissolved

in D2O are consistent with the previously published NMR spectrum of pure formamidinium

iodide.239

Tin metal (0.3108 g, 2.62 mmol) and iodine (1.3347 g, 5.26 mmol) were reacted in an evac-

uated fused silica ampoule (P < 10 mTorr). The ampoule was heated in a furnace at 200 ◦C for

60 h, or until the purple vapor had subsided, which was air-quenched to yield bright orange-

yellow SnI4 powder.

Cs2SnI6 was synthesized by previously reported methods.7,74

(CH3NH3)2SnI6 was prepared by grinding methylamine hydroiodide (0.2366 g, 1.49 mmol)

and tin(IV) iodide (0.4661 g, 0.74 mmol) in an agate mortar and pestle for 30 m. Upon grinding,

the white and orange powders gradually turned black. We note that this effect is amplified in

more humid environments (30%-40%), and we suspect that atmospheric moisture facilitates

slight solubility of the precursors and enables reactivity. Once ground, the black powder was

pressed into pellets and annealed at T = 150 ◦C for 48 h in a fused silica ampoule sealed under

vacuum (P < 10 mTorr). Energy dispersive X-ray spectroscopic analysis yields a molar ratio of

[Cl]:[I] content as 0.005(2).
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(CH(NH2)2)2SnI6 was prepared by grinding powders of fomamidinium iodide (0.2544 g,

1.48 mmol) and tin(IV) iodide (0.4633 g, 0.74 mmol) in an agate mortar and pestle for 30 m.

Upon grinding, the white and orange powders gradually turned olive green and eventually

black. Similarly to (CH3NH3)2SnI6, this color change occurs faster at higher humidities. Once

ground, the black powder was pressed into pellets and annealed at T = 150 ◦C for 48 h in a fused

silica ampoule sealed under vacuum (P < 10 mTorr).

The solid state mechanochemical synthetic route used to prepare methylammonium tin(IV)

iodide and formamidinium tin(IV) iodide was employed due to the similar solubilities of the

precursors and final products, which did not permit the synthesis of these materials via solution

precipitation methods.

Characterization

Laboratory powder X-ray diffraction data were collected on a Bruker D8 Discover X-ray

diffractometer using Cu Kα radiation and a Lynxeye XE-T position-sensitive detector. Samples

were prepared on a (510) cut zero-diffraction Si wafer.

Synchrotron X-ray scattering data suitable for pair distribution function (PDF) analysis were

collected at beamline 11-ID-B at the Advanced Photon Source, Argonne National Laboratory,

using 86 keV photons and sample-detector distance of 25 cm. Powdered samples were loaded

into polyimide capillaries and measured in transmission mode at room temperature using a

Perkin Elmer amorphous silicon image plate detector.240 Experimental PDFs were extracted

using PDFgetX2241 and analyzed using PDFgui.170 The program Fit2D168 was used to cali-

brate the sample to detector distance and detector alignment with data from a CeO2 powder

standard. Raw scattering data was integrated into Q-space spectra, applying a mask and po-

larization correction during integration. The normalized total scattering patterns, S(Q) were

produced in PDFgetX2 by subtracting polyimide container scattering, utilizing the appropri-

ate sample composition, and applying standard corrections for the area detector setup.240 Pair

distribution function patterns, G(r), were calculated via Fourier transformation of the total scat-
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tering data utilizing a Q maximum of 23.8 Å−1 for Cs2SnI6 and (CH(NH2)2)2SnI6 and 20 Å−1 for

(CH3NH3)2SnI6. Values of Qdamp = 0.034127 Å−1 and Qbroad = 0.021102 Å−1 were extracted from

refinement of a TiO2 anatase standard in PDFgui. A description of the mathematical relation-

ships used to extract the pair distribution function are described in Appendix I.

The diffraction patterns for the tilted supercells of cesium tin(IV) iodide, methylammonium

tin(IV) iodide, and formamidinium tin(IV) iodide were calculated by inverse Fourier transform

of the pair distribution function, as described in Appendix A.

UV-visible diffuse reflectance spectroscopy was performed on powdered samples diluted

to 15wt% in BaSO4, using BaSO4 as a baseline. Spectra were acquired using a Thermo Nicolet

Evolution 300 spectrophotometer with a Praying Mantis mirror setup from λ = 600–1000 nm at

a scan rate of 240 nm/min.

Electrical resistance measurements were performed on cold-pressed polycrystalline pellets

using Pt wires and Au-paste (Cs2SnI6 and (CH3NH3)2SnI6) or Ag-paste ((CH(NH2)2)2SnI6) con-

tacts in a 4-probe configuration using a Physical Properties Measurement System (Quantum

Design, Inc.). Hall measurements were collected on cold-pressed polycrystalline pellets in the

Van der Pauw configuration at T = 300 K. We note that the resistivity of (CH(NH2)2)2SnI6 is near

the maximum impedance of the Physical Properties Measurement System (PPMS), and thus

these values should be regarded as approximate. Sample geometries (in cm) for the 4-probe

measurements are as follows: Cs2SnI6: l = 0.21(1), w = 0.14(1), h = 0.01(1); (CH3NH3)2SnI6:

l = 0.45(1), w = 0.35(1), h = 0.15(1); (CH(NH2)2)2SnI6: l = 0.42(1), w = 0.48(1), h = 0.09(1).

Energy-dispersive X-ray spectroscopy (EDS) measurements were performed in a JEOL JSM-

6500F field emission scanning electron microscope equipped with an Oxford 80 X-MAX (80mm)

SDD detector using a 15 keV beam. Measurements were performed on polycrystalline powders

of CH3NH2·HI and (CH3NH3)2SnI6 adhered to Cu tape. The average molar [Cl]:[I] ratios were

determined from the average of 6 scans (5×30 s scans and 1×5 m scan) taken at 1000× magni-

fication in macroscopically-separate locations on the samples.

VESTA was used to visualize and render all crystal structures presented here.171
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DFT Calculations

Calculations were performed within the framework of density functional theory (DFT), us-

ing the Vienna ab initio Simulation Package (VASP).176–178 A plane-wave basis set was used,

with the interactions between core and valence electrons described using the Projector Aug-

mented Wave (PAW) method.180 Two functionals were employed in this study: PBEsol,242 a

version of the Perdew, Burke and Erzorhof (PBE) functional182 revised for solids, and the hybrid

functional HSE06 which combines 75% exchange and 100% of the correlation energies from

PBE, together with 25% exact Hartree-Fock (HF) exchange at short range.181

PBEsol has been shown to accurately reproduce the structural properties of many com-

pounds containing weakly dispersive interactions, such as in the vacancy ordered double per-

ovskites and other layered halide systems, and accordingly was used for geometry optimiza-

tions.243,244 For band structure, density of states and high-frequency dielectric response calcu-

lations, special attention was paid to accurately modeling electron–electron interactions and

the relativistic effects seen in Sn and I, through use of scalar relativistic PAW pseudopotentials,

explicit treatment of spin-orbit coupling (SOC) effects,245 and the HSE06 functional.

This combination of HSE06+SOC has been shown to provide an accurate description of the

electronic structure of many metal–halide containing semiconductors.196,246 A plane wave cut-

off of 350 eV and Γ centered, 3 × 3 × 3 k-point sampling were found to provide convergence of

the total energy to 1 meV for all systems studied. Structural relaxations were performed at the

experimentally determined lattice constants, with the ionic forces converged to 0.01 eV Å−1, us-

ing a larger cut-off energy of 455 eV. In all cases, the initial starting geometry was based on cells

refined from powder X-ray diffraction data, with the A-site cation oriented along the (111) and

(110) directions for (CH3NH3)2SnI6 and (CH(NH2)2)2SnI6, respectively. During optimizations,

all atomic positions were allowed to relax.

Static dielectric constants were calculated using the PBEsol functional within density func-

tional perturbation theory (DFPT),247 with a denser 6×6×6 Γ-centered k-point mesh necessary

to reach convergence. The high-frequency real and imaginary dielectric functions were calcu-
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lated from the optical transition matrix elements within the transversal approximation,248 ob-

tained at a denser 6 × 6 × 6 Γ-centered k-point mesh, from which the absorption coefficient

was also derived.

The electron mobilities were calculated within a temperature-dependent Feynman po-

laron model as implemented in the codes produced by Frost.249 A full description of the self-

consistent process described by Hellwarth necessary to calculate the mobilities has been de-

scribed in detail elsewhere in the literature.250 In this method, the electron–phonon coupling is

approximated without empirical parameters using a highly idealized model.38,251,252 The band

structure is represented only as the effective mass approximation, with the physical response of

the lattice given by the optical and static dielectric constants and an effective phonon-response

frequency. This method has recently been shown to provide excellent agreement with the ex-

perimental electron mobilities in the hybrid perovskites.250

3.3 Results and Discussion

We have prepared the series of vacancy-ordered double perovskite semiconductors A2SnI6,

where A = Cs+, CH3NH +
3 (methylammonium), and CH(NH2) +

2 (formamidinium). All three

compounds in the series crystallize in the cubic vacancy-ordered double perovskite structure

(space group Fm3̄m, K2PtCl6 structure type), as determined by laboratory powder X-ray diffrac-

tion (PXRD) shown in Figure 3.1. The structural models were refined against the diffraction

data using the Rietveld method implemented in TOPAS, and structural parameters generated

from the refinements can be found in Table 3.1. The structures are characterized by a face-

centered lattice of isolated [SnI6]2− octahedral units bridged by A-site cations in the cubocta-

hedral voids, as shown in Figure 3.2. From refinement of the structures shown in Figure 3.2, we

find that the larger methylammonium and formamidinium cations are accommodated into the

structure by an expansion of the unit cell and the inter-octahedral I–I contact distances from

4.213(1) Å to 4.402(2) Å to 4.606(2) Å across the series. Refinement of the iodine anisotropic

atomic displacement parameters (ADPs) result in large ADPs for the plane perpendicular to the
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Sn–I bond (U22 = U33), particularly in (CH3NH3)2SnI6 and (CH(NH2)2)2SnI6. Unique positions

for the methylammonium and formamidinium cations could not be identified due to dynamic

disorder, and thus these ions were modeled with partially occupied carbon and nitrogen posi-

tions on high symmetry sites with fixed ADPs within the cubic perovskite structure to capture

the nominal stoichiometry. Hydrogen atoms were excluded from the refinements for simplicity

and because their contribution to the diffraction intensity is negligible.

Figure 3.1: Laboratory powder X-ray diffraction patterns and Rietveld refinements showing phase purity
of the A2SnI6 series, where A = Cs+, CH3NH +

3 (methylammonium), and CH(NH2) +
2 (formamidinium).

Data are shown as black circles, the fit is the colored line, and difference curves are shown as grey lines.

These compounds appear to be isostructural by diffraction, though the semiconducting be-

havior varies significantly across the series. Resistivity measurements indicate that all mem-

bers of the series exhibit semiconducting behavior, as evidenced by the increase in resistivity

upon cooling, as shown in Figure 4.5. While Cs2SnI6 exhibits a room temperature resistivity of

ρ ' 12Ω·cm,7,11 replacement of cesium with the organic methylammonium or formamidinium

cations yields a ∼ 100-fold or ∼ 105-fold increase in resistivity, respectively.
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Figure 3.2: Structures of Cs2SnI6, (CH3NH3)2SnI6, and (CH(NH2)2)2SnI6 showing the isolated octahedral
units. Tin atoms are shown in blue, iodine are purple, cesium are yellow, carbon are brown, nitrogen
are light blue, and hydrogen are eggshell. The structures are shown with random orientations of the
methylammonium and formamidinium cations.

Hall effect measurements were performed on polycrystalline pellets to further probe the

origin of the observed electronic properties across the series. All compounds exhibit native

n-type conductivity, consistent with the formation of shallow iodine vacancy donor states, to

which the n-type conductivity of Cs2SnI6 is attributed.7,103 In Figure 3.4, the carrier concen-

trations and mobilities determined from Hall effect measurements are plotted as a function

of Goldschmidt tolerance factor, as ubiquitously used for ABX 3 perovskites. Effective radii of

2.17 Å and 2.53 Å were used for CH3NH +
3 and CH(NH2) +

2 , respectively in calculation of the tol-

erance factors.160 The trends in carrier concentrations and carrier mobilities appear to follow

the trends in tolerance factor. Of the A2SnI6 series, the tolerance factor of Cs2SnI6 is closest to

unity (0.998), and Cs2SnI6 exhibits the highest carrier mobility of ∼ 9 cm−2 V−1 s−1. Replace-

ment of Cs+ with the larger CH3NH +
3 and CH(NH2) +

2 cations yields tolerance factors of 1.07

and 1.16 and is accompanied by ∼ 4-fold and 25-fold reductions in carrier mobilities, respec-

tively. Similarly, the observed carrier concentrations are reduced by an order of magnitude from

cesium tin(IV) iodide to methylammonium tin(IV) iodide and by a further two orders of mag-

nitude for formamidinium tin(IV) iodide (Table 3.2).
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Table 3.1: Structural parameters extracted from Rietveld refinements of the cubic structural models
against laboratory powder X-ray diffraction patterns of the A2SnI6 series.

Cs2SnI6 (CH3NH3)2SnI6 (CH(NH2)2)2SnI6
Crystal system Cubic Cubic Cubic

Space group Fm3̄m Fm3̄m Fm3̄m
Cell parameters (a) (Å) 11.64822(4) 12.0022(2) 12.3364(1)

I (x, 0, 0) 0.24425(5) 0.23975(6) 0.2367(1)
A U iso (Å2) 0.0495(4) 0.025 0.025

Sn U iso (Å2) 0.0338(5) 0.0315(7) 0.066(1)
I U11 (Å2) 0.0239(6) 0.0181(8) 0.058(1)

I U22 = U33 (Å2) 0.0494(4) 0.0867(7) 0.184(1)
Rw 10.945% 10.314% 9.182%

Figure 3.3: Electrical resistivity as a function of temperature for each member of the A2SnI6 series. Data
were collected on cold-pressed polycrystalline pellets using a 4-wire configuration with Au paste for
A = Cs+ and CH3NH +

3 and Ag paste for CH(NH2) +
2 .

UV-visible diffuse reflectance spectroscopy measurements were performed on powdered

samples diluted in BaSO4. The spectra were converted to pseudo-absorbance via the Kubelka-

Munk transform and the optical gaps were estimated by extrapolating the linear onset region

to zero absorbance as shown in Figure 4.6. This method yields an optical gap of ∼1.23(3) eV

for Cs2SnI6, consistent with previous reports.7,11 Incorporation of the larger methylammo-

nium and formamidinium ions yields a monotonic increase in optical gap to ∼1.35(2) eV and

∼1.37(2) eV, respectively. Cs2SnI6 is known to be a (nearly) degenerately-doped n-type semi-

conductor,7 which presents challenges for accurate determination of the optical gap.213
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Table 3.2: Room temperature resistivities (ρ300K ), carrier concentrations (ne ), and carrier mobilities (µe )
for the A2SnI6 series.

Cation ρ300K (Ω·cm) ne (cm−3) µe (cm2 V−1 s−1)
Cs+ 12(2) 5.6(3) × 1016 9(2)
CH3NH +

3 2.0(3) × 103 1.3(1) × 1015 2.5(5)
CH(NH2) +

2 2.5(3) × 105 7(1) × 1013 0.36(6)

Figure 3.4: Carrier concentrations (blue squares) and carrier mobilities (orange circles) for the A2SnI6
series determined by Hall effect measurements. The dotted lines are shown as a guide to the eye.

The observed changes in electronic and optical behavior across the series were further ex-

amined through calculations performed within the framework of density functional theory.

Structural relaxations, performed using the PBEsol functional, indicate increased I–I distances

between octahedra upon substitution of Cs+ (4.17 Å) with CH3NH +
3 (4.41 Å) and CH(NH2) +

2

(4.66 Å), as expected due to the increase in cation size. The increase in interatomic I–I distance

is coupled with a decrease in conduction band width, as can be observed in the band struc-

tures presented in Figure 4.10, which leads to a slight increase in charge carrier effective masses

(Table 4.2). The electron effective masses are smallest in Cs2SnI6 (m∗
e = 0.25) and increase in

(CH3NH3)2SnI6 (m∗
e = 0.31) and (CH(NH2)2)2SnI6 (m∗

e = 0.43). This yields a trend in decreas-

ing 1/m∗
e that cannot match the experimental decrease in mobilities and necessitates further

discussion. The change in conduction band width also provides a possible explanation for the

variation in observed carrier concentrations across the series. While Cs2SnI6 is a (nearly) de-

generate doped n-type semiconductor,7 assuming a rigid and level V I donor defect, the donor

states will presumably come deeper in nature as the conduction band edge moves higher upon
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cation substitution. In general, the hole effective masses are much larger, with the conduction

band composed of Sn 5s and I 5p states remaining quite disperse in all three compounds.

Figure 3.5: UV-visible diffuse reflectance spectra collected for the A2SnI6 series. The data were converted
to pseudo-absorbance, F(R), by the Kubelka-Munk function, and the absorption onsets determined by
extrapolating the linear onset region to zero absorbance. The transformed data are shown as colored
lines and the fits the the linear regions are shown as black lines. Zero absorbance is demarcated by the
dashed grey line.

Incorporation of the larger methylammonium and formamidinium cations is accompanied

by an increase in the DFT-calculated band gaps across the series, consistent with the trend

in optical gap observed by diffuse reflectance spectroscopy. We attribute this observation to

changes in close-packing of the iodine sub-lattice and subsequent changes in conduction band

dispersion upon substitution of the larger methylammonium and formamidinium cations. This

hypothesis is supported by calculations of the cubic Cs2SnI6 lattice, as well as variations of the

structure in which both the Cs and Sn cations are removed (�2�I6) and only the Sn cations are

removed (Cs2�I6), as shown in Figure 3.7. In these calculations, we charge balance the loss of

the cations by the addition of the corresponding number of electrons. In all three cases, the

valence band is effectively pinned to the non-bonding I 5p states.7 Cs is strongly electroposi-

tive and thus will not affect the positions nor dispersions of the valence and conduction band,

illustrated by comparison of the band structures for (�2�I6) and (Cs2�I6). In contrast, removal

of the Sn cations destabilizes the conduction band minimum due to the hybridization of the
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Sn 5s and I 5p states to form a manifold of antibonding states.7 However, the Sn–I interactions

remain relatively unchanged across the A2SnI6 series due to the covalency of the [SnI6] octahe-

dral units, and thus the band gaps of the series are dictated primarily by the dispersion of the

conduction band dominated by close-packing of the iodine sub-lattice.

Figure 3.6: Band structures calculated using HSE06+SOC for cesium tin(IV) iodide, methylammonium
tin(IV) iodide, and formamidinium tin(IV) iodide. The valence band maximum is set to 0 eV in all cases.

To further investigate the trends in carrier mobilities across the series, we have calculated

the limits of electron mobility within a temperature-dependent Feynman polaron transport

model, as recently applied to the cubic hybrid perovskites.250 The parameters used in this

model were all calculated ab initio as described above and are provided in Table 4.3. The elec-

tron band effective masses, m∗
e , used in the calculation are reported in Table 4.2. This model

quantifies the degree of electron–phonon coupling (α) and its effect on the polaron mobility

(calculated within the Hellwarth model, µH
e ),38 phonon-drag mass-renormalization (mr ), and

relaxation time (τ). The Hellwarth electron mobilities at T = 300 K across the series, calcu-

lated using publicly available codes developed by Frost,249 are presented in Table 4.4. While

this model is highly idealized, with the physical response of the lattice parametrized only by the

optical and static dielectric constant and effective dielectric-response frequency, this method

has been shown to provide excellent agreement with experiment in the hybrid perovskites and
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should therefore perform well for the related A2SnI6 series. As only the interaction between the

polaron state and characteristic optical-phonon frequency is considered, the calculated mobil-

ities will form an upper bound for a perfect crystal in the absence of other carrier scattering

processes.

Table 3.3: Band gaps (Eg ), conduction band widths (∆εCB) and charge carrier effective masses (m∗),
calculated using HSE+SOC, for the A2SnI6 series. Band gaps and widths provided in eV, effective masses
given in units of the bare electron mass, m0

Cation Eg ∆εCB m∗
e m∗

h

Cs+ 0.62 1.39 0.25 0.81
CH3NH +

3 0.92 1.10 0.31 0.99
CH(NH2) +

2 1.27 0.88 0.43 1.61

Figure 3.7: Band structure calculations of the cubic vacancy-ordered double perovskite structure of
Cs2SnI6 in which both the Cs and Sn cations are removed, the Sn cations are removed, and Cs2SnI6.
The structures used in the calculations are shown above. The states at the bottom of the conduction
band are colored pink for clarity.
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The experimental trend in electron mobilities is broadly reproduced by our calculations,

with the mobility of Cs2SnI6 (98 cm2 V−1 s−1) nearly 2 times larger than that of (CH3NH3)2SnI6

(52 cm2 V−1 s−1) and approximately 4 times larger than in (CH(NH2)2)2SnI6 (27 cm2 V−1 s−1).

The relatively high calculated mobility (98 cm2 V−1 s−1) seen in Cs2SnI6, comparable to that cal-

culated for CH3NH3PbI3 (136 cm2 V−1 s−1),250 results from a weak electron–phonon coupling

constant that produces only minimal polaron mass renormalization (the additional phonon

drag produces a 26% increase in the electron effective mass) and a long relaxation time (0.16 ps).

Larger I–I contact distances in (CH3NH3)2SnI6 reduces the high-frequency dielectric constant

and increases band effective masses, resulting in greater electron–phonon coupling (1.88) and

mass renormalization (42%). The reduced mobility seen in (CH(NH2)2)2SnI6 arises due to fur-

ther reduction in the high-frequency dielectric response and a softening of the phonon modes,

leading to greater optical scattering at lower temperatures. It is interesting to note that while the

electron-phonon coupling constant of (CH(NH2)2)2SnI6 (2.48) is nearly comparable to that of

CH3NH3PbI3 (2.39),250 the greater electron effective mass produces polaron mobilities a factor

of 5 times smaller in (CH(NH2)2)2SnI6. Overall, the Hellwarth mobilities obtained from the po-

laron model are much greater than those seen in experiment, as expected due to the polycrys-

talline nature of the samples and the absence of electron–electron, impurity, electron–phonon,

and grain-boundary scattering effects in our calculations.

Table 3.4: Parameters of the Feynman polaron model. High frequency (ε∞) and static (εS) dielectric
constants given in units of the permittivity of free space (ε0). Characteristic phonon frequency ( f ) given
in THz.

Cation ε∞ εS f

Cs+ 4.28 7.20 3.53
CH3NH +

3 3.72 6.82 4.32
CH(NH2) +

2 3.39 6.06 3.88

The relationship between experimental carrier mobility, µe and calculated electron band

effective mass, m∗
e were examined to provide insight into the influence of carrier scattering
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Table 3.5: Hellwarth electron mobilities at T = 300 K (µH
e , cm2 V−1 s−1), electron-phonon coupling (α),

polaron effective mass renormalization (mr , %) and polaron relaxation time (τ, ps) calculated within the
polaron model for the A2SnI6 series

Cation µH
e α mr τ

Cs+ 98 1.45 26 0.16
CH3NH +

3 52 1.88 42 0.11
CH(NH2) +

2 27 2.48 54 0.08

Figure 3.8: Experimental mobility, µe plotted as a function of band effective mass, m∗−1
e . Fits to the data

for m∗−1
e (pink solid line), m∗−2

e (orange dotted line), and m∗−5/2
e (blue dashed line).

mechanisms on the observed trends in mobility (Figure 3.8). From the relationshipµe = eτ/m∗
e ,

the mobility scales as µe ∝ 1/m∗
e in the absence of carrier scattering mechanisms. Scattering

processes from zero-order optical deformation potential scattering yields µe ∝ m∗−2
e ,253 while

carrier scattering due to acoustic deformation potential scattering yields µe ∝ m∗−5/2
e .254,255

As shown by the fit lines in Figure 3.8, the trends in carrier mobilities are not well-described

by the aforementioned scattering mechanisms, further suggesting there are additional factors

contributing to the charge transport across the A2SnI6 series.

Investigation of the local coordination environment through X-ray pair distribution func-

tion (XPDF) analysis provides additional insight into the observed electronic behavior. Pre-

liminary modeling of the XPDF was performed using the cubic structural models obtained by

Rietveld refinement of the laboratory PXRD data. Despite identical cubic structures by diffrac-

tion, the XPDF reveals deviations in the local coordination environment that cannot be mod-
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eled by the cubic structure with harmonic atomic displacements. The XPDF fits from the cubic

structure were performed over short-range (2 ≤ r ≤ 5.5 Å) and long range (5.5 ≤ r ≤ 30 Å) cor-

relations, as shown in Figure 3.9. From 5.5 ≤ r ≤ 30 Å, the data are reasonably well-modeled by

the average structure observed by diffraction, particularly for Cs2SnI6 and (CH3NH3)2SnI6. For

(CH(NH2)2)2SnI6, the long range correlations can only be described with the inclusion of ex-

tremely large anisotropic ADPs for iodine atoms, which is consistent with Rietveld refinements

of the diffraction data (Table 3.1). We note that the magnitude of the iodine anisotropic ADPs

increases significantly across the series, suggesting increasing thermal or static disorder as ce-

sium is replaced with methylammonium and formamidinium, which can be observed visually

through broadening of the longer-r pair correlations.

Figure 3.9: X-ray pair distribution function analysis of cesium tin(IV) iodide, methylammonium tin(IV)
iodide, and formamidinium tin(IV) iodide. The data were modeled with the cubic structural models
determined by powder X-ray diffraction, with fit ranges of 2 ≤ r ≤ 5.5 Å (left panels) and 5.5 ≤ r ≤ 30 Å
(right panels). The data are shown as black circles, the fit is the colored line, and the difference is the grey
line.
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Distortions in the local coordination environment are observed in the next-nearest neigh-

bor pair correlation at r ∼ 4-4.1 Å corresponding to A–I and I–I pairs. In Cs2SnI6, this manifests

as a small peak asymmetry, while (CH3NH3)2SnI6 and (CH(NH2)2)2SnI6 exhibit significant tail-

ing on the high-r side of the peak. In all three compounds the nearest-neighbor Sn–I pair cor-

relations at r ∼ 2.86 Å remain symmetric, indicating little deviation in their bond lengths that

accompanies distortion of the octahedral units, in contrast to many Sn2+-based perovskites that

exhibit distorted octahedra due to stereochemically-active ns2 electrons.256–259 Rather, we pro-

pose that the distortions reported here result from anharmonic atomic displacements resulting

in an asymmetric distribution of inter-octahedral I–I contact distances, which can be modeled

as random rotations of relatively rigid [SnI6] octahedral units.

To address the hypothesis of anharmonic displacements, we employed a pseudo-smallbox

rigid-body modeling routine. For each A2SnI6 compound, a 3 × 3 × 3 supercell of the cubic

structure is constructed with random orientations of the methylammonium or formamidinium

cations with molecular geometries taken from Lee et al.74 and Petrov et al.,238 respectively.

The isolated octahedral units, with geometries determined by Rietveld refinements of the cubic

structures against the PXRD data, are also rotated about each Euler angle as rigid bodies by a

distribution of random angles ranging from 0◦ to θmax. The pair distribution function is calcu-

lated for different supercells with distinct values of θmax and compared to the data. The largest

allowed rotation angle that provides the best goodness-of-fit to the XPDF is retained and fur-

ther optimized using the least-squares procedure implemented in PDFGUI to obtain relevant

fitting parameters, including scale factor, correlated motion parameter (δ2), lattice parameters,

and atomic displacement parameters constrained by chemical identity. From this analysis, we

find θmax = 6.6(7)◦, 11.2(9)◦, and 11.7(6)◦ for Cs2SnI6, (CH3NH3)2SnI6, and (CH(NH2)2)2SnI6, re-

spectively. The best-fit supercells for each compound are shown in Figure B.2. As shown in the

fits to the low-r range in Figure 3.11, the asymmetry observed in the next-nearest-neighbor pair

correlation is captured with the octahedral tilting model in all three compounds. Further, the

longer r pair correlations are also reasonably approximated by the rigid-body model, as shown
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in the fits from 5.5 ≤ r ≤ 30 Å. The observation that the XPDF at long r can be described by both

the tilted and cubic structures (Figures 3.9 and 3.11) indicates that any anharmonic displace-

ments are effectively averaged into the cubic structure observed by powder X-ray diffraction,

which has been similarly observed in ABX 3 perovskites.45,67,260 Portions of the ad hoc Python

code used to generate the tilted supercells are included in Appendix B.

Figure 3.10: Supercells for a) Cs2SnI6, b) (CH3NH3)2SnI6, and c) (CH(NH2)2)2SnI6 with the correspond-
ing θmax determined by the pseudo-rigid-body modeling routine.

Figure 3.11: X-ray pair distribution function analysis of cesium tin(IV) iodide, methylammonium tin(IV)
iodide, and formamidinium tin(IV) iodide with fits from the tilted models shown in Figure B.2. In the left
panels, the data are fit from 2 ≤ r ≤ 5.5 Å, while the right panels show the fits from 5.5 ≤ r ≤ 30 Å. Black
circles are the data, colored lines are the fit, and grey lines are the difference curve. 6
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The supercell models also reproduce the observed diffraction data. Figure A.1 illustrates

a comparison of the calculated I(Q) and the experimental powder X-ray diffraction data con-

volved with a broadened Gaussian distribution to account for the finite size of the supercell.

The calculated diffraction patterns retain the major features present in the experimental data,

even with the removal of internal symmetry elements and finite size of the model. The close

resemblance of the calculated and experimental diffraction patterns lends further support of

this rigid-body modeling approach.

Figure 3.12: Comparison of powder X-ray diffraction data convolved with a Gaussian to diffraction pat-
terns (I(Q)) calculated from G(r) of the tilted supercells. Black lines are the convolved data, while colored
lines represent the calculated I(Q) for each compound in the A2SnI6 series.

Anharmonicity can manifest as peak asymmetry in the pair distribution function. Cur-

rently, there are not trivial ways to accurately model anharmonic atomic displacements in the

PDF. In the case of PbTe, anharmonic displacements artificially manifest as off-centering of

the Pb atoms when projected onto the radial distribution function.261 Here, we use the octa-

hedral rotation model as a proxy for the anharmonic displacements in order to extract atom-

istic insights into the pair correlations responsible for the anharmonic interactions. Using the
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exported structures from the 3 × 3 × 3 supercells, we have computed the potential of mean

force, wI-I(r ), from the partial PDF of the intra- and inter-octahedral I–I contact distances using

wI-I(r ) = −ln(gI-I(r ))/kB T . As shown by the dashed lines in Figure 3.13, the intra-octahedral

I–I contacts show the expected harmonic potential well for the regular [SnI6] octahedra. In con-

trast, the inter-octahedral I–I potentials move to higher r and becomes increasingly anharmonic

as cesium is replaced with the methylammonium and formamidinium cations.

The considerable differences in anharmonicity, as measured by effective octahedral tilt an-

gle, between all-inorganic Cs2SnI6 (θmax = 6.6(7)◦) and the hybrid compounds (CH3NH3)2SnI6

(θmax = 11.2(9)◦) and (CH(NH2)2)2SnI6 (θmax = 11.7(6)◦) can be rationalized by the coupling of

organic molecules with the surrounding iodine framework through hydrogen bonding. These

interactions likely deviate from a harmonic potential due to reorientational dynamics of the

molecules transiently coupled to the lattice. Though we cannot unequivocally determine if

the octahedral tilting disorder in these compounds is static or dynamic through analysis of

the XPDF data, previous studies of the vacancy-ordered double perovskite family by nuclear

quadrupole resonance reveal dynamic octahedral rotations with frequencies on the order of

ωr ot = 55–75 cm−1 (∼6–9 meV) for compounds such as A2PtCl6 (A = K+, Rb+, Cs+).86,87 Further,

studies of the related compounds (CH3NH3)2SnCl6 and (CH3NH3)2PtCl6 compounds by 35Cl

nuclear quadrupole resonance and proton magnetic resonance have revealed dynamic octa-

hedral rotations and methylammonium reorientations occurring simultaneously at room tem-

perature.98,99,262 We propose that dynamic rotations of the [SnI6] octahedra in (CH3NH3)2SnI6

and (CH(NH2)2)2SnI6 are coupled to molecular dynamics through hydrogen bonding interac-

tions. This notion is supported by studies of (NH4)2SiF6, which reveal that rotations of the [SiF6]

octahedral units are hindered by hydrogen bonding interactions with dynamic ammonium

cations.95,96 Further analysis through ab initio molecular dynamics calculations may provide

further insight into the correlated nature of octahedral rotations and molecular reorientations.

The presence of anharmonic lattice dynamics via high-amplitude octahedral rotations may

contribute to charge transport behavior in the A2SnI6 series through electron-phonon inter-
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actions such as in polaron formation, which have been implicated in the modest carrier mo-

bilities observed in many hybrid organic-inorganic perovskites.25,52,54,60,61,263,264 The origin of

these interactions in methylammonium lead halide perovskites have been suggested to stem

from the relative “softness” of the lattice, which results in low Debye temperatures and low

phonon activation energies.39,265 It is therefore conceivable that carrier mobilities would be

similarly affected, and perhaps to a greater extent, in the more softly-bonded vacancy-ordered

double perovskite lattice. Indeed, calculation of the Hellwarth electron mobilities reported in

this contribution reveals softening of the lattice dynamics across the A2SnI6 series due to larger

I–I distances, which facilitates the formation of tightly-bound polarons that subsequently local-

ize charge carriers. We hypothesize that this effect is amplified by organic-inorganic coupling

through hydrogen bonding interactions in (CH3NH3)2SnI6 and (CH(NH2)2)2SnI6 which further

soften the lattice and manifest in the increasingly anharmonic inter-octahedral I–I potential

wells shown in Figure 3.13.

Figure 3.13: Mean-force potentials calculated from the structural models with tilted octahedra shown
in Figure B.2. The intra-octahedral I–I potentials are shown as the grey dashed line, while the inter-
octahedral I–I potentials are shown as solid colored lines.
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3.4 Conclusions

We have synthesized the tin iodide-based vacancy-ordered double perovskite series A2SnI6,

where A = Cs+, CH3NH +
3 , and CH(NH2)2)2SnI6. Measurement of the electronic behavior indi-

cates that all compounds are native n-type semiconductors, but replacement of cesium with the

larger, organic methylammonium and formamidinium cation is accompanied by a reduction in

conductivity through reduced carrier concentrations and carrier mobilities. Analysis of the lo-

cal coordination environment by X-ray pair distribution function analysis reveals asymmetry in

the inter-octahedral I–I pair correlations that can be modeled by rotational displacements of the

isolated [SnI6] octahedral units. These displacements, which we attribute to high-amplitude,

anharmonic lattice dynamics, appear to be exaggerated by organic-inorganic coupling in the

hybrid compounds. Calculation of the electron-phonon coupling strength supports the ob-

served trend in carrier mobilities through formation of more tightly-bound polarons across the

series, a consequence of softer and more anharmonic lattice dynamics. These materials offer

the opportunity to study the influence of lattice anharmonicity, brought about by the interplay

of organic cations with molecular-like inorganic units, on the charge transport properties of

halide perovskite derivatives for optoelectronic applications.
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Chapter 4

Tolerance Factor and Cooperative Tilting Effects in

Vacancy-Ordered Double Perovskite Halides4

4.1 Introduction

Inorganic perovskite halide-based materials have presented a paradigm shift in the search

for new high performance semiconductors. The high amplitude lattice dynamics and low elas-

tic moduli, yet excellent carrier dynamics and electronic behavior, suggests that elucidation of

structure-dynamics-property relationships is required in order to fully understand these ma-

terials.53,233 The perovskite family is typified by the general formula ABX 3, and the structure is

formed by a network of corner sharing [BX 6] octahedra bridged by A-site cations in the cuboc-

tahedral void. A hallmark of the perovskite family is cooperative octahedral tilting (static and

dynamic) of the [BX 6] framework, which typically arises from a size mismatch between the A-

site cation and the cuboctahedral void formed by twelve neighboring X-site anions, as pre-

dicted by the Goldschmidt tolerance factor, t = (r A + rX )/(
p

2(rB + rX )).46,48,81 Octahedral tilt-

ing distortions are well-known to influence the optoelectronic properties of perovskite halides,

as the electronic states of the B- and X-site ions dominate the conduction and valence band

edges.266 Static octahedral tilting distortions affect the electronic dispersions of the B and X

states through deviation in the X–B–X bond angle from 180◦, yielding smaller carrier mobili-

ties and higher resistivities.114 Changes in these bond angles also affect the relative energies of

the conduction and valence band edges, resulting in a widening of the band gap with corre-

spondingly larger octahedral tilting distortions.150,236,267,268 Further, dynamic octahedral tilting

of the [BX 6] framework has recently been implicated in the formation of polarons via electron-

4Substantial portions of this chapter have been reproduced with permission from A. E. Maughan,
A. M. Ganose, M. A. Almaker, D. O. Scanlon, and J. R. Neilson, Chem. Mater., 2018, 30, 3909–3919. 8 ©2018 the
American Chemical Society
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phonon coupling; large polarons are hypothesized to protect carriers, thereby prolonging car-

rier excited state lifetimes and reducing carrier mobilities.25,51,52,58,61,260

Vacancy-ordered double perovskites are a subset of the ordered double perovskite family

with the general formula A2BX 6. The structure is formed by a face-centered lattice of isolated

[BX 6] octahedral units bridged by A-site cations, and can alternatively be thought of as an or-

dered double perovskite lattice with rock-salt ordering of B-site cations and vacancies. Simi-

lar to ordered double perovskites, vacancy-ordered double perovskites undergo successive oc-

tahedral tilting distortions according to the group-subgroup relationship: a0a0a0 (Fm3̄m) →
a0a0c+ (P4/mnc) → a+b−b− (P21/n),78,269 and the proclivity of these materials to undergo octa-

hedral tilting can be predicted by the “radius ratio”, which is defined as the ratio of the A-site

cation radius to the radius of the cuboctahedral site formed by the X 12 cage.9,80 As in con-

ventional ABX 3 perovskites, the electronic properties of vacancy-ordered double perovskites

are directly dictated by the electronic states of the B- and X-site ions at the valence and con-

duction band edges. Close-packing of the halogen framework provides dispersive electronic

states and a framework for mobile carriers, while the interaction of the B-site cations with the

coordinating X-site anions dictates the band positions, optical gaps, and tolerance to crystal-

lographic defects.7,9,12,103 Although the electronic states of the A-site cations are typically far

from the frontier electronic states in vacancy-ordered double perovskites,9 varying the iden-

tity of the A-site can indirectly influence characteristics such as carrier mobilities and band gap

through changes in the dynamics of the surrounding inorganic framework. Our recent study of

the vacancy-ordered double perovskites A2SnI6, where A = Cs+, CH3NH +
3 (methylammonium),

and CH(NH2) +
2 (formamidinium) revealed significant lattice anharmonicity in the hybrid com-

pounds, resulting in more tightly-bound polarons and subsequently reduced carrier mobilities

across the series.6 Due to the large sizes and hydrogen bonding capabilities of the CH3NH +
3

and CH(NH2) +
2 cations, the anharmonic effects appear to manifest as random rotations of the

isolated [SnI6] octahedral units rather than through typical cooperative tilting motifs.
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In this contribution, we present a study of the tin(IV) iodide-based vacancy-ordered double

perovskite Rb2SnI6 and compare the observed structural and electronic properties to those of

Cs2SnI6 and other A2SnI6 compounds. Both Rb2SnI6 and Cs2SnI6 exhibit native n-type conduc-

tivity, though Rb2SnI6 exhibits carrier mobilities that are reduced by 50-fold relative to Cs2SnI6.

Crystallographic analysis reveals that Rb2SnI6 crystallizes in the tetragonal modification of the

vacancy-ordered double perovskite structure at room temperature due to cooperative tilting of

the [SnI6] octahedral units. Upon cooling, Rb2SnI6 undergoes further octahedral tilting to a

lower-symmetry monoclinic structure. X-ray and neutron pair distribution function analysis

reveal that the local coordination environment is best described by the monoclinic structure

at all temperatures. This can be rationalized through bond valence sum analysis, which sug-

gests that the Rb+ ion coordination is optimized in the monoclinic structure. Calculation of

the phonon dispersions indicate that, although the tetragonal structure is dynamically stable,

the lowest-frequency optical phonon polarization corresponds to cooperative octahedral tilting

that yields the monoclinic structure. This strongly implicates octahedral rotational dynamics

in driving the structural phase transition. Density functional calculations reveal that cooper-

ative octahedral tilting in Rb2SnI6 results in marginally smaller electron effective masses due

to subtle changes in the close-packed iodide framework, which alone cannot account for the

changes in carrier mobility observed experimentally. Rather, we find that the lower symme-

try of Rb2SnI6 relative to Cs2SnI6 yields stronger electron–phonon coupling due to the larger

number of non-degenerate low-frequency phonons that contribute to the dielectric response

of the lattice and produce more tightly bound polarons that reduce charge carrier mobilities.

From these results we show that simple models such as bond valence sum and the perovskite

tolerance factor serve as effective predictors for charge transport behavior in vacancy-ordered

double perovskite semiconductors.
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4.2 Methods and Materials

Note on author contributions: This chapter was published in Chemistry of Materials, 2018,

volume 30, pages 3909–3919 by Annalise E. Maughan, Alex M. Ganose, Mohammed A. Almaker,

David O. Scanlon, and James R. Neilson. AEM performed the syntheses and experiments and

analyzed the data, AMG and DOS performed density functional calculations, and MAA assisted

in synthesis and data analysis. AEM wrote the initial draft of the manuscript, and JRN super-

vised the project. All authors contributed to editing and finalization of the manuscript.

Materials Synthesis

SnI4
6,7 and Cs2SnI6

7,11 were prepared by previously reported methods. Rb2SnI6 was syn-

thesized via solution precipitation. To a 20 mL scintillation vial was added 0.2 g of SnI4, 10.0 mL

of isopropanol, and 1.0 mL of hydriodic acid (57% aq., unstabilized). The solution was heated

to T = 60 ◦C while stirring to dissolve the entire mass of SnI4. In a separate scintillation vial was

added a stoichiometric amount of Rb2CO3 to 2.0 mL of hydriodic acid and stirred to dissolve

the solid. We note that it is important to minimize the length of time over which the Rb2CO3 is

allowed to sit in the hydriodic acid, to prevent the formation of RbI3. Once the solids had dis-

solved in both solutions, the RbI solution was added all at once to the warm SnI4/isopropanol

solution. The scintillation vial was capped and stirred gently for 30 min to cool to room tem-

perature. The solution was further cooled in an ice bath for an additional 30 min while stirring

to induce precipitation. The black precipitate was collected via centrifugation and washed with

a small amount of cold isopropanol. The product was dried in air at T = 60 ◦C for 24 h. We note

that unstabilized hydriodic acid is required for successful precipitation of the final product; use

of HI containing the H3PO2 stabilizer typically results in precipitation of bright orange crystals,

which are presumably due to precipitation of the SnI4 precursor.

77



Structural Characterization

High-resolution synchrotron powder X-ray diffraction data for Rb2SnI6 were collected from

the diffractometer on beam line 11-BM-B at the Advanced Photon Source, Argonne National

Laboratory at T = 295 K and T = 100 K.167 The data were analyzed with the Rietveld method im-

plemented in GSAS/EXPGUI.165,166 VESTA was used to visualize and render all crystal structures

presented here.171

Synchrotron X-ray scattering data suitable for pair distribution function (PDF) analysis

were collected at beamline 11-ID-B at the Advanced Photon Source, Argonne National Lab-

oratory, using 86 keV photons and sample-detector distance of 25 cm. Powdered samples

of Rb2SnI6 were loaded into polyimide capillaries and measured in transmission geometry at

room temperature using a Perkin Elmer amorphous silicon image plate detector.240 The pro-

gram Fit2D168 was used to calibrate the sample to detector distance and detector alignment

with data from a CeO2 powder standard. Raw scattering data was integrated into Q-space

spectra, applying a mask and polarization correction during integration. Experimental PDFs

were extracted using PDFgetX2241 and analyzed using PDFgui.170 The normalized total scat-

tering pattern, S(Q), was produced in PDFgetX2 by subtracting polyimide container scatter-

ing, utilizing the appropriate sample composition, and applying standard corrections for the

area detector setup.240 The pair distribution function pattern, G(r), was calculated via sine

Fourier transformation of the total scattering data utilizing a maximum Q of 23.8 Å−1. Values

of Qdamp = 0.034127 Å−1 and Qbroad = 0.021102 Å−1 were extracted from refinement of a TiO2

anatase standard in PDFgui and used for further refinement.

Neutron scattering measurements were performed on the NOMAD instrument at the Spal-

lation Neutron Source, Oak Ridge National Laboratory. A powdered sample of Rb2SnI6 was

loaded into a 6 mm Vanadium sample can and sealed under a He atmosphere. Total scatter-

ing data were collected at T = 2, 10, 150, 250, and 300 K in the cryostat sample environment.

Data were normalized against scattering data collected for a vanadium rod and background

scattering from the vanadium can was subtracted. Total scattering data of Cs2SnI6 at T = 10 K
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were collected on a powdered sample of Cs2SnI6 sealed into a 6 mm Vanadium sample can un-

der a He atmosphere utilizing the cryostat sample environment. Data were normalized against

scattering data collected for a vanadium rod and background scattering from the vanadium

can was subtracted. Total scattering data of Cs2SnI6 at T = 90 K and T = 300 K were collected

on powdered samples of Cs2SnI6 sealed into a quartz capillary (capillary diameter = 3.0 mm) in

the multi-sample changer. Data were normalized against scattering data collected for an empty

glass capillary, and background scattering from the empty capillary was subtracted.

For all neutron total scattering experiments, the data were merged to the total scattering

structure function using the IDL codes developed for the NOMAD instrument.270 The pair dis-

tribution function was then produced through the sine Fourier transform of the total scatter-

ing structure function utilizing Qmax = 31.4 Å−1. For Rb2SnI6 at all temperatures, values of

Qdamp = 0.0245 Å−1 and Qbroad = 0.0196 Å−1 were extracted from refinement of a silicon stan-

dard in PDFgui. For Cs2SnI6 at T = 90 K and T = 300 K, values of Qdamp = 0.0201 Å−1 and

Qbroad = 0.0196 Å−1 were extracted from refinement of a diamond standard in PDFgui. For

Cs2SnI6 at T = 10 K, values of Qdamp = 0.01766 Å−1 and Qbroad = 0.01918 Å−1 were extracted

from refinement of a silicon standard. Analysis of the nPDFs was performed using PDFgui.

Optical and Electronic Properties

UV-visible diffuse reflectance spectroscopy was performed on powdered samples of Rb2SnI6

diluted to 15wt% in BaSO4, using BaSO4 as a baseline. Spectra were acquired using a Thermo

Nicolet Evolution 300 spectrophotometer with a Praying Mantis mirror setup from λ = 600-

1000 nm at a scan rate of 240 nm/min.

Electrical resistance measurements were performed on cold-pressed polycrystalline pellets

of Rb2SnI6 using a Physical Properties Measurement System (Quantum Design, Inc.). The mea-

surements were collected in a linear 4-probe configuration using Pt wires and Ag-paste con-

tacts. Similar results were obtained when Au paste was used. Hall measurements were collected

on a cold-pressed polycrystalline pellet in the Van der Pauw configuration at T=300 K with Pt
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wires contacted to the edge of the cylindrical pellet using Ag paste. 4-probe sample geometry:

l = 0.35(1) cm, w = 0.35(1) cm, h = 0.05(1) cm. Hall probe sample thickness: t = 0.08(1) cm.

Density Functional Theory Calculations

Density functional theory calculations were performed using the Vienna ab initio Simula-

tion Package (VASP).176–179 A plane-wave basis set was employed, with the interactions between

core and valence electrons described using the Projector Augmented Wave (PAW) method.180

This study employed two functionals: PBEsol,242 a version of the Perdew, Burke and Erzorhof

(PBE) functional182 revised for solids, and the hybrid functional HSE06 which combines 75%

exchange and 100% of the correlation energies from PBE, together with 25% exact Hartree-Fock

(HF) exchange at short range.181 PBEsol has been shown to reproduce the structural and vi-

brational properties of many compounds containing weakly dispersive interactions, such as

in the vacancy-ordered double perovskites6 and other layered halide systems.243,271 The band

structures were calculated along a reciprocal space path defined between all high-symmetry

points in the Brillouin zone, as detailed by Bradley and Cracknell.272 For density of states, band

structure, and high-frequency dielectric response calculations, special attention was paid to

capturing the effects of electron–electron interactions through use of the HSE06 hybrid func-

tional.273,274 Furthermore, the relativistic effects in Sn and I were accounted for through use

of scalar relativistic pseudopotentials and explicit treatment of spin-orbit coupling effects.245

This combination of HSE06+SOC has been shown to provide an accurate description of the

electronic structure of many metal–halide containing semiconductors.196,246 A k-point sam-

pling mesh of Γ centered 3 × 3 × 2 and plane wave energy cut-off of 350 eV were found to

converge the total energy to 1 meV/atom for all systems studied. The structures were relaxed

using HSE06 until the forces on all atoms totaled less than 0.01 eV Å−1. The HSE06 optimized

crystal structures can be found online in a public repository.275

The ionic contribution to the dielectric constants were calculated using the PBEsol func-

tional within density functional perturbation theory (DFPT),247 with a denser 6 × 6 × 4 Γ-
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centered k-point mesh necessary to reach convergence. The phonon band structure was calcu-

lated using the finite-displacement method in a 3 × 3 × 2 (324 atom) supercell using a 1 × 1 × 1

k-point mesh. The DFPT calculations were performed on structures relaxed using PBEsol, due

to the high computational expense of performing DFPT calculations using hybrid DFT. The

high-frequency real and imaginary dielectric functions were calculated from the optical tran-

sition matrix elements within the transversal approximation,248 obtained at a denser 6 × 6 × 3

Γ-centered k-point mesh. Band alignments were performed using a vacuum–slab model (35

Å slab, 35 Å vacuum) with a (101) surface. The corresponding electrostatic potential was aver-

aged along the c-direction using the MacroDensity package,276 with the energy of the potential

at the plateau used as the external vacuum level. Slab calculations were performed using the

HSE06 functional, with a correction for the valence band energy and band gap taken from the

HSE06+SOC calculated bulk.

Polaron mobilities were calculated within a temperature-dependent Feynman model, as

implemented in the codes produced by Frost.249 A full definition of the methodology is de-

scribed elsewhere in the literature.250 Crucially, the electron–phonon coupling is approximated

without empirical parameters, using a highly idealized model.38,251,252 The band structure is

represented only as the effective mass approximation, with the physical response of the lattice

given by the optical and static dielectric constants and an effective phonon-response frequency.

This method has recently been applied to calculate the the electron mobilities in the hybrid per-

ovskites250 and other vacancy-ordered double perovskites.6

4.3 Results

4.3.1 Structural Characterization

Rubidium tin(IV) iodide crystallizes in the tetragonal modification of the vacancy-ordered

double perovskite structure (space group P4/mnc) at room temperature, in contrast to a pre-

vious report of a cubic structure.277 The structure is characterized by in-phase cooperative oc-

tahedral rotations about the c-axis by ∼11◦ (a0a0c+ in Glazer notation) relative to the cubic
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aristotype, as shown in Figure 4.1a and b. The tetragonal structural model was refined against

high-resolution synchrotron powder X-ray diffraction (SXRD) data shown in Figure 4.2a and b.

Figure 4.1: Crystal structures of Rb2SnI6 at T = 295 K and T = 100 K. In (a) and (c), the structures are
projected down the c-axis to highlight the octahedral tilting and rotation, while unit cell descriptions are
shown in b) and d). Rubidium atoms are shown in pink, tin atoms in blue, and iodine atoms are shown
in purple.

Upon cooling to T = 100 K, Rb2SnI6 undergoes a phase transition to monoclinic symmetry

(space group P21/n), characterized by out-of-phase tilting of the octahedra in the ab plane by

∼5◦ (a−a−c+), in addition to the 11◦ tilt about the c-axis. The transition is evidenced by split-

ting of the (202) reflection in the SXRD patterns shown in Figure 4.2c,d, and is consistent with

the series of symmetry-lowering phase transitions commonly observed in other members of

the vacancy-ordered double perovskite family and with those predicted for ordered double per-

ovskites.78,158,278 Structural and statistical parameters from Rietveld refinements of the tetrag-

onal and monoclinic structural models against the SXRD data can be found in Table 4.1.

Temperature-dependent neutron diffraction data were collected from Bank 2 (31◦ bank) of

the NOMAD instrument at the Spallation Neutron Source, Oak Ridge National Laboratory to

gain insight into the phase transition behavior of Rb2SnI6. 5-minute scans were collected con-

tinuously upon cooling from T = 298 K to T = 14 K. As shown in Figure 4.3, the reflections shift

to higher Q upon cooling, consistent with lattice contraction; a change in dQ/dT is observed at
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Figure 4.2: Rietveld refinements of the tetragonal and monoclinic structural models of Rb2SnI6 against
high resolution synchrotron powder X-ray diffraction patterns collected at T = 295 K (a,b) and T = 100 K
(c,d) on the high-resolution 11-BM diffractometer. Data are shown as black circles, the fit is the orange
line, and the difference is shown in blue. Plots b) and d) highlight the splitting of the most intense reflec-
tion (202) at Q ∼ 1.9 Å−1 upon cooling through the phase transition.

Table 4.1: Structural parameters and refinement statistics for Rb2SnI6 at T = 295 K and T = 100 K.

295 K 100 K
Crystal System Tetragonal Monoclinic
Space Group P4/mnc P21/n
a (Å) 8.07056(6) 7.9426(1)
b (Å) 8.07056(6) 7.9758(9)
c (Å) 11.7650(1) 11.7876(2)
α (◦) 90 90
β (◦) 90 90.484(1)
γ (◦) 90 90
U iso(Rb) (Å2) 0.0564(8) 0.0245(7)
U iso(Sn) (Å2) 0.0245(6) 0.0194(7)
U iso(I1) (Å2) 0.0587(7) 0.0296(5)
U iso(I2) (Å2) 0.0521(4) 0.0262(5)
U iso(I3) (Å2) – 0.0219(5)
Red. χ2 5.373 9.046
wR 8.41% 10.92%
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T ∼ 189 K for the peak located near Q ∼ 2.15 Å−1. The white horizontal line at T = 189 K denotes

the estimated phase transition temperature from sequential refinements of the data. Though

a split in the most intense reflection is observed in the T = 100 K synchrotron powder X-ray

diffraction data (Figure 4.2), we lack the resolution to truly observe this splitting in the neutron

powder diffraction data and thus cannot assign a phase transition temperature from qualitative

inspection of these data.

Figure 4.3: Neutron diffraction data of Rb2SnI6 collected upon cooling on the 31◦ bank of the NOMAD
instrument. In a), the data are shown from Q = 1.5–4.0 Å−1. In panel b), the data are shown over shorter
Q-ranges (Q = 1.75–2.5 Å−1) to highlight the most intense reflections in the diffraction pattern. The white
horizontal line at T = 189 K denotes the estimated phase transition temperature of Rb2SnI6.

Sequential Rietveld refinements of the diffraction data were performed from low to high

temperatures using the P21/n structural model for all temperatures, and lattice parameters and

atom positions were allowed to refine. Examination of the β angle as a function of temperature
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reveals two regions of interest, as shown in Figure 4.4. Below T ∼ 189 K, the refined values for

the β angle are relatively constant near 90◦, consistent with the value of 90.484(1)◦ refined from

the T = 100 K SXRD data. Between T ∼ 189 K and T ∼ 200 K, the β angle undergoes a dramatic

increase to ∼93◦ and levels off between ∼92-93◦ for temperatures above T ∼ 189 K. The drastic

change in β angle at T ∼ 189 K provides an estimation of the phase transition temperature to be

near T ∼ 189 K. Though we note there is not sufficient resolution nor signal-to-noise to accu-

rately assess the correct space group symmetry, the change in coefficient of expansion suggests

the onset of a phase transition.

Figure 4.4: Monoclinic β angle plotted as a function of temperature extracted from sequential Rietveld
refinements of the P21/n structural model of Rb2SnI6 against neutron diffraction data collected on the
NOMAD instrument.

4.3.2 Electronic and Optical Properties

Electrical resistivity measurements of Rb2SnI6 performed in a 4-probe configuration reveal

semiconducting behavior, as evidenced by increasing resistivity upon cooling shown in Fig-

ure 4.5. At T = 300 K, Rb2SnI6 exhibits a bulk resistivity of ρ = ∼ 5 × 105 Ω·cm, which is approxi-

mately five orders of magnitude larger than that reported for Cs2SnI6 (ρ = 12Ω·cm).7 Hall effect

measurements at T = 300 K reveal that Rb2SnI6 exhibits native n-type conductivity, consistent

with the formation of iodine vacancy defect states that form as shallow donors to the conduc-
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tion band, as in other tin(IV)-iodide based vacancy-ordered perovskites.6,7,103 The higher re-

sistivity of Rb2SnI6 compared with Cs2SnI6 arises from a reduction in both carrier concentra-

tion and carrier mobility. From Hall effect measurements, Rb2SnI6 exhibits a carrier concentra-

tion on the order of ne ∼ 1012 cm−3 and a carrier mobility of µe ∼ 0.22(3) cm2 V−1 s−1, which

are reduced by factors of ∼104 and ∼50 respectively compared with ne ∼ 5(1)×1016 cm−3 and

µe ∼ 8.6(5) cm2 V−1 s−1 reported for Cs2SnI6.7

Figure 4.5: Temperature-dependent resistivity data of rubidium tin(IV) iodide collected using a 4-probe
configuration with Pt wires and Ag paste.

Analysis of UV-visible diffuse reflectance spectroscopy data for Rb2SnI6 yields an optical gap

of 1.32(2) eV, consistent with the black color of the compound. The optical gap was extracted

by converting the raw reflectance data to pseudo-absorbance, F(R), using the Kubelka-Munk

function. The optical gap was determined by extrapolating the linear absorption onset region

to zero absorbance, as shown in Figure 4.6. The optical gap of 1.32(2) eV is slightly larger than

the value of 1.23(3) eV determined for Cs2SnI6 by the same method.6,7

4.3.3 Local Coordination Environment

X-ray and neutron pair distribution function (XPDF, nPDF) analyses were employed to cor-

relate changes in the local coordination environment with the observed structural and elec-

tronic behavior. The XPDF of rubidium tin(IV) iodide at T = 300 K in shown in Figure 4.7.
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Figure 4.6: UV-visible diffuse reflectance spectrum for Rb2SnI6. The data were converted to pseudo-
absorbance via the Kubelka-Munk transform and the optical gap was determined by extrapolating the
onset region to zero absorbance, as shown by the black fit. The pink line is the transformed data, the fit
is the black line, and zero absorbance is shown as the grey dashed line. The intersection point of the fit
and zero absorbance is shown by the black dot.

The local coordination environment of Rb2SnI6 is moderately well-described by the tetrago-

nal structural model observed in the powder X-ray diffraction data. Modeling the data with

this structural model requires the inclusion of large, anisotropic atomic displacement parame-

ters (ADPs) for the iodine and rubidium atoms, as represented by the thermal ellipsoids on the

structural models shown adjacent to the fit. Yet, the model still does not capture the shape of

the next-nearest neighbor I–I pair correlation at r ∼ 4 Å. The large ADPs required to provide an

adequate fit to the data suggest the presence of disorder (static or dynamic) of the iodine and

rubidium atoms within the structure. The fit to the XPDF is significantly improved, both statisti-

cally and visually, with the use of the low-temperature monoclinic structural model determined

from the T = 100 K SXRD data, as shown in Figure 4.7b. The addition of out-of-phase octahedral

tilting into the ab plane permitted by the lower symmetry of the monoclinic structure results

in significantly smaller isotropic ADPs for all atoms, as shown by the thermal ellipsoids in the

corresponding structural model.

This analysis indicates that the local coordination environment at T = 300 K is best mod-

eled by the monoclinic structural modification, despite the higher-symmetry tetragonal struc-

ture observed by SXRD. This observation is consistent with previous reports of other perovskite
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halide materials, in which dynamic and cooperative octahedral rotations manifest as a lower-

symmetry instantaneous structure279 in the local coordination environment, yet they average

to higher symmetry structures observed by diffraction.6,45,52,67,86,259,260 The large thermal el-

lipsoids observed for both iodine and rubidium atoms implies that there is strong coupling

between octahedral tilting and Rb+ displacements, as has been previously presented.46

Figure 4.7: The X-ray pair distribution function of Rb2SnI6 fit to the a) tetragonal (P4/mnc) and b) mono-
clinic (P21/n) structural models. In a), the XPDF is fit to the tetragonal (P4/mnc) model using anisotropic
atomic displacement parameters for iodine and rubidium ions, and in b) the XPDF is fit to the mon-
oclinic (P21/n) structural model using isotropic displacement parameters for all atoms. The thermal
ellipsoids in the corresponding structural models are shown at 95% probability.

Temperature-dependent neutron pair distribution function analysis (nPDF) was performed

to probe changes in the local coordination environment of Cs2SnI6 and Rb2SnI6 as a function

of temperature. At all temperatures, the local coordination environment of Cs2SnI6 is well-

described by the cubic structural model, with no evidence of symmetry-lowering phase tran-

sitions, consistent with the corresponding neutron diffraction patterns shown in Figure 4.8b

and with our previous report.7 We note that a slight asymmetry of the next-nearest neighbor

I–I pair correlation at r ∼ 4 Å is observed at T = 300 K, which has been previously attributed to

anharmonic lattice dynamics.6 The fits of the cubic structural model to the nPDF are shown in

Figure 4.8a, and Rietveld refinements of the cubic structural model against the corresponding

diffraction data are shown in Figure 4.8b.
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Figure 4.8: a) Temperature-dependent neutron pair distribution function analysis (nPDF) of Cs2SnI6
extracted from neutron total scattering collected on NOMAD. The x-axis is split to highlight the low-r
pair correlations. Rietveld refinements of the corresponding neutron diffraction patterns collected from
bank 2 (31◦ bank) of NOMAD are shown in b). Both the nPDF and neutron diffraction data are modeled
by the cubic (Fm3̄m) structural model at all temperatures. Black circles are the data, the orange lines
are the fits, and the blue lines are difference curves. In b), the grey tick marks indicate the positions of
predicted reflections from the Fm3̄m structure.

Temperature-dependent nPDFs of Rb2SnI6 provide further insight into the structural behav-

ior observed by SXRD and XPDF. For T > 150 K, the nPDF can be modeled with the tetragonal

structural model with the inclusion of large, anisotropic ADPs for the iodine atoms or with the

monoclinic structural model with isotropic ADPs, consistent with analysis of the XPDF shown

in Figure 4.7. Upon cooling to T = 150 K, a low-r shoulder to the next-nearest neighbor I–I pair

correlation at r = 4 Å appears, which is only captured by the monoclinic structural model, as

shown in Figure 4.9a. The appearance of this shoulder results in a poor fit to the nPDF when

modeling with the higher-symmetry tetragonal structure. Rietveld refinements of the corre-

sponding neutron diffraction data are shown Figure 4.9b. Data collected at temperatures above

T = 150 K are modeled with the tetragonal P4/mnc structure, while data collected at T = 150 K

and below are modeled by the P21/n structure.

4.3.4 Electronic Structure Calculations

Density functional calculations were performed to gain insight into the optical and elec-

tronic properties of rubidium tin(IV) iodide. The orbital-projected band structures of Rb2SnI6
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Figure 4.9: a) Temperature-dependent neutron pair distribution function analysis (nPDF) of Rb2SnI6
extracted from neutron total scattering collected on NOMAD. The nPDFs are best modeled by the mon-
oclinic (P21/n) structure at all temperatures. The x-axis is split to highlight the low-r pair correlations,
and the data are offset vertically for clarity. Rietveld refinements of the neutron diffraction data from
bank 2 (31◦ bank) of NOMAD are shown in b). For T > 150 K, the data are modeled with the tetragonal
(P4/mnc) structure. For T ≤ 150 K, the data are modeled by the monoclinic (P21/n) structure. Black cir-
cles are the data, the orange lines are the fits, and the blue lines are difference curves. In b), the grey tick
marks indicate the positions of predicted reflections from the P4/mnc and P21/n structures. The x-axis
is split to highlight the lower-Q reflections, and the data are offset vertically for clarity.

in the P4/mnc and P21/n structures, calculated using HSE06+SOC, are shown in Figure 4.10.

Both symmetries yield direct band gaps, with fundamental band gaps of 1.13 eV and 1.32 eV oc-

curring at the Γ point (Table 4.2). Spin-orbit coupling was found to play a role on the size of the

band gaps, with a band gap renormalization of 0.19 eV and 0.21 eV seen, respectively, mainly

though raising of the valence band maximum. For both compounds, the orbital projections

reveal the upper valence band to be dominated by I 5p states, with the conduction band mini-

mum derived from hybridization between Sn 5s and I 5p states, in agreement with other A2SnI6

perovskite materials.6,7 We note that the calculated fundamental band gap of the P4/mnc phase

is significantly smaller than the optical band gap measured in experiment (1.32 eV). Analysis of

the transition dipole moments reveals that, consistent with other A2SnI6 materials,7 the funda-

mental band gap is dipole disallowed in both symmetries. Instead, the optical band gap results

from transitions originating from the bands ∼0.30 eV below the valence band maximum.
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Figure 4.10: Band structures calculated using HSE06+SOC for the a) P4/mnc and b) P21/n phases of
Rb2SnI6. The color of the band indicates the orbital contribution to that band, with Sn 5s, Sn 5p, and I 5p
represented by red, green and blue, respectively. The resulting color of the bands is obtained by mixing
each color in proportion to the orbital contributions. The valence band maximum is set to 0 eV in all
cases.

Table 4.2: Band gaps (Eg), conduction bandwidths (∆εCB) and charge carrier effective masses (m∗), cal-
culated using HSE06+SOC, for the P4/mnc and P21/n phases of Rb2SnI6. Band gaps and widths provided
in eV, effective masses given in units of the bare electron mass, m0.

Phase Eg ∆εCB m∗
e m∗

h

P4/mnc 1.13 0.99 0.39 0.98
P21/n 1.32 0.81 0.44 1.07

The carrier effective masses, calculated based on parabolic fits of the band edges in three di-

rections around the Γ point, indicate electrons will be relatively mobile, with masses of 0.39 m0

and 0.44 m0 seen for the P4/mnc and P21/n phases, respectively. These are marginally larger

than the electron effective masses in Cs2SnI6 (m∗
e = 0.25 m0),6 likely due to deviations in the

close-packed iodine sublattice from octahedral tilting. These changes further manifest as a re-

duction in the conduction bandwidth,∆εCB, from 1.39 eV seen in Cs2SnI6, to 0.99 eV and 0.81 eV,

for the P4/mnc and P21/n phases, respectively.

DFT calculations of isolated slab structures surrounded by vacuum reveal that the band

gap differences between the two phases of Rb2SnI6 are driven by changes in the position of

both the valence band maximum and conduction band minimum. For the P4/mnc phase, the

HSE06+SOC calculated ionization potential and electron affinity are 5.82 eV and 4.70 eV, respec-
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tively. Moving to the low temperature P21/n phase, the ionization potential is deeper relative

to the vacuum level (5.92 eV), whereas the electron affinity becomes more shallow (4.60 eV).

Again, these changes can likely be attributed to subtle distortions of the close-packed iodine

sublattice, and the reduction in bandwidth of both the upper valence and lower conduction

bands. We note that the band alignments are close to those calculated for Cs2SnI6, which shows

an ionization potential and electron affinity of 5.79 eV and 4.80 eV, respectively; this is not un-

expected due to the similar orbital composition of the valence and conduction bands in these

materials.
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Figure 4.11: Calculated band alignment (HSE06+SOC) of the P4/mnc and P21/n structured phases of
Rb2SnI6 relative to those of Cs2SnI6.

To further investigate the carrier mobilities in Rb2SnI6, we have calculated the limits of

electron mobility within a temperature-dependent Feynman polaron transport model. This

method has recently been applied to the cubic hybrid perovskites250 and other members of the

A2SnI6 series.6 All required parameters were calculated ab initio and are provided in Table 4.3.

The electron effective masses necessary for the calculations, m∗
e , are provided in Table 4.2.

Within this model, the extent of electron–phonon coupling (α) is used to evaluate the polaron

mobility (µH
e ,calculated within the Hellwarth model),38 along with the associated phonon-drag

mass-renormalization (m∗
r ) and relaxation time (τ). The Hellwarth electron mobilities, µH

e , at
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T = 300 K are presented in Table 4.4. This model is highly idealized, with the physical response of

the lattice parametrized by the optical and static dielectric constants and effective-response fre-

quency. Despite this, previous work applying this method to the hybrid perovskites has shown

excellent agreement with experiment. We note that this method does not take into account

other scattering processes; therefore, the results will form an upper bound for electron mobili-

ties for a perfect crystal.

Table 4.3: Parameters of the Feynman polaron model. High frequency (ε∞) and static (εS) dielectric
constants given in units of the permittivity of free space (ε0). Frequency (f ) is in THz.

Space group ε∞ εS f

P4/mnc 3.61 8.38 4.01
P21/n 3.64 8.48 4.32

Table 4.4: Hellwarth electron mobilities at T = 300 K (µH
e , cm2 V−1 s−1), electron–phonon coupling (α),

effective mass renormalization (m∗
r , units of m∗) and polaron relaxation time (τ, ps), calculated within a

temperature-dependent polaron model, for the P4/mnc and P21/n phases of Rb2SnI6.

Space group µH
e α m∗

r τ

P4/mnc 24.4 2.83 1.71 0.07
P21/n 19.8 2.98 1.64 0.06

The calculated Hellwarth electron mobilities for the P4/mnc (24 cm2 V−1 s−1) and P21/n

(20 cm2 V−1 s−1) phases of Rb2SnI6 are significantly smaller than those calculated for Cs2SnI6

(98 cm2 V−1 s−1). The increase in electron effective masses seen in the Rb2SnI6 phases will play

a crucial role; however, when considered alone, they are insufficient to account for the dramatic

difference between the experimental mobilities. Instead, the trend can be attributed to two ad-

ditional factors: Firstly, the Rb2SnI6 phases show considerably larger static dielectric constants

(∼8.4) than Cs2SnI6 (7.2), due to an increase in the ionic component of the dielectric response.

Analysis of the zone center phonon eigenvalues and eigenvectors reveals that this is due to an

increase in the number of low-frequency polar phonon modes that can contribute to the dielec-
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tric response of the lattice. These additional modes and their increased polarity result from the

symmetry breaking in the Rb2SnI6 phases, which reduces the degeneracy of several modes in

the highly degenerate Cs2SnI6 phonon spectrum. Secondly, the high-frequency dielectric con-

stants of the Rb2SnI6 phases are slightly reduced, likely due to the changes in the iodine sublat-

tice. Together, these factors result in significantly larger electron–phonon coupling constants

(α) of 2.83 and 2.98 for the P4/mnc and P21/n phases of Rb2SnI6, in comparison to just 1.45 for

Cs2SnI6. The increased coupling, combined with larger effective masses, results in significant

effective mass renormalization and small polaron relaxation times. We note that the effective-

response frequency is larger in Rb2SnI6 than in Cs2SnI6, suggesting a stiffening of the lattice.

Further investigation into the IR response of the modes indicates that the symmetry breaking

also allows for increased polarity of the higher-frequency phonon modes, thereby increasing

the effective-response frequency, with the stiffness of the lattice remaining largely unchanged.

Further examination of the phonon band structure of tetragonal Rb2SnI6 reveals that the

tetragonal structure is dynamically stable within the harmonic approximation of forces calcu-

lated by DFPT, as evidenced by the lack of imaginary phonon modes (Figure 4.12). The lowest-

energy optical phonon occurs at 0.25 THz (1.03 meV, 8.27 cm−1) at the Γ point, as denoted

by the orange circle in Figure 4.12. Analysis of the polarization eigenvectors indicates that

this mode corresponds to displacements of the iodine and rubidium ions within the structure,

which are consistent with cooperative octahedral tilting out of the ab plane coupled to Rb+ dis-

placements and map onto the lower-symmetry (a−a−c+) monoclinic structure observed at low

temperatures. This observation is consistent with the structural behavior of Rb2SnI6 observed

experimentally. At higher temperatures, dynamic octahedral tilting averages to the tetragonal

structure observed by diffraction, yet it gives rise to the lower symmetry suggested from the

local coordination environment. Upon cooling, the octahedral tilts freeze in to yield the lower-

symmetry monoclinic structure observed in the crystallography. This notion is supported by

previous studies of the vacancy-ordered double perovskite family, which have shown that the

symmetry-lowering phase transitions in these materials are driven by condensation of the octa-
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hedral rotary phonon mode.85,86,93 The lack of imaginary modes in these calculations suggests

that anharmonicity may play a role in driving the structure to the monoclinic ground state.

Figure 4.12: The phonon band structure of rubidium tin(IV) iodide in the tetragonal P4/mnc structure
(a0a0c+). The lowest-frequency optic mode at 0.25 THz (1.03 meV, 8.27 cm−1) (denoted by the orange
circle) corresponds to displacements of the rubidium and iodine atoms, as shown by the displacement
vectors in the structural representations. Together, these displacements map to the octahedral tilting out
of the ab plane coupled with Rb+ displacements observed in the lower-symmetry monoclinic structure,
(a−a−c+).

4.4 Discussion

Rb2SnI6 adopts a tetragonal (P4/mnc) variant of the vacancy-ordered double perovskite

structure at room temperature characterized by cooperative octahedral tilting, and undergoes

a phase transition to monoclinic (P21/n) upon cooling. Temperature-dependent phase transi-

tions in perovskites are typically driven by a size mismatch between the A-, B-, and X-site ions,

and cooperative rotation and tilting of the octahedral units occur to improve coordination to the

A-site cation by the neighboring X-site anions by collapsing the A-site void.46,78,81,280 Bond va-

lence sum (BVS) analysis of Cs2SnI6 reveals that the coordination provided to the Cs+ ion by the

I12 cage results in a Cs valence of 1.156, indicating that the cesium is potentially over-bonded

by the surrounding iodine network in the cubic structure (using tabulated parameters). This

analysis provides an explanation for the observation that Cs2SnI6 does not appear to be suscep-
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tible to temperature-dependent phase transitions or distortions of the local coordination envi-

ronment. BVS analysis of the previously reported cubic structure of Rb2SnI6 yields an under-

bonded BVS for the Rb+ ions of 0.891, indicating that the Rb–I bond distances are too long to

provide adequate coordination to the rubidium ions in that structural model.277 The bond va-

lence of rubidium is improved in the tetragonal (0.939) and monoclinic (1.069) structural mod-

els, consistent with the observation that Rb2SnI6 adopts both the tetragonal and monoclinic

variants of the vacancy-ordered double perovskite family, as well as with DFT-based calcula-

tions that show the dominating role of electrostatics in determining octahedral tilting patterns

in perovskite halides.81 Further, this lends support to our hypothesis that dynamic octahedral

tilting occurs readily at room temperature to yield the tetragonal structure by diffraction yet

reduced symmetry in the local coordination environment. This notion is further supported

by analysis of the phonon spectrum of Rb2SnI6, which indicates that the lowest-energy optical

phonon corresponds to octahedral tilting and rubidium ion displacements that together map

onto the lower-symmetry monoclinic structure. Parameters used in the BVS analysis are shown

in Table 5.1.

Table 4.5: Bond valence sum analysis for Cs–I and Rb–I bonds in Cs2SnI6 and Rb2SnI6.

B281 R0 (Å)281 BVS
Cs–I (Fm3̄m) 0.609 2.6926 1.156
Rb–I (Fm3̄m) 0.638 2.4509 0.891
Rb–I (P4/mnc) 0.638 2.4509 0.939
Rb–I (P21/n) 0.638 2.4509 1.069

Analysis of the band effective masses suggests that static cooperative octahedral tilting does

not play a strongly significant role in dictating the charge transport behavior in Rb2SnI6. While

octahedral tilting in Rb2SnI6 induces subtle changes in the close-packed iodine framework and

yields slightly larger carrier effective masses than in the cubic Cs2SnI6 (by a factor of 1.5-1.8),

these structural changes alone are not sufficient to account for the trend in carrier mobilities

observed experimentally. Rather, calculation of the electron-phonon coupling characteristics
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of Rb2SnI6 indicates that the lower symmetry due to octahedral tilting yields a larger number

of low-frequency polar phonons that contribute to a large static dielectric constant and subse-

quently stronger electron–phonon coupling that significantly reduces carrier mobilities. There-

fore, interpreting the electronic properties from the perspective of static cooperative octahedral

tilting is insufficient to fully understand the charge transport behavior in vacancy-ordered dou-

ble perovskites, and a dynamic understanding of these structural deviations is necessary to ac-

count for the observed behavior.

While lattice dynamics play a critical role in dictating the electronic properties of vacancy-

ordered double perovskites, the interplay between octahedral tilting and charge transport in

Rb2SnI6 can be generalized to a set of guiding principles for predicting charge transport be-

havior in vacancy-ordered double perovskites based upon the geometric model of the per-

ovskite tolerance factor. A highly simplified use of the Goldschmidt tolerance factor, t = (r A +
rX )/(

p
2(rB+rX )), where B = Sn(IV) and X = I (rSn = 0.69 Å and rI = 2.2 Å)207 captures the observed

trends in carrier mobilities for these vacancy-ordered double perovskites. Of the A2SnI6 family

(A = Rb+, Cs+, CH3NH +
3 , and CH(NH2) +

2 ), the tolerance factor for Cs2SnI6 is 0.998 and Cs2SnI6

exhibits the largest carrier mobility of ∼ 9 cm2 V−1 s−1 (Figure 4.13). Incorporation of the larger

CH3NH +
3 and CH(NH2) +

2 ions yields tolerance factors of 1.07 and 1.16 and carrier mobilities of

∼ 2.5 cm2 V−1 s−1 and ∼ 0.36 cm2 V−1 s−1, respectively.6 Replacement of Cs+ with Rb+ yields a

tolerance factor of 0.959 and a carrier mobility ofµe ∼ 0.22(3) cm2 V−1 s−1. Further, the trends in

carrier mobilities observed experimentally are captured by the computationally-derived Hell-

warth electron mobilities (µH
e ), as also shown in Figure 4.13. Therefore, we might expect that

vacancy-ordered double perovskite materials with tolerance factors closest to unity will exhibit

weaker electron–phonon coupling interactions and higher carrier mobilities. Cations that are

too large for the A-site can introduce soft, anharmonic lattice dynamics that produce tightly-

bound polarons that localize charge carriers and impede charge transport, as in (CH3NH3)2SnI6

and (CH(NH2)2)2SnI6.6 In contrast, cations that are too small yield structures of reduced sym-

metry, as characterized by cooperative octahedral tilting and rotation. This slightly distorts the
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close-packed halogen sublattice and increases the number of low-lying phonon modes that

contribute to stronger electron–phonon coupling interactions and reduce carrier mobilities.

Figure 4.13: Experimentally- (µe,expt.) and computationally-derived Hellwarth (µH
e ) electron mobilities

of the A2SnI6 vacancy-ordered double perovskites plotted as a function of perovskite tolerance factor.
Experimental electron mobilities are shown as filled purple circles on the left axis, while the calculated
Hellwarth electron mobilities are denoted by open orange squares on the right axis. Values for the car-
rier mobilities of Cs2SnI6, (CH3NH3)2SnI6, and (CH(NH2)2)2SnI6 are taken from a previous study. 6 For
Rb2SnI6, the µH

e value is calculated from the tetragonal structure.

4.5 Conclusions

Replacing Cs+ with the smaller Rb+ ion in the vacancy-ordered double perovskite Rb2SnI6 is

accompanied by significant changes in structural and electronic behavior. Electrical conductiv-

ity measurements of Rb2SnI6 indicate that, similarly to Cs2SnI6, Rb2SnI6 is a native n-type semi-

conductor. However, the carrier mobility is reduced by a factor of ∼50 for Rb2SnI6 compared

to Cs2SnI6. Structural analysis through high-resolution synchrotron powder X-ray diffraction

indicates that Rb2SnI6 crystallizes in a lower-symmetry structural modification of the vacancy-

ordered double perovskite structure, characterized by cooperative tilting of the [SnI6] octahedra

(a0a0c+). Upon cooling, Rb2SnI6 undergoes further octahedral tilting to a monoclinic structure

(a−a−c+). X-ray and neutron pair distribution function analysis reveals that the bonding en-

vironment is best described by the monoclinic structure at all temperatures, which becomes
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thermally averaged to higher symmetry at ambient temperature. No structural distortions are

observed for Cs2SnI6 to T = 10 K. Density functional calculations reveal that the reduced carrier

mobilities observed experimentally in Rb2SnI6 relative to Cs2SnI6 arise from stronger electron–

phonon interactions and subsequently smaller Hellwarth electron mobilities in Rb2SnI6 due to

an increase in the number of low-frequency phonons that contribute to the dielectric response

of the lattice, rather than a trivial increase in band effective mass. This observation suggests that

the polaron characteristics and charge transport behavior in the vacancy-ordered double per-

ovskite family can be tuned by introducing cooperative octahedral tilting distortions through

judicious choice of A-site cation and further predicted bond valence sum and the perovskite

tolerance factor.
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Chapter 5

Bond Valences and Anharmonicity in

Vacancy-Ordered Double Perovskite Halides5

5.1 Introduction

Lattice dynamics play a crucial role in dictating materials properties, including thermal con-

ductivity,282 ionic and electronic transport,60,283 optical emission,284,285 piezoelectricity and

ferroelectricity,286,287 and superconductivity,288 to name a few. Divergence from a purely har-

monic vibrational landscape further manifests interesting physical behavior. High amplitude

anharmonic vibrations in systems such as the tin and lead chalcogenides introduce vibrational

disorder to which their low thermal conductivities and advantageous performance in thermo-

electric devices are attributed.261,289,290 Anharmonic rattling of guest atoms within host struc-

tures has been exploited as a mechanism to disrupt thermal conductivity in other candidate

thermoelectric materials such as skutterudites.291 Additionally, ionic conductivity may be en-

hanced in materials in which the mobile ion occupies a flat and broad anharmonic potential

well,292,293 while lower-energy anharmonic vibrational modes can couple to mobile electrons

to reduce electron mobilities.25,60 Despite the extensive influence of anharmonicity upon func-

tional properties in crystalline materials, a unified understanding of the structural and bonding

motifs necessary to leverage anharmonic behavior to target particular materials properties is

fundamentally lacking.

Halide-based perovskite materials are redefining the paradigm of semiconductor materials

design principles, in that they appear to follow a set of structure-dynamics-property relation-

ships that are distinct from conventional semiconductors. The perovskite structure adopts the

general formula ABX 3, and the structure is composed of corner sharing BX 6 octahedra with A-

5Substantial portions of this chapter have been reproduced with permission from A. E. Maughan, A. A. Paecklar
and J. R. Neilson, J. Mater. Chem. C, 2018, DOI: 10.1039/c8tc03527j.
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site cations in the 12-coordinate void. Anharmonic lattice dynamics in perovskite halides have

been shown to arise from rotational instabilities of the soft, deformable BX 6 octahedral frame-

work coupled with motions of the A-site cation.45,260,294 These dynamic instabilities yield an an-

harmonic double potential well, resulting in an instantaneous local structure characterized by

cooperative octahedral tilting that averages to a higher-symmetry, untilted structure.45,67,260,294

Anharmonicity has been further correlated with the remarkable photoconversion efficiencies

of halide perovskite materials in photovoltaic devices.134,233 Of particular note is the obser-

vation of long carrier excited-state lifetimes,21,51,234 which are hypothesized to arise from the

formation of polarons that protect photogenerated charge carriers and prevent recombina-

tion.25,51–53,61,77,295,296 The intimate link between anharmonic lattice dynamics and functional

properties motivates a fundamental understanding of the structural and compositional origins

of anharmonicity in perovskite halides.

Vacancy-ordered double perovskites present a materials family to study anharmonicity in

a lattice with additional dynamic degrees of freedom. The vacancy-ordered double perovskite

structure is formed by doubling the conventional ABX 3 perovskite unit cell and removing every

other B-site cation to form a face-centered lattice of isolated BX 6 octahedral units bridged by

A-site cations in the void. Alternatively, the structure can be thought of as an ordered double

perovskite of the formula A2B�X 6, with rock salt ordering of BX 6 and�X 6 octahedra, where�

denotes a vacancy, as shown in Figure 5.1. Anharmonicity in the vacancy-ordered double per-

ovskites Cs2SnI6, (CH3NH3)2SnI6, and (CH(NH2)2)2SnI6 has been correlated with reduced car-

rier mobilities.6 Replacing the inorganic Cs+ with the molecular methylammonium (CH3NH +
3 )

and formamidinium (CH(NH2) +
2 ) cations is accompanied by a significant reduction in electron

mobilities due to softer, more anharmonic lattice dynamics that result in stronger electron-

phonon coupling interactions. In order to leverage anharmonicity as a design principle for

perovskite halide semiconductors, a fundamental understanding of the structural and com-

positional origins of anharmonic lattice dynamics are required.
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Figure 5.1: Unit cell representation of the cubic vacancy-ordered double perovskite structure. A-site
cations are shown in teal, B-site cations are shown in blue, and X-site anions are shown in purple. Panels
(a) and (c) highlight the isolated BX 6 octahedral units. In (b) and (d), the grey, transparent octahedra
represent the ordered vacancies, denoted as�X 6.

In this contribution, we assess the structural origins of anharmonicity in the series of in-

organic vacancy-ordered double perovskites Cs2Sn1−xTexI6. X-ray pair distribution function

analysis reveals asymmetry in the local coordination environment of Cs2SnI6, which system-

atically decreases and vanishes with increasing tellurium content. Neutron total scattering of

Cs2SnI6 reveals that the peak asymmetry becomes increasingly pronounced at higher temper-

atures, indicating that this feature is likely due to a dynamic effect rather than a static struc-

tural distortion. We attribute the subtle deviations in the local coordination environment of the

Cs2Sn1−xTexI6 series to anharmonic lattice dynamics brought about by octahedral rotations and

Cs+ displacements, consistent with the concave-down shape of the atomic displacement pa-

rameter vs. temperature curves for cesium and iodine. This assertion is supported by pseudo-

rigid-body Reverse Monte Carlo simulations of Cs2SnI6 and Cs2TeI6. From the RMC-optimized

structures, we find that the Cs–I and I–Iinter partial pair correlations exhibit a broad, asymmetric

distribution, indicating that the anharmonicity arises from these atom pairs. We further quan-

tified the trend in anharmonicity in the XPDFs of Cs2Sn1−xTexI6 using a modified anharmonic

Toda potential and find a strong correlation of the peak asymmetry with the calculated bond

valence of the Cs+ cation, suggesting that the anharmonicity arises due to dissatisfied bonding
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preferences of the Cs+ cation within the cuboctahedral void, giving rise to dynamic octahedral

rotations coupled to displacements of the Cs+ ions. The relationship between bonding and

anharmonicity provides a hand-hold for tuning the vibrational properties in vacancy-ordered

double perovskite semiconductors.

5.2 Methods and Materials

Note on author contributions: This chapter has been accepted for publication in Journal

of Materials Chemistry C, 2018, DOI: 10.1039/c8tc03527j by Annalise E. Maughan, Arnold A.

Paecklar, and James R. Neilson. AEM performed the experiments, wrote the initial draft, and

collected and analyzed the data. AAP performed the RMC simulations. JRN supervised the

project. All authors contributed to editing and finalization of the manuscript.

Synthesis of Cs2Sn1−xTexI6

The solid solution series Cs2Sn1−xTexI6 was prepared by previously reported methods.7

Structural Characterization

Synchrotron X-ray scattering data suitable for pair distribution function (PDF) analysis

were collected at beamline 11-ID-B at the Advanced Photon Source, Argonne National Lab-

oratory, using 86 keV photons and sample-detector distance of 19 cm. Powdered samples of

Cs2Sn1−xTexI6 were loaded into polyimide capillaries and measured in transmission mode at

room temperature using a PerkinElmer amorphous silicon image plate detector.240 Experi-

mental PDFs were extracted using PDFgetX3169 and analyzed using PDFgui.170 The program

Fit2D168 was used to calibrate the sample to detector distance and detector alignment with

data from a CeO2 powder standard. Raw scattering data were integrated into Q-space spectra,

applying a mask and polarization correction during integration. The normalized total scatter-

ing pattern, S(Q), was produced in PDFgetX3 by subtracting polyimide container scattering,

utilizing the appropriate sample composition, and applying standard corrections for the area
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detector setup.240 The pair distribution function pattern, G(r), was calculated via Fourier trans-

formation of the total scattering data utilizing a maximum Q = 30 Å−1. G(r) for each member of

the series was extracted for several values of Qmax to infer the influence of Fourier termination

ripples in our subsequent analyses. Values of Qdamp = 0.0538 Å−1 and Qbroad = 0.003 Å−1 were

extracted from refinement of a Ni standard in PDFgui and used for further refinement.

Neutron total scattering measurements of Cs2SnI6 were performed on the Nanoscale Or-

dered Materials Diffractometer (NOMAD) at the Spallation Neutron Source, Oak Ridge Na-

tional Laboratory. For measurements collected at T = 90, 300, and 500 K, a powdered sample of

Cs2SnI6 was loaded and sealed in a quartz capillary (capillary diameter = 3.0 mm) in the mul-

tisample changer. Data were normalized against scattering data collected for an empty quartz

capillary, and background scattering from the quartz capillary was subtracted. For measure-

ments at T = 10 K, a powdered sample of Cs2SnI6 was loaded into a 6 mm vanadium canister

under He atmosphere. Data were normalized against scattering collected for a vanadium rod,

and background scattering from the vanadium can was subtracted.

Temperature-dependent neutron total scattering data were merged to the total scattering

structure function using the IDL codes developed for the NOMAD instrument.270 The pair dis-

tribution function was then produced through the sine Fourier transform of the total scatter-

ing structure function using Qmax = 31.4 Å−1. For Cs2SnI6 at T = 90, 300, and 500 K, values of

Qdamp = 0.0201 Å−1 and Qbroad = 0.0196 Å−1 were extracted from refinement of a diamond stan-

dard in PDFgui. For Cs2SnI6 at T = 10 K, values of Qdamp = 0.01766 Å−1 and Qbroad = 0.01918 Å−1

were extracted from refinement of a silicon standard. Analysis of the nPDFs was performed

using PDFgui.

Reverse Monte Carlo simulations

Reverse Monte Carlo (RMC) simulations were performed with 6×6×6 supercells of the cubic

structures of Cs2SnI6 (a = 69.830 Å) and Cs2TeI6 (a = 70.212 Å), each containing 7,776 atoms.

The simulations were constrained in reciprocal-space by S(Q)-1 data, and in real-space by the
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X-ray pair distribution function, G(r). S(Q)-1 was convolved with a Gaussian function with a

full-width-half-maximum of 1/2 the length of the supercell edge prior to use in simulations in

order to capture appropriate peak broadening due to finite size of the box.297 The experimental

data were simulated within the fullrmc package and the simulations were run for 89,882,085

steps.298

Pseudo-rigid-body RMC simulations were implemented, in which the [SnI6] and [TeI6] octa-

hedra were randomly rotated and tilted as rigid units, prior to and after their free relaxation. The

Sn–I/Te–I bond lengths were constrained between 2.65 Å−3.05 Å and the I–Sn–I and I–Te–I bond

angles were constrained to 80-100◦ and 170-180◦. After initiating the refinements with only the

intraoctahedron bonds, the refinement range was increased step-wise to include longer-range

pair correlations while all atoms were permitted to displace in the Cartesian reference. After

the fitting range reached r = 17.45 Å and after a finite number of atomic displacements, the oc-

tahedra were constrained as rigid bodies (Sn/Te–I bond lengths and angles were frozen) and

allowed to tilt about the center of the octahedra around all three Euler angles up to a maximum

tilt angle of 10◦. The entire fitting process was reiterated twice from the start to achieve the final

configuration.

VESTA was used to visualize and render all crystal structures presented here.171

5.3 Results

All members of the Cs2Sn1−xTexI6 series crystallize in the cubic vacancy-ordered double

perovskite structure shown in Figure 5.1.7 The Sn(IV) and Te(IV) ions randomly occupy the B-

site coordinated to six I – ions at the X-site, and the Cs+ cations occupy the cuboctahedral A-site

void.

The local coordination environment probed by XPDF analysis is consistent with solid so-

lution behavior between Cs2SnI6 and Cs2TeI6. In Figure 5.2a, the the X-ray pair distribution

function (XPDF) of each member of the Cs2Sn1−xTexI6 series are modeled with the cubic struc-

tural model with appropriate fractional occupancies of tin and tellurium. Over medium and
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long length scales (r > 6 Å), the XPDFs are fairly well described by the cubic structural model,

consistent with each member of the series adopting the cubic vacancy-ordered double per-

ovskite structure; however, the fit quality is worse closer to Cs2SnI6 (Figure 5.2b). As shown

in Figure 5.3a, tellurium substitution is accommodated by a linear increase in the lattice pa-

rameter, consistent with Vegard’s law. Further, the larger tellurium ion results in an increase

in the average B–I bond length (Figure 5.3b) at the expense of the inter-octahedral I–I contact

distances along the 〈110〉 directions (Figure 5.3c). This also results in a slight increase in the

average Cs–I bond lengths across the series (Figure 5.3d). The structural parameters extracted

from the XPDF fits in Figure 5.3 are plotted with the previously reported parameters from anal-

ysis of high-resolution synchrotron powder X-ray diffraction data.7

Although all members of the series appear to adopt nearly identical crystalline structures

by both SXRD and XPDF, the local coordination environment over short length scales reveals

subtle differences across the series. The first nearest-neighbor pair correlation at r ∼ 2.85-2.9 Å

due to Sn–I/Te–I bonds moves to higher r due to an increase in the average B–I bond length

with substitution of the larger tellurium ion. Despite mixed Sn–I and Te–I bond lengths, this

peak remains symmetric across the series and is well-described by the cubic structural model,

consistent with regular, undistorted BX 6 octahedral units.

In contrast, deviations in the next-nearest-neighbor (nnn) pair correlation at r ∼ 4.1 Å, due

to I–I and Cs–I pairs, are observed across the series, manifesting as a slight asymmetry of the

high-r side of the peak present in the difference curves in Figure 5.2. The apparent asymmetry

is most pronounced in Cs2SnI6 and gradually decreases with increasing tellurium content, con-

sistent with the nearly monotonic decrease in Rw p with x shown in Figure 5.2b. Our previous

work found that the XPDFs of the intermediate members could be obtained by a linear com-

bination of the XPDFs of the Cs2SnI6 and Cs2TeI6 end members,7 indicating that this apparent

asymmetry evolves smoothly as a function of tellurium content. As the BI6 octahedra remain

relatively undistorted and all members of the solid solution adopt nearly identical crystal struc-
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Figure 5.2: (a) X-ray pair distribution functions of the solid solution Cs2Sn1−x Tex I6 modeled with the
cubic vacancy-ordered double perovskite structure with isotropic, harmonic atomic displacement pa-
rameters. The data are shown as black circles, the fits are colored lines, and the difference is shown in
grey. The x-axis is split to highlight the low-r pair correlations, particularly the asymmetry of the next-
nearest neighbor pair correlation at r ∼ 4.1 Å. The Rw p for each fit is shown in (b).

tures by X-ray diffraction, we propose that this asymmetry may be due to anharmonic lattice

dynamics rather than a static structural distortion.

Neutron total scattering experiments of Cs2SnI6 reveal a temperature-dependence of the

asymmetry observed in the local coordination environment. Neutron diffraction data of

Cs2SnI6 collected from the 31◦ bank (bank 2) of NOMAD at T = 10, 90, 300, and 500 K reveal that

Cs2SnI6 adopts the cubic vacancy-ordered double perovskite structure at all measured tem-

peratures, as shown in the Rietveld refinements in Figure 5.4. The neutron pair distribution

functions (nPDF) extracted from total scattering data are shown in Figure 5.5. At all tempera-

tures the nPDFs were modeled with the cubic vacancy-ordered double perovskite structure of

Cs2SnI6, consistent with previous reports7,8 and with the corresponding diffraction data that

indicate Cs2SnI6 adopts the cubic structure at all temperatures (Figure 5.4). At T = 10 K, the

pair correlations are sharp, narrow, and symmetric, consistent with low-amplitude harmonic

thermal vibrations at this temperature. Increasing temperature to T = 90 K and T = 300 K is

accompanied by broadening of all pair correlations. The nnn pair correlation becomes visibly

asymmetric with increasing temperature, with a slight tailing on the high-r side of the peak re-

vealed in the difference curves. At T = 500 K, the peaks in the nPDF are significantly broadened
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Figure 5.3: Structural parameters for the Cs2Sn1−x Tex I6 solid solution from refinement of the cubic
structural models against high-resolution synchrotron powder X-ray diffraction (SXRD) data (filled sym-
bols) and X-ray pair distribution function analysis (open symbols). In (a), the lattice parameters for each
member of the solid solution follow Vegard’s law. In (b), the average B–I bond lengths increase linearly
with substitution of the larger tellurium ion at the expense of the interoctahedral I–I contact distance
along the 〈110〉 direction shown in (c). In (d), the average Cs–I bond length increases. The dashed lines
represent linear regressions performed for each data set. Error bars are shown for the parameters ex-
tracted from the XPDF fits. The error bars for the SXRD parameters are within the size of the symbol and
are therefore omitted for clarity. The structural parameters from the SXRD data are taken from Ref. 7

and dampened, and we observe significant asymmetry of the nnn pair correlation that is not

captured by the cubic structural model. The nPDFs for Cs2SnI6 at T = 10, 90, and T = 300 K are

taken from our previous study and re-fit here for comparison with the T = 500 K data.8

Temperature-dependent peak asymmetries have been observed in the XPDF of the related

perovskite CsSnBr3.258,259 At T = 300 K, the nearest-neighbor pair correlation due to Sn–Br

bonds is symmetric, but becomes noticeably asymmetric on the high-r side of the peak at

higher temperatures. The emergence of this asymmetry with temperature, termed “emphani-

sis”, has been attributed to dynamic off-centering of the Sn2+ ion within the SnBr6 octahedra,

which arises from stereochemically-active 5s2 electrons. While the formal [Kr]4d105s0 electron
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Figure 5.4: Rietveld refinements of temperature-dependent neutron diffraction of Cs2SnI6 at T = 10, 90,
300, and T = 500 K from the 31◦ bank (bank 2) of the NOMAD instrument at the Spallation Neutron
Source, Oak Ridge National Laboratory. The data are modeled with the cubic vacancy-ordered double
perovskite structure at all temperatures. Black circles are the data, the orange line is the fit, the blue
line is the difference, and the grey tick marks represent positions of anticipated reflections for the Fm3̄m
vacancy-ordered double perovskite structure. The data at T = 10, 90, and T = 300 K have been previously
reported. 8

configuration of Sn4+ in Cs2SnI6 precludes the presence of stereochemically-driven structural

distortions, the temperature dependence of the peak asymmetry suggests that this effect arises

from high-amplitude anharmonic lattice vibrations rather than a static structural distortion.

To gain insight into the atomistic contributions to the anharmonicity and peak asymmetry

in Cs2SnI6, we extracted values for the atomic displacement parameters (ADPs) from the Ri-

etveld refinements of the neutron diffraction data shown in Figure 5.4. The iodine ADPs were

refined anisotropically; U11 corresponds to displacements along the Sn–I bond, while U22 =U33

corresponds to displacements perpendicular to the Sn–I bond. As shown in Figure 5.6, the ADPs

for Cs and I (U22 =U33) increase monotonically (though not linearly) with increasing tempera-

ture, while the ADPs for Sn and I (U11) increase only slightly from T = 10 K to T = 500 K. In sys-

tems with harmonic interactions, the relationship between the atomic displacement parameter
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Figure 5.5: Temperature-dependent neutron pair distribution function analysis of Cs2SnI6 at T = 10, 90,
300, and T = 500 K. The data are modeled with the cubic vacancy-ordered double perovskite structure
at all temperatures. Black circles are the data, orange lines are the fits, and grey lines are the difference
curves. The x-axis is split to highlight the low-r pair correlations and the increasing asymmetry of the
next-nearest-neighbor pair correlation at r ∼ 4 Å with increasing temperature. The nPDFs at T = 10, 90,
and T = 300 K have been previously reported and are re-fit here for comparison with the T = 500 K data. 8

(Uiso) and temperature is well-described by a Debye-Waller model.299,300 In Cs2SnI6, however,

the ADPs for Cs and I U22 = U33 follow a concave-down shape with increasing temperature, a

trend which has previously been attributed to anharmonic dynamics in the VAl10+δ system due

to rattling of the Al atoms within the structural voids.300 Similarly, neutron diffraction studies

of CsPbX 3 halide perovskites reveal anomalously large atomic displacement parameters of the

Cs and X ions that diverge from the harmonic Debye-Waller model, indicating the presence of

anharmonic effects due to coupled displacements of the Cs+ and X – ions.301 The similarities

observed between the VAl10+δ and CsPbX 3 systems and Cs2SnI6 suggests that the trends in ADP

vs. temperature arises from anharmonic dynamics of the Cs and I atoms in Cs2SnI6. Further-

more, the observation that iodine displacements perpendicular to the Sn–I bond (U22 = U33)

follow the same trend as the atomic displacement parameter for cesium and are significantly
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larger than iodine displacements along the Sn–I bond (U11) may suggest the presence of [SnI6]

octahedral rotations coupled to Cs+ displacements as the source of anharmonicity. Prior nu-

clear quadrupole resonance studies of the vacancy-ordered double perovskite family support

this assertion, as dynamics in these materials originate predominantly from rotations of the

rigid octahedral units.85–87,89

Figure 5.6: Atomic displacement parameters (ADPs) extracted from the temperature-dependent neu-
tron diffraction data for Cs2SnI6 using Rietveld analysis. Isotropic atomic displacement parameters were
refined for cesium and tin. The ADPs for iodine were refined anisotropically, such that U11 corresponds
to iodine displacements along the Sn–I bond and U22 =U33 corresponds to displacements perpendicular
to the Sn–I bond. The dotted lines are a guide to the eye to highlight the trends in ADP for each atom.

Reverse Monte Carlo (RMC) simulations of Cs2SnI6 and Cs2TeI6 were performed to provide

atomistic insights into the asymmetry observed in the XPDFs. As the dominant lattice dynam-

ics in vacancy-ordered double perovskites arise from octahedral rotations rather than deforma-

tions of the octahedra,85–87,89 we elected to use a pseudo-rigid-body RMC approach, in which

the isolated [SnI6] and [TeI6] octahedra were allowed to tilt as rigid bodies, to encourage chem-

ically reasonable descriptions of the anharmonicity. The constraint of rigid-bodies has been

shown to improve RMC simulation results, especially in cases with dynamics such as rigid-unit

modes.302 From this approach, we find that the XPDFs are best described by structures with

random rotations of the SnI6 and TeI6 octahedra and displacements of the Cs+ ions away from
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their crystallographic positions, as shown in the optimized supercells in Figure 5.7 and in the

fits to the XPDF shown in Figure 5.8a and b.

Figure 5.7: Supercell structures of Cs2SnI6 and Cs2TeI6 optimized from pseudo-rigid-body RMC simula-
tions.

Figure 5.8: Calculated G(r) and S(Q)-1 from pseudo-rigid-body RMC-optimized supercells of Cs2SnI6
and Cs2TeI6 compared against the experimental G(r) and S(Q)-1 from X-ray total scattering data. Exper-
imental data are shown as open circles, the fits from the RMC optimizations are shown as orange lines,
and the difference curves are shown as blue lines. The x-axes in (a) and (b) are split to highlight the low-r
pair correlations.

To determine the atom pair contributions to the asymmetry observed in the next-nearest-

neighbor pair correlation at r ∼ 4 Å, the partial radial distribution functions (RDF) for the in-

traoctahedral I–I (I–Iintra), interoctahedral I–I (I–Iinter), and Cs–I pairs were extracted from the
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RMC-optimized supercells. As shown in Figure 5.9, the partial RDFs are relatively consistent be-

tween both Cs2SnI6 and Cs2TeI6 and show only subtle variations between the two compounds.

In both compounds, the I–Iintra RDFs for Cs2SnI6 and Cs2TeI6 are fairly well-described by a

Gaussian function. In contrast, both the I–Iinter and Cs–I partials exhibit an asymmetric peak

shape evidenced by the deviations from a Gaussian function shown in Figure 5.9, indicating

that the overall peak asymmetry arises due to these atom pairs. It is important to note that the

I–Iinter and Cs–I pairs in both Cs2SnI6 and Cs2TeI6 exhibit slightly asymmetric peak shapes, and

therefore we cannot unambiguously assign one compound as being more anharmonic than the

other from these simulations. Instead, these simulations are consistent with the notion that an-

harmonicity in these compounds arises from octahedral rotations coupled with displacements

of the Cs+ cations.

Figure 5.9: Partial radial distribution functions for I–Iintra (a,b), I–Iinter (c,d), and Cs–I (e,f) pair corre-
lations in Cs2SnI6 and Cs2TeI6 obtained from pseudo-rigid-body Reverse Monte Carlo simulations (cir-
cles). The distributions are fit with Gaussian functions, shown by the orange line. The difference curves
are shown in blue and reveal asymmetries in the I–Iinter and Cs–I RDFs.
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Figure 5.10: (a) Toda potential fits to the next-nearest-neighbor pair correlation in the X-ray pair distri-
bution function analysis for Cs2Sn1−x Tex I6. The data are shown as black circles and the fit is the orange
line. The PDF data are fit with one Toda potential peak, and are offset vertically for comparison and clar-
ity. In (b) and (c), the interatomic distance (b) and degree of anharmonicity (β) are plotted as a function
of x in Cs2Sn1−x Tex I6, respectively. The colored tick marks in (a) represent the contact distances for Cs–I
(teal), intraoctahedral I–I (pink), and interoctahedral I–I (purple) atom pairs taken from the refinements
of the cubic model against the XPDF data from Figure 5.2. Dashed lines in (b) and (c) represent linear
regressions.

In order to quantify the trends in anharmonicity across the intermediate members of the

Cs2Sn1−xTexI6 series, the asymmetry of the nnn pair correlation was modeled with a modified

Toda potential, which has been previously used to describe anharmonic interactions between

nearest-neighbors in a linear atomic chain.303,304 This modified Toda potential, U (r ), takes the

form

U (r ) = µ

β2
e−β(r−b) + µ

β
(r −b)− µ

β2
, (5.1)

where µ is the elastic constant, β is the degree of anharmonicity, and b is the interatomic

distance. Harmonic interactions are described in the limit as β→ 0. The potential, U (r ), was

approximated as the potential of mean force and then transformed to the reduced pair distribu-

tion function, G(r), via G(r ) = [(kB Te−U (r ))/r ]−4rπρ0, where ρ0 is the average number density,
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N /V , of each member of the series. The transformed Toda potential was fit to the asymmet-

ric pair correlation at ∼4.1 Å in the XPDF for each member of the Cs2Sn1−xTexI6 series (Fig-

ure 5.10a) using a non-linear least squares optimizer implemented in Python. In Figure 5.10b

and c, the fitted parameters for the interatomic distance (b) and the degree of anharmonicity (β)

are plotted as a function of x in Cs2Sn1−xTexI6. From this analysis, we find that the interatomic

distance (b) increases linearly with increasing tellurium content, consistent with the increase

in Cs–I bond length extracted from fits to the XPDF data shown in Figure 5.3d. Of particular

significance is the trend in the degree of anharmonicity (Figure 5.10b), which decreases linearly

with increasing tellurium content, consistent with qualitative inspection of the fits to the XPDFs

shown in Figure 5.2. We note that the Toda potential is conventionally used to describe anhar-

monic interactions in a linear atomic chain, and thus our use of the Toda potential to describe

the more complex interactions in this system serves as a comparative analysis of the trends in

anharmonicity between members of the Cs2Sn1−xTexI6 series.

5.4 Discussion

Previous studies of anharmonicity in perovskite halides provide further insight into the

atomistic origins of anharmonicity in the inorganic vacancy-ordered double perovskites pre-

sented here. In our previous study of the vacancy-ordered double perovskites (CH3NH3)2SnI6

and (CH(NH2)2)2SnI6, we observed significant tailing of the A–I/I–I pair correlation of the

XPDFs of the hybrid compounds. In the hybrid compounds, the extensive tailing observed in

the XPDF was attributed to coupled organic-inorganic dynamics via hydrogen bonding inter-

actions resulting in a distinctly anharmonic potential.6 However, the lack of hydrogen bonding

interactions available in Cs2SnI6, yet asymmetry in the local coordination environment, indi-

cates that the anharmonicity originates from a different source.

We propose that the subtle deviations in the Cs–I/I–I pair correlations of the Cs2Sn1−xTexI6

series arise from anharmonic lattice dynamics originating from [BI6] octahedral rotations cou-

pled with displacements of the Cs+ ions. Octahedral rotations in vacancy-ordered double per-
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ovskites have been studied at length by nuclear quadrupole resonance, which reveal that these

modes are the dominant source of dynamics in these materials.85–87,89 Furthermore, prior stud-

ies of inorganic perovskite halides CsPbX 3 and CsSnX 3 have shown that anharmonic lattice

dynamics originate from cooperative tilting of the BX 6 octahedral units coupled with small dis-

placements of the A-site cations within the cuboctahedral void.45,46,260 In the present study, the

presence of octahedral rotations coupled with Cs+ displacements is supported by analysis of

the neutron total scattering experiments of Cs2SnI6; the concave-down shape of the curves for

the Cs atoms and the I U22 = U33 atomic displacement parameters with increasing tempera-

ture follow a similar trend observed for localized vibrations associated with an ion rattling in

a cage.300 Notably, the iodine atomic displacement parameter parallel to the Sn–I bond (U11)

remains relatively constant while the perpendicular displacements (U22 =U33) increase signif-

icantly with temperature. This observation indicates that iodine displacements perpendicular

to the Sn–I bond dominate over those parallel to the Sn–I bond, lending further support to the

notion of octahedral tilting as the primary source of dynamics and anharmonicity in Cs2SnI6.

Figure 5.11: The degree of anharmonicity from the Toda potential fits plotted as a function of the Cs+

bond valence sum.

Anharmonicity in the vacancy-ordered double perovskites Cs2Sn1−xTexI6 can be correlated

with the bonding preferences of the cesium cation within the cuboctahedral void. In Fig-
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Table 5.1: Bond valence sum analysis for Cs–I bonds in Cs2Sn1−x Tex I6. Cs–I bond lengths were taken
from the XPDF and SXRD analyses. Values of B = 0.609 and R0 = 2.6926 Å were used in calculation of the
bond valence sum. 305

XPDF SXRD
x Cs–I length (Å) BVS Cs–I length (Å) BVS
0 4.115 1.161 4.118 1.156
0.1 4.117 1.158 4.119 1.154
0.25 4.119 1.154 4.122 1.149
0.5 4.124 1.145 4.126 1.140
0.75 4.130 1.134 4.132 1.130
0.9 4.133 1.127 4.134 1.125
1 4.137 1.119 4.137 1.119

ure 5.11, the degree of anharmonicity extracted from the Toda potential fits are plotted as a

function of the Cs+ bond valence sum. For x = 1 (Cs2TeI6), the degree of anharmonicity is the

lowest and corresponds with a bond valence sum of ∼1.12, suggesting that the Cs+ is most op-

timally bonded in Cs2TeI6. As tellurium is replaced with tin, the bond valence sum of Cs+ in-

creases concomitantly with an increase in the degree of anharmonicity, reaching a maximum

bond valence of ∼1.16 for Cs2SnI6. This analysis suggests that the anharmonicity is minimized

when the size of the cuboctahedral void satisfies the bonding preferences of the Cs+ cation.

Conversely, increasingly anharmonic lattice dynamics are therefore expected as the bond va-

lence of the Cs+ ion diverges from ideal coordination.

The bond valence sum has previously been applied to other perovskite halide systems to

predict the presence of dynamic and cooperative octahedral tilting distortions.8,46,81,268 Bond

valence sum calculations of the vacancy-ordered double perovskite Rb2SnI6 indicate that the

coordination to the smaller Rb+ ion is optimized by symmetry-lowering cooperative octahe-

dral tilting distortions,8 as is also observed in the Cs1−xRbxPbX 3 (X = Cl – , Br – ) series.268 In

the Cs2Sn1−xTexI6 series, the Cs+ coordination is nearly optimal in the cubic structural mod-

els, consistent with the observation that neither Cs2SnI6 nor Cs2TeI6 undergo structural phase

transitions down to T = 10 K.7 Rather, the slight deviations in bond valence sum in this system

manifest as a small degree of anharmonicity. Therefore, anharmonic effects in vacancy-ordered
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double perovskites may be expected when the bond valence sum of the A-site cation deviates

slightly from ideal, while more significant structural changes due to cooperative octahedral tilt-

ing may be expected if the A-site is significantly underbonded. As the properties of halide per-

ovskites are intimately linked to (anharmonic) lattice dynamics, the bond valence sum provides

a simple tool for predicting the presence and extent of anharmonicity and may further be lever-

aged as a design principle for materials with desired structure-dynamic-property relationships.

5.5 Conclusion

The series of vacancy-ordered double perovskites Cs2Sn1−xTexI6 presents an interesting

test case for anharmonic lattice dynamics. While each member of the series adopts the cu-

bic vacancy-ordered double perovskite structure by high-resolution powder X-ray diffraction,

the local coordination environment probed by X-ray pair distribution function analysis reveals

subtle deviations. These deviations manifest as an emergent asymmetry of the next-nearest-

neighbor pair correlation due to Cs–I and I–I atom pairs in Cs2SnI6, which gradually disappears

with increasing tellurium content. Through analysis of temperature-dependent neutron pair

distribution function analysis for Cs2SnI6, we propose that this asymmetry arises due to anhar-

monic lattice dynamics associated with coupled motions between the isolated SnI6 octahedra

and the Cs+ ions within the cuboctahedral void, supported by RMC simulations and the trends

in atomic displacement parameters for the Cs and I atoms extracted from neutron diffraction

data. Using bond valence sum analysis, we find that the valence for Cs+ is optimized when

tellurium occupies the B-site rather than tin. This observation is consistent with the trends in

anharmonicity extracted from Toda potential fits, and suggests that the asymmetry observed in

the Cs–I/I–I pair correlation in the XPDFs of Sn-rich samples originates from dissatisfied bond-

ing preferences of the Cs+ cation with the surrounding iodide cage. We further demonstrate that

bond valence sum analysis can be correlated with anharmonic behavior in halide perovskites

and used as a simple tool for predicting anharmonicity in perovskite halide systems.
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Chapter 6

Hybrid Inorganic–Organic Materials with an

Optoelectronically-Active Aromatic Cation:

(C7H7)2SnI6 and C7H7PbI3
6

6.1 Introduction

Growing and novel technologies necessitate the discovery of new materials with robust and

tunable properties. Hybrid materials – which, in the present context we use to denote com-

pounds composed of an inorganic lattice and primarily non-coordinating organic ions (i.e., not

coordination polymers) – are an advantageous subset of functional materials that exhibit a wide

range of optical and electronic properties.306–308 Such materials are of particular interest for

device applications because the properties and structures are easily tuned by chemical modifi-

cation of either the inorganic and organic components.306,309 Furthermore, the often solution-

based synthetic routes used to prepare hybrid compounds enables facile production of films

for device fabrication.310,311 Specifically, main-group metal–halide-based hybrids are among

the most widely researched, and often the observed properties derive primarily from the inor-

ganic connectivity.312 For example, lead and tin halide perovskites, including both purely inor-

ganic (e.g., CsSnI3 and CsPbI3) and hybrid compounds (e.g., CH3NH3SnI3 and CH3NH3PbI3),

show exceptionally high carrier mobilities and offer great promise in solar photoconversion

applications;114,313 replacement of the smaller Cs+ cation with the larger methylammonium

(CH3NH +
3 ) cation induces a lattice expansion and alteration of octahedral tilting that influ-

ences, among other characteristics, the band gap and mobility.314,315 Similar effects can be

achieved by replacing or substituting the smaller Br – or Cl – anions for the larger I – anion, and

6Substantial portions of this chapter have been reproduced with permission from A. E. Maughan, J. A. Kurz-
man, and J. R. Neilson, Inorg. Chem., 2015, 54, 370–378. 204 ©2015 the American Chemical Society.
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collectively these compositional variations can be exploited to enhance factors such as mois-

ture stability,316,317 a key factor in practical device longevity.

With significant research interest devoted to utilizing Pb–I and Sn–I frameworks as the in-

organic component in functional hybrid materials, the size and functionality of the organic

cation has been shown to greatly influence the dimensionality and connectivity of the inor-

ganic lattice.312,318 Small organic cations such as methylammonium and formamidinium re-

sult in three-dimensional hybrid perovskites,114,306 while slightly larger primary cyclic am-

monium cations like cyclobutylammonium form two-dimensional layered perovskites.116,317

Larger cations often produce frameworks of reduced dimensionality; 1-D infinite chains of face-

or edge-sharing octahedra are commonly observed.113,319,320 Although lower dimensional com-

pounds exhibit interesting photoluminescence properties, the structural connectivity typically

inhibits carrier mobilities.31 Additionally, zero-dimensional molecular compounds containing

isolated polyhedra or small inorganic clusters tend to result when large organic ions or higher

charged inorganic cations are present;321 these compounds exhibit absorption features char-

acteristic of the constituents rather than broad band spectral absorption.322

While the choice of organic cation can drastically affect the structure of the inorganic frame-

work in hybrid materials, it does not always influence the optoelectronic properties, owing to

the fact that they are typically optoelectronically inactive in UV or visible light. Another ap-

proach to tune the properties of hybrid materials is to introduce an organic component with

desirable optical and electronic properties. An exemplary molecule is the cycloheptatrienyl

(tropylium) ion; tropylium is a seven-membered aromatic ring containing a delocalized positive

charge and is a compelling choice for use in hybrid materials. Tropylium exhibits extraordinary

charge transfer properties that are easily tuned by altering the polarity of the solvent environ-

ment.323 Because of its aromaticity, the positive charge of tropylium is delocalized; therefore,

the ion maintains its planar structure and is chemically stable as a reactant. This enables tropy-

lium to be readily retained under a variety of synthetic conditions.324,325 By introducing the

tropylium ion into lead- and tin-iodide frameworks, the electronic properties may be enhanced
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through coupling of the inorganic lattice to the delocalized electron density in the aromatic

tropylium ring.

Here, we report the preparation, crystal structures, and optoelectronic properties of tropy-

lium tin iodide, (C7H7)2SnI6, and tropylium lead iodide, C7H7PbI3, which are the first hybrid

materials to incorporate the tropylium ion as the organic constituent. Tropylium tin iodide,

(C7H7)2SnI6, is a black powder that crystallizes in space group An and contains isolated tin(IV)-

iodide octahedra [Figure 6.1a and b]; tropylium lead iodide, C7H7PbI3, crystallizes as a bright

red-orange powder in space group Pnma and contains one-dimensional lead(II)-iodide chains

[Figure 6.1c and d]. The crystal structures of these compounds were solved ab initio from

high-resolution synchrotron X-ray powder diffraction data (SXRD), and high-resolution time-

of-flight neutron diffraction was used to confirm the structure of tropylium tin iodide. The

optical properties of tropylium tin iodide are commensurate with the molecular nature of the

compound, evidenced by a large absorbance feature in the ultraviolet (UV) region consistent

with intramolecular electronic transitions of the tropylium ion. Electronic structure calcu-

lations indicate localized states consistent with the zero-dimensional inorganic components,

well-separated tropylium cations, and extremely high measured electrical resistivity. The deep

black color of (C7H7)2SnI6 and density functional theory (DFT) calculations suggest that charge

transfer is not likely due to any inorganic–organic coupling, but rather is solely due to the in-

organic constituents. On the other hand, the bright red-orange color of tropylium lead iodide

suggests increased charge transfer between the organic component and the inorganic lattice,

evidenced by the fact that 1-D iodoplumbates typically range from colorless to yellow to or-

ange.113,319,320 DFT calculations of the band and k-point decomposed charge densities are used

to probe the nature of optical transitions across the fundamental gaps, and support the pres-

ence of localized charge transfer to tropylium in C7H7PbI3.
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6.2 Methods and Materials

Note on author contributions: This chapter was published in Inorganic Chemistry, 2015,

volume 54, pages 370–378 by Annalise E. Maughan, Joshua A. Kurzman, and James R. Neilson.

AEM performed the syntheses, experiments, analyzed the data, and wrote the initial draft of the

manuscript. JAK performed density functional calculations and assisted in data analysis. JRN

supervised the project. All authors contributed to editing and finalization of the manuscript.

Materials

HI (57% aq., 1.5% H3PO2)-Sigma Aldrich, 99.99%; Tropylium tetrafluoroborate-Alfa Aesar,

99.99%, kept in an Argon inert atmosphere until use; Tin Metal Shot-Alfa Aesar; Iodine-Macron

Chemicals. All chemicals were used without further purification.

Preparation of Tin (IV) Iodide (SnI4)

Tin metal (0.3108 g, 2.62 mmol) and iodine (1.3347 g, 5.26 mmol) were reacted in an evac-

uated fused silica ampoule (P <10 mTorr). The ampoule was heated in a furnace at T = 200 ◦C

for 48 h, which was air-quenched to yield bright orange-yellow SnI4.

Preparation of Tropylium Iodide (C7H7I)

At 60 ◦C, finely ground tropylium tetrafluoroborate (0.5177 g, 2.91 mmol) was added to

60 mL ethanol in a 250 mL round bottom flask with an air condenser; this solution was stirred

vigorously to dissolve into a light yellow-brown solution. After boiling the ethanol for 5 m, the

flask was removed from heat. When the rolling boil had subsided to a very gentle boil, 500 µL

of stabilized HI solution (57% aq., 1.5% H3PO2) was added. This turned the solution dark red.

After about 1 min of stirring, a bright red precipitate formed. The solution was stoppered and

allowed to stir gently until cool. The flask was then submerged in an ice bath and stirred gently

for 1 h. The solution and the precipitate were washed with anhydrous ether and centrifuged,

which was repeated three times. The bright red precipitate was dried in an oven at T = 37 ◦C
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for 24 h, yielding a fine red powder of tropylium iodide (C7H7I, R3̄m) with a small tropylium

tetrafluoroborate impurity.326

Preparation of Tropylium Tin Iodide (C7H7)2SnI6

A 100 mL 2-necked round bottom flask was charged with 7.0 mL of stabilized HI (57% aq.,

1.5% H3PO2). The mixture was degassed with nitrogen for 1 m and the flask was kept under

nitrogen for the duration of the experiment. The flask was heated in an oil bath to T = 100 ◦C,

and tin(IV) iodide (0.1834 g, 0.292 mmol) was added, then stirred vigorously until the solid had

dissolved completely. Tropylium iodide (0.1279 g, 0.586 mmol) was then added to the flask,

which immediately resulted in a black precipitate. The solution was stirred for an additional

15 m, at which time the heat was removed and the flask was allowed to air-cool while stirring

gently. The solution and precipitate were washed with anhydrous ether and centrifuged three

times. The black product was dried at T = 37 ◦C for 24 h. Compositional analysis confirms C

12.77%, H 1.11%, Sn 14.3%, and I 73.08% (Predicted: C 15.83%, H 1.33%, Sn 11.17%, I 71.67%).

Preparation of Tropylium Lead Iodide (C7H7PbI3)

A 100 mL 2-necked round bottom flask was charged with 11.0 mL of HI (57% aq., 1.5%

H3PO2) and a stir bar. The solution was degassed with nitrogen for 1 m and the flask was

kept under nitrogen for the duration of the experiment. The flask was heated in an oil bath to

T = 45 ◦C while stirring, at which point lead iodide (0.6438 g, 1.395 mmol) was added all at once

and stirred vigorously to dissolve, resulting in a translucent bright yellow solution. The flask

was heated to T = 55 ◦C at which point finely ground tropylium tetrafluoroborate (0.2483 g,

1.396 mmol) was added, turning the solution bright orange-red. The heat was immediately

turned off and the flask was allowed to cool in the warm oil bath while stirring gently. Once the

temperature of the oil bath decreased to T = 40 ◦C, the flask was removed and allowed to air-

cool to room temperature while stirring gently. Once cool, the solution and red precipitate were

washed with ethanol and centrifuged. The remaining product was then washed with anhydrous

ether and centrifuged three times. The resulting bright red precipitate was dried at T = 37 ◦C for
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24 h. Compositional analysis confirms C 12.25%, H 1.07%, Pb 31.2%, and I 55.23% (Predicted:

C 12.38%, H 1.04%, Pb 30.52%, I 56.06%).

Characterization

Products were characterized by high-resolution synchrotron powder X-ray diffraction data

obtained from the diffractometer on beam line 11-BM-B at the Advanced Photon Source, Ar-

gonne National Laboratory.167 Room temperature powder neutron diffraction data were col-

lected on a sample sealed in a vanadium canister at the Spallation Neutron Source (SNS) at the

Oak Ridge National Laboratory using the POWGEN diffractometer (BL-11A). After determina-

tion of the lattice parameters with DICVOL 327 and deduction of the space group from systematic

absences, structural models were constructed using Free Objects for Crystallography (FOX).328

The data were analyzed with the Rietveld method using GSAS/EXPGUI.165,166 In order to gener-

ate the CIF files the carbon-carbon bond distances were restrained to 1.35(5) Å and the bond

angles were restrained to 128.6(1)◦ to create an idealized structural representation of the tropy-

lium rings within the inorganic framework. X-ray scattering data suitable for pair distribution

function (PDF) analysis were collected at beamline 11-ID-B at the Advanced Photon Source,

Argonne National Laboratory, using 58 keV photons and sample-detector distance of ∼17 cm.

Experimental PDFs were extracted using PDFgetX3169 and analyzed using PDFgui.170 VESTA

was used to visualize and render all crystal structures presented in this manuscript.171

Proton and fluorine nuclear magnetic resonance studies were performed on an Agilent (Var-

ian) 400 MHz NMR spectrometer in deuterated d6-DMSO. Fourier transform infrared spec-

troscopy (FT-IR) was performed on solid samples on a Thermo Nicolet iS50 FT-IR spectrometer

from 650 cm−1 to 4000 cm−1. UV-visible diffuse reflectance spectroscopy was performed on

powdered samples of all three tropylium compounds diluted to 15 wt% in BaSO4, using BaSO4

as a baseline; spectra were acquired using a Thermo Nicolet Evolution 300 spectrophotome-

ter with a Praying Mantis mirror setup from λ = 200 to 1000 nm at a scan rate of 240 nm/min.

Compositional analyses were performed at Galbraith laboratories. Electronic resistance mea-
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surements on pellets with Au-paste contacts and Pt wires were attempted using a Physical Prop-

erties Measurement System (Quantum Design, Inc.); however, the resistivity exceeded that of

the sensitivity of the instrument.

DFT Calculations

The electronic structures of (C7H7)2SnI6 and C7H7PbI3 were calculated using density func-

tional theory within the plane-wave code VASP (Vienna Ab initio Simulation Package).177,179

The Perdew–Burke–Ernzerhof (PBE) functional182 was used to treat the effects of exchange-

correlation at the generalized gradient approximation (GGA) level of theory. Valence–core in-

teraction was described with the projector augmented wave method, and cores of [Kr]4d10 for

Sn and I, [Xe]4f 145d10 for Pb, and [He] for C were used. The structures of both compounds

were relaxed within the constraints of the experimentally determined cells; attempts to deter-

mine the equilibrium structures by relaxing at a series of volumes were impeded by difficulty

converging forces on the tropylium ring when the cell shape was allowed to change (for a fixed

volume). Relaxations of the ionic positions were conducted using 2 × 6 × 4 for (C7H7)2SnI6 and

6 × 4 × 2 for (C7H7PbI3) Γ-centered k-point meshes and an energy cutoff of 520 eV. Relaxations

were deemed to have converged when forces on all the ions were less than 0.02 eV Å−1. The den-

sity of states of tropylium tin iodide was calculated using a 4 × 8 × 6 Γ-centered k-mesh with a

total of 70 irreducible k points, and the band structure was calculated using 20 point interpola-

tions along high symmetry directions of the first Brillouin zone (100 irreducible k points). The

density of states of tropylium lead iodide was calculated using a 10 × 8× 6 gamma-centered k-

point mesh and the band structure was calculated using 15 point interpolations, both involving

120 irreducible k points.

6.3 Results and Discussion

Tropylium tin iodide was prepared by reaction of SnI4 and tropylium iodide in aqueous

hydroiodic acid, which resulted in a crystalline black product that rapidly precipitated out of
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the solution. As a control, preparation was attempted by reaction with tin(II) iodide; the final

product was identical but contained a significant fraction of SnI4, as supported by the facile

oxidation of tin(II) to tin(IV).329 Tropylium lead iodide was prepared by reaction of tropylium

tetrafluoroborate and PbI2 in aqueous hydroiodic acid, which resulted in a bright red-orange

crystalline powder. There was no difference in the final product when tropylium iodide was

synthesized first, followed by reaction with PbI2.

Figure 6.1: DFT-relaxed crystal structures of tropylium tin iodide ((a), (b)), and tropylium lead iodide ((c),
(d)). Lavender spheres denote tin, purple denote iodine, charcoal denote lead, brown denote carbon,
and eggshell denote hydrogen.

6.3.1 FT-IR and 1H NMR Studies

FT-IR spectra of compacted powders shows the expected vibrational modes for the aro-

matic ring in all three tropylium containing compounds, C7H7I, (C7H7)2SnI6, and C7H7PbI3

(Figure 6.2). The sharp peak at 3000 cm−1 indicates C–H stretching, while sharp signals at

approximately 1460 cm−1 and 1050 cm−1 identify C=C stretching and in-plane C–H bending,

respectively. The feature at 650 cm−1 corresponds to an aromatic out-of-plane (“oop”) C–H

bend.330,331

126



Figure 6.2: FT-IR spectra of tropylium iodide, tropylium tin iodide, and tropylium lead iodide, indicating
the vibrational modes of the aromatic (Ar) [C7H7]+ ring. “oop” refers to “out-of-plane” bending.

1H and 19F NMR spectroscopies were performed on solutions prepared from dissolving

tropylium iodide, tropylium tin iodide, and tropylium lead iodide in d6-DMSO. The proton

spectra of all three compounds show a large singlet at a chemical shift of 9.33 ppm, which is con-

sistent with the seven hydrogens of the aromatic tropylium ring [Figure 6.3]. The small peaks

between 4–7 ppm in the 1H NMR spectra indicate a benzaldehyde impurity, which may have

formed from oxidation of the tropylium ion by hydroiodic acid. However, the concentration

of this impurity is small compared to that of tropylium, was undetectable by other analytical

methods, and does not appear to influence the structure of the lead and tin containing prod-

ucts. The 19F NMR spectrum of tropylium iodide (not shown) reveals minor contributions from

a tetrafluoroborate impurity, which is also confirmed by powder X-ray diffraction (14(6)mol%);

however, there was no evidence for this impurity in the (C7H7)2SnI6 or C7H7PbI3 products by

19F NMR.
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Figure 6.3: 1H NMR spectra of tropylium iodide, tropylium tin iodide, and tropylium lead iodide redis-
solved in d6-DMSO. The singlet at δ = 9.33 ppm corresponds to the seven hydrogens of the aromatic
tropylium ion, which are highlighted in red for clarity. Tetramethylsilane (TMS) was used as an internal
standard.

6.3.2 The crystal structures of tropylium tin iodide, (C7H7)2SnI6, and tropy-

lium lead iodide, C7H7PbI3

The crystal structures of tropylium tin iodide and tropylium lead iodide were solved ab ini-

tio from SXRD data. Unit cells were determined using DICVOL;327 the large number of well-

resolved reflections provided a lone plausible cell solution for each compound. Space group

assignments were deduced by examining systematic absences in the data, as discussed in detail

below. Inspection of X-ray pair distribution function (PDF) data enabled an a priori elucidation

of tin and lead coordination environments. Sn–I pair correlations are observed at 2.9(2) Å, con-

sistent with tetravalent SnI6 octahedra rather than SnI4 tetrahedra. Bond valence calculations

for six-coordinate Sn with an average Sn–I bond distance of 2.9 Å are also consistent with the

Sn4+ oxidation state.281,332,333

X-ray PDF data of tropylium lead iodide reveals a Pb–I pair correlation at 3.2(1) Å consistent

with PbI6 octahedra. The heavy atoms in both tropylium tin iodide and tropylium lead iodide

were located utilizing the Monte-Carlo algorithm implemented in FOX 328 by introducing rigid
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octahedral units with metal–ligand bond distances taken from the PDF data. Once the heavy

atoms were located, electron density Fourier difference maps were generated from Rietveld re-

finements of the heavy atom positions against the SXRD data, which revealed rings of positive

electron density consistent with the size of tropylium ions (Figure 6.4a and c). Carbon posi-

tions were located manually via maxima in the difference density, and also using rigid-body

modeling (FOX) with frozen metal and iodide positions as determined from heavy-atom-only

refinements. We elected to restrain the tropylium C–C bond distances to 1.35(5) Å and the in-

ternal angles of the ring to 128.6(1)◦ to encourage chemically rational representations of the

aromatic ring,334 the presence of which is confirmed by the FT-IR and 1H NMR studies. Despite

the success in locating carbon positions, the models most likely reflect the average positions of

tropylium, which is liable to be rotationally disordered in both compounds.

Figure 6.4: Visualization of the residual electron density after location of the heavy atoms in tropylium tin
iodide (a) and tropylium lead iodide (b). Crystal structures of tropylium tin iodide (c) and tropylium lead
iodide (d) superposed on the respective Fourier difference maps. Hydrogen atoms have been omitted for
clarity, lavender spheres denote tin atoms, charcoal are lead, purple are iodine, and brown are carbon.

Tropylium tin iodide, (C7H7)2SnI6, crystallizes in the monoclinic space group An with lattice

parameters a = 14.5120(1) Å, b = 12.5472(1) Å, c = 13.0163(1) Å, and β = 94.303(1)◦. Observed

reflections in the SXRD data are consistent with space groups deriving from the A1n1 extinc-

tion symbol, namely An and A2/n. Although the atomic positions can be described by signifi-
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cantly fewer symmetry distinct atoms in A2/n, the presence of inversion symmetry necessitates

that one of the two troplyium ions in the asymmetric unit be described by split sites. A split-

site (half-occupied) model to account for the carbon positions is not necessarily inappropriate,

considering the expectation of rotational disorder, but such a model is challenging to restrain

for refinement. Despite a larger number of free parameters, site-splitting is avoided with the use

of space group An, which also provided for convenient generation of a fully-occupied model as

required for density functional calculations.

In Figure 6.4b, the structure of (C7H7)2SnI6 is superposed on the Fourier difference map

generated from a heavy-atom-only Rietveld refinement. A joint Rietveld refinement against the

SXRD data and high-resolution time-of-flight neutron diffraction data was performed with all

of the atoms in the unit cell, including hydrogen, and offers strong support of the An structural

model determined using solely X-ray data (Figure 6.5). Although it was anticipated that incoher-

ent scattering by hydrogen might dominate the pattern, the data present well-resolved reflec-

tions (Figure 6.5b). In addition to C–C bond distance and angle restraints, the inclusion of hy-

drogen necessitated C–H distance [1.10(5) Å] and C–C–H angle [115.7(1)◦] restraints to preserve

the planarity of the tropylium ion. While the smeared electron density present in Figure 6.4a/b

is suggestive of rotational disorder of tropylium, the refined atomic displacement parameter

(ADP, U iso, Table 6.1) on carbon is consistent with a lesser degree of disorder than expected;

this lends support to the choice of space group An rather than A2/n to model the compound.

The X-ray refinement shown in Figure 6.5a exhibits diffuse features at higher Q, and despite the

exceptional flux and signal-to-noise provided by the 11-BM diffractometer there were no ob-

servable Bragg features beyond Q = 6 Å−1. These observations indicate orientational disorder of

the isolated [SnI6] octahedra, which is a common consequence of isolated octahedral units (cf.,

SF6
335 and K3AlF6

203). This is also reflected in the large heavy-atom U iso values obtained from

the refinement.

Tropylium lead iodide, C7H7PbI3, crystallizes in the orthorhombic space group Pnma with

lattice parameters a = 8.05443(2) Å, b = 11.18714(3) Å, and c = 14.71927(5) Å. On the basis of
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Figure 6.5: Joint Rietveld refinement of high-resolution X-ray powder diffraction data (a) with high-
resolution time-of-flight neutron diffraction data (b). The right panel in (a) is multiplied by 8 to show
the sharp decrease in intensity at Q > 4 Å−1 and diffuse features. The grey tick marks indicate the loca-
tions of predicted Bragg reflections of (C7H7)2SnI6. Refinement parameters can be found in Table 6.1.

the observed extinctions (extinction symbol P–cn), two possible space groups were identified,

P21cn and Pmcn; the conventional settings, Pna21 and Pnma, were adopted for structure de-

termination and refinement. Analogous topologies containing one-dimensional chains of face-

sharing PbI6 octahedra were found for both space group possibilities. In Pna21, for which the

4a general position is the only Wyckoff position, three unique iodines are required in the asym-

metric unit. In space group Pnma, the same topology is described by one Pb and two I atoms,

with one of the crystallographically distinct iodine atoms residing on the 8d general position.

The larger number of atoms required in Pna21 and lack of statistical improvement despite the

increase in free parameters support the selection of Pnma.336 Tropylium ions are described by
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four crystallographically-distinct carbon atoms, one of which resides on a mirror plane nor-

mal to b (the 4c position). In Figure 6.4d, the resulting structural model is superposed on the

difference map generated from the carbon-free model.

Figure 6.6: Rietveld refinement of tropylium lead iodide. The data for Q > 3.2 Å−1 are multiplied by 8 in
order to enhance the diffuse features at higher Q. The grey tick marks indicate the locations of predicted
Bragg reflections for C7H7PbI3.

As similarly noted for the tin compound, the diffraction pattern of C7H7PbI3 presents dif-

fuse components in the higher Q region (Figure 6.6), and there are no observable Bragg features

beyond Q = 7 Å−1. This indicates that Pb and I are also somewhat disordered in tropylium

lead iodide, as reflected by the ADPs (Table 6.1). While large ADPs could be an indication of

an error in space group selection, we note that slighly larger U iso values were obtained in re-

finements using space group Pna21, which further supports the space group selection and the

notion of intrinsic structural disorder. The Pna21 and Pnma structures differ with respect to

the tropylium orientation, which is slightly canted in the bc plane in Pna21. Density functional

relaxation in both space groups, constrained to the experimentally determined cell, suggest a

slight stabilization of 35 meV per formula unit in Pna21. However, as discussed in more detail

below, since this is not the DFT equilibrium cell volume, it is difficult to be certain which struc-

ture is more energetically favorable. Despite identical Rietveld refinement statistics, the fewer
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number of structural parameters required to describe C7H7PbI3 in Pnma is consistent with the

room temperature structure adopting this space group.

Figure 6.7: X-ray PDF analysis of (a) tropylium tin iodide and (b) tropylium lead iodide over a fit range of
2 < r < 24 Å. The insets of (a) and (b) show the refinements resulting from a fit range of 2 < r < 8.5 Åand
2< r < 8 Å, respectively. The large feature in (a) at r = 2.83 Å corresponds to the octahedral tin-iodide bond
distance, while the peak at r = 4.44 Å reflects the distance between iodine atoms within an octahedron. In
(b) the arrows show that, over shorter refinement ranges, the predicted intensity of the feature at r∼6.4 Å
is improved.

133



Further refinement of the (C7H7)2SnI6 and C7H7PbI3 models against X-ray PDF data indi-

cates that the local structures are described well by the average structures, as shown in Fig-

ure 6.7a and b, respectively. Medium-range structural disorder, however, is reflected in the

poorly predicted intensities of intra-octahedon features in full-range refinements: in tropylium

tin iodide, the Sn–I (r = 2.9(2) Å) and cis-I–I (r = 4.1(2) Å) intensities are poorly fit; in tropylium

lead iodide, the trans-iodide feature at r = 6.4 Å (denoted by an arrow in Figure 6.7b) is poorly

fit. The hypothesis of inter-octahedral disorder in both compounds is confirmed by refining the

data over shorter correlation distances to minimize the effects of reduced coherence at longer

length scales. As shown in the insets of Figure 6.7a and b, the predicted intensities of these low

r features are notably improved by excluding longer r correlations. This strongly supports our

assertions that the large ADPs obtained in Rietveld refinements arise from medium-range disor-

der, rather than due to problems inherent to the models. In C7H7PbI3, the disorder is attributed

to torsional distortions of the one-dimensional Pb–I chains.

Table 6.1: Structural parameters and refinement statistics for tropylium tin iodide and tropylium lead
iodide. With the exception of the two chemically distinct iodine atoms in C7H7PbI3 (indicated by Wyckoff
site), like elements were constrained to the same atomic displacement parameter. Refinement statistics
for (C7H7)2SnI6 are reported for the joint X-ray and neutron refinement.

(C7H7)2SnI6 C7H7PbI3
Crystal System Monoclinic Orthorhombic
Space Group An Pnma
a (Å) 14.5120(1) 8.05443(2)
b (Å) 12.5472(1) 11.18714(3)
c (Å) 13.0163(1) 14.71927(5)
α (◦) 90 90
β (◦) 94.303(1) 90
γ (◦) 90 90
U iso(M) (Å2) 0.051(1) 0.0461(2)
U iso(I) (Å2) 0.0422(2) 0.0685(5); 8d

0.0640(6); 4c
U iso(C) (Å2) 0.0164(6) 0.102(4)
U iso(H) (Å2) 0.064(3) —
Red. χ2 4.8 3.31
wRp 4.7 % 10.2 %
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6.3.3 Optical Properties and Electronic Structures

UV-Visible Diffuse Reflectance Spectroscopy

Figure 6.8: Tauc plots of UV-visible diffuse reflectance spectra used to determine the (a) direct optical
gaps and (b) indirect optical gaps of tropylium iodide, tropylium tin iodide, and tropylium lead iodide
(diluted in BaSO4). The insets in (a) are brightfield photographs of the sample powders of tropylium
iodide, tropylium tin iodide, and tropylium lead iodide.

The Kubelka-Munk transform was performed on UV-visible diffuse reflectance spectra col-

lected on powders of tropylium iodide, tropylium tin iodide and tropylium lead iodide, and Tauc

plots were generated to highlight possible direct and indirect absorption edges, as shown in Fig-

ure 6.8a and b, respectively. When the spectra are plotted as [hνF(R)]2 (panel a), both tropylium

iodide and tropylium tin iodide do not exhibit a well-defined direct optical band edge within the

examined energy range. However, there is a strong absorption feature between 5 eV and 6 eV

that corresponds to UV absorption by the tropylium ring, indicating that the electronic states

of the tropylium ion are not strongly influenced by the surrounding inorganic constituents in

(C7H7)2SnI6; this feature reflects the molecular nature of tropylium iodide and tropylium tin io-

dide. In contrast, tropylium lead iodide clearly shows a linear region in the Tauc plot that indi-

cates a direct optical band gap of 2.15(1) eV when extrapolated to zero absorption. Additionally,
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the strong absorption feature characteristic of the [C7H7]+ moeity is not resolved, which could

be attributed to increased inorganic-organic interaction in the form of charge transfer.

When the diffuse reflectance data are plotted as [hνF(R)]1/2 to highlight potential indi-

rect band edges (Figure 6.8b), linear regions for tropylium iodide, tropylium tin iodide, and

tropylium lead iodide are visible; extrapolation to zero absorption results in indirect gaps of

1.82(2) eV, 1.20(6) eV, and 1.97(1) eV, respectively. Although the Tauc plots of all three com-

pounds exhibit broad absorption features across the range of energies examined, the absorp-

tion feature characteristic of the tropylium rings is still visible in the spectra of tropylium iodide

and tropylium tin iodide, which supports the notion that there is minimal electronic coupling

to the organic. In the absorption spectrum of tropylium lead iodide the absorption peak of the

tropylium ring is not resolved, which once again suggests that it may be obscured by inorganic-

organic charge transfer.

We attribute the deep colors of tropylium tin iodide and tropylium lead iodide to charge-

transfer processes, although the origin of these processes is not immediately apparent upon

inspection of the optical spectra. In tropylium tin iodide, the charge-transfer processes are not

likely due to any interaction between the tropylium cations and the isolated SnI6 octahedra,

due to the fact that the absorption feature of tropylium is highly pronounced. Therefore, it is

much more likely that ligand-to-metal charge transfer is occurring between iodine and tin, thus

resulting in the deep black color. In the case of tropylium lead iodide, it is interesting to com-

pare the color of this compound to the colors of compounds with similar topologies. Typically,

hybrid materials containing one-dimensional chains of face-sharing lead-iodide octahedra are

reported to range in color from colorless to yellow-orange, regardless of the choice of organic

constituent.319,337,338 The anomalous bright red-orange color of the tropylium lead iodide pow-

der suggests that there is strong charge transfer between the tropylium ions and the inorganic

lattice, thus resulting in the unresolved absorption feature of tropylium in the absorbance spec-

trum of tropylium lead iodide.
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DFT Calculations

The structures of tropylium tin iodide and tropylium lead iodide were optimized within den-

sity functional theory and the relaxed structures were used in static electronic structure calcu-

lations. Due to the slow convergence of forces on tropylium rings when the lattice shape (i.e.,

cell dimensions) was allowed to relax at a fixed volume, ionic relaxations were constrained to

the experimentally determined cells with respect to both volume and shape. Thus, the calcu-

lations presented here do not represent the electronic structures at equilibrium cell volumes,

which may influence the magnitude of the calculated gaps. The DFT relaxed structures are in

excellent agreement with the experimentally determined structures.

Figure 6.9: Total and local density of states for tropylium tin iodide (a) and tropylium lead iodide (c).
The contribution from the inorganic constituents are shown in the upper panels, while the contribution
from the tropylium rings is shown in the lower panels. The calculated band diagrams for tropylium tin
iodide and tropylium lead iodide are shown in (b) and (d), respectively. The Fermi energy is referenced
to the top of the valence band, set to 0 eV.

Total and local densities of states (DOS) and band structure diagrams are shown for both

compounds in Figure 6.9. Tropylium tin iodide (panels a and b) is predicted to have a direct gap

of 0.52 eV at the Γ point, which is consistent with the black color of the solid. The indirect gap
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between Γ and A is calculated to be 0.80 eV. Near the Fermi energy the valence band is com-

posed of primarily iodine p states, while the low-lying unoccupied states are predominantly

iodine and, at slightly higher energies, carbon p states (panel a). The majority of bands present

flat dispersions, with a few exceptions arising from a short I–I distance in the crystal structure.

Orientational disorder of SnI6 octahedra would relieve this contact and induce a narrowing of

the dispersions, and the electronic states are probably more localized than reflected here. The

generally localized states are consistent with tropylium tin iodide comprising isolated SnI6 oc-

tahedra and tropylium ions, and this is reflected in a very high measured electrical resistivity.

In this light, it is interesting to note that Cs2SnI6, a zero-dimensional “perovskite” containing

regular isolated [SnI6]2− units, exhibits high electron and hole mobility due to wider band dis-

persions that arise from increased overlap of iodine and tin states.11

The calculated DOS and band structure of tropylium lead iodide are shown in Figure 6.9c

and d. An indirect gap of 1.25 eV is predicted to occur between roughly the Γ and T points;

the highest occupied state actually occurs between Γ and X. The 1.3 eV direct gap at Γ is only

slightly larger. In general, C7H7PbI3 presents some similar electronic structural features as

(C7H7)2SnI6, with localized carbon states suggesting minimal coupling between tropylium rings

and metal/halide states. In contrast to tropylium tin iodide, however, the DOS indicate that the

lowest-lying unoccupied states in C7H7PbI3 have significant carbon character. Occupied iodine

p states between –2.5 eV and 0 eV are somewhat disperse due to orbital overlap within the 1D

chains.

Although the DFT calculations suggest that neither compound presents features expected

to yield mobile charge carriers, supported by experimentally measured electrical resistivities

in excess of ∼ 3 ×107 Ω·cm, the DOS and band structures are reflective of the observed op-

tical absorption behavior. To gauge the character of band-edge optical transitions, band and

k-point decomposed charge densities were calculated at the valence band maxima (HOB, high-

est occupied band) and conduction band minima (LUB, lowest unoccupied band), presented in

Figure 6.10. The HOB of (C7H7)2SnI6 (panel a) is composed of localized iodine p states while the
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LUB (panel b) contains significant Sn character, suggesting that near-edge optical absorption

arises from ligand-to-metal charge transfer in tropylium tin iodide. The situation is distinct in

C7H7PbI3, in which charge density is localized on I and Pb at the HOB (panel c) but is almost

entirely tropylium derived (π∗ character) at the LUB (panel d). This scenario is highly sugges-

tive of iodine-to-tropylium charge transfer, indicating stronger inorganic–organic interactions

in the lead compound than in the tin.

Figure 6.10: Band decomposed charge densities for tropylium tin iodide and tropylium lead iodide.
Panel (a) shows the charge density associated with the highest occupied band (HOB) of tropylium tin
iodide, while (b) shows the charge density of the tropylium tin iodide lowest unoccupied band (LUB).
The band decomposed charge densities of tropylium lead iodide are shown in (c) and (d), where (c) illus-
trates the charge density of the HOB and (d) shows the charge density for the LUB. The tropylium rings
have been omitted from panels (a) and (b) for clarity.

6.4 Conclusions

We have prepared two hybrid materials containing the tropylium ion, an optoelectron-

ically active unfunctionalized aromatic organic ion. The crystal structures of tropylium tin
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iodide, (C7H7)2SnI6, and tropylium lead iodide, C7H7PbI3, were solved using high-resolution

synchrotron powder X-ray diffraction informed by X-ray pair distribution function data.

High-resolution time-of-flight neutron diffraction confirms the tropylium tin iodide structural

model, which contains isolated SnIVI6 octahedra. Tropylium lead iodine presents 1D chains of

face-sharing PbIII6 octahedra. The low dimensionality of both compounds contribute to high

measured electrical resistivities, in excess of ∼ 3 ×107 Ω·cm. The diffuse reflectance spectrum

of tropylium tin iodide reveals a large absorption feature characteristic of the tropylium ion,

suggesting that the optoelectronic properties result from intramolecular transitions of the SnI6

octahedra and tropylium ion. Tropylium lead iodine, on the other hand, exhibits a broad spec-

tral absorption, suggestive of increased electronic coupling between tropylium ions and the

inorganic lattice. These conclusions are supported by density functional calculations of the

band and k-point decomposed charge densities at the highest occupied and lowest unoccupied

bands. The larger degree of organic–inorganic coupling observed in tropylium lead iodide mo-

tivates a search for tropylium-containing hybrids with higher inorganic dimensionality, which

may further increase the electronic coupling while also enabling improved carrier mobility.
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Chapter 7

Perspectives and Design Principles of

Vacancy-Ordered Double Perovskite Semiconductors

7.1 Introduction

The above work represents a significant contribution towards an understanding of the

structure-dynamics-property relationships in vacancy-ordered double perovskite semiconduc-

tors. This chapter will expand upon the work presented in this document within the context

of recent experimental and computational studies in the literature to construct a set of guid-

ing principles to explain and predict the optical and electronic properties of vacancy-ordered

double perovskites with relevance for potential applications in photovoltaics. We then propose

avenues of future study for vacancy-ordered double perovskite semiconductors.

Note on author contributions: This chapter was written through contributions from Annalise

E. Maughan, Alex M. Ganose, David O. Scanlon and James R. Neilson. AEM wrote the initial

draft. AMG and DOS contributed significant portions of the Electronic Dispersion and Low Car-

rier Effective Masses section and (Figure 7.4 and Figure 7.5). JRN supervised the project.

7.2 Optical Gap and Band Alignment

The band gap and optical absorption of vacancy-ordered double perovskites is dictated by

the electronic states of the B- and X-site ions. We first consider the impact of the X-site halo-

gen upon the band alignment and optical gap. Incorporation of smaller halogens across the

series I – → Br – → Cl – results in a progressive widening of the band gap, as illustrated in a com-

putational study by Cai et al.9 As shown in Figure 7.1, the calculated band gaps of the iodide-

based vacancy-ordered double perovskites are, in general, smaller than those of the bromide

and chloride analogs, and the band gaps increase monotonically within a compositional fam-
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ily in which the A- and B-site cations are unchanged. This notion is evidenced by the trend

in experimentally-determined optical gaps for the Cs2SnX 6 and Cs2TiX 6 series. Cs2SnI6 is re-

ported to exhibit an experimental optical gap of ∼1.3 eV,7,11,209,339 yet replacing I – with Br – and

Cl – increases the optical gap to 2.7 eV and 3.9 eV, respectively.10,209 Similarly, Cs2TiI6 exhibits

an optical gap of 1.02 eV while a larger optical gap of 1.78 eV is observed for Cs2TiBr6.340 This

trend is conserved across all members of the vacancy-ordered double perovskite family for a

given combination of A- and B-site cations.

Figure 7.1: DFT-calculated band gaps of the A2BX 6 compounds in which the A-, B-, and X-sites were
systematically varied. Figure reproduced with permission from Cai, Xie, Ding, Chen, Thirumal, Wong,
Mathews, Mhaisalkar, Sherburne, Asta, Chem. Mater., 2017, 29, 7740–7749. 9

The impact of the X-site upon the optical gap stems from the strong presence of halogen

states at the valence and conduction band edges. In most members of the vacancy-ordered

double perovskite family, the valence band maximum (VBM) is derived exclusively from the

halogen p states, and thus the energy of the valence band is dictated predominantly by the

choice of halogen. This notion is exemplified by the Cs2SnX 6 series (X = I – , Br – , Cl – ) and is

illustrated through simplified molecular orbital diagrams of the Sn–X interactions within the

octahedra. As shown in Figure 7.2, the highest occupied states are derived from the halogen

non-bonding p states. Upon incorporation of the smaller halides, these states move to lower

energies as the ionization potential of the halogen p orbitals decreases across the I – → Br – →
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Cl – series, resulting in a widening of the optical gap observed experimentally.209 Substitution

at the X-site has been employed to tune the band gap in the mixed halide series Cs2SnI6−xBrx

and Cs2TiI6−xBrx , though the optical gaps do not change linearly with respect to halide concen-

tration.10,340

Figure 7.2: Molecular orbital theory perspective of the frontier states of (a) Cs2SnI6, (b) Cs2SnBr6, and (c)
Cs2SnCl6 considering the interactions between the Sn and I orbitals.

The X-site anion further contributes to the band gap through interactions with the B-site

cation at the center of the octahedra to dictate the energy of the conduction band minimum.

In the Cs2SnX 6 series, the conduction band minimum is derived from hybridized Sn 5s and X p

states,6–8,11,209 as predicted by the molecular orbital theory diagram in Figure 7.2. As the halo-

gen p states fall closer in energy to the Sn 5s states, the energy of the lowest unoccupied states

are pushed higher in energy as their interaction becomes more covalent. The increase in band

gap for the smaller halogens is therefore due to a combination of the valence band moving to

lower energies with an increase in energy of the conduction band minimum. It has been noted

recently that the proportional change in band gap across the Cs2SnX 6 (X = I – , Br – , Cl – ) series

is significantly larger than is observed for the CsSnX 3 perovskites.341 In CsSnX 3, the calculated

band gaps lie between Eg = 1.3–2.7 eV from X = I – → Br – → Cl – for the cubic Pm3̄m perovskite
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phase,342 while the band gaps in Cs2SnX 6 span a much larger range from Eg = 1.3−3.9 eV.209,341

In the CsSnX 3 series, the formally filled Sn 5s orbitals result in a valence band maximum de-

rived from hybridized Sn 5s/halogen p states, while the conduction band minimum is derived

from hybridized Sn 5p/halogen p states.342 Due to the hybridization of the Sn/halogen states at

the valence band maximum, incorporation of smaller halogens with lower ionization potentials

depresses the valence band energy only slightly. In contrast, the valence band maximum of the

Cs2SnX 6 vacancy-ordered double perovskites is derived exclusively from the non-bonding halo-

gen states, and thus the valence band maximum is depressed concomitantly with the ionization

potential of the halogen. This results in a significant widening and larger proportional increase

of the band gap upon incorporation of smaller halogens in the Cs2SnX 6 vacancy-ordered dou-

ble perovskites compared to the the CsSnX 3 compounds. As most vacancy-ordered double per-

ovskites exhibit similar orbital character at the valence and conduction band edges, the molec-

ular orbital theory diagrams shown in Figure 7.2 serve as a simple predictive tool to understand

the influence of B- and X-site substitution upon the band gap.

The trends in band gap reported in the literature and predicted by the molecular orbital the-

ory perspective shown in Figure 7.2 are further supported by the reported band alignments of

several members of the vacancy-ordered double perovskite family. As shown in Figure 7.3, the

ionization potentials for the bromide-based vacancy-ordered double perovskites lie at lower

energies than their iodide analogs. For example, the experimental ionization potentials for

Cs2SnI6 range from −5.42 eV to −5.94 eV and the electron affinities range from −4.12 eV to

−4.95 eV for polycrystalline samples.3,7,10,11 In contrast, the ionization potential of polycrys-

talline Cs2SnBr6 falls deeper in energy at −6.62 eV, and the electron affinity is pushed higher in

energy to reside at −3.77 eV, consistent with the large increase in band gap.10 A similar observa-

tion is expected for Cs2SnCl6, though photoelectron spectroscopy studies are likely complicated

by the high electrical resistivity of this compound.209

While both conduction and valence band edges exhibit character from the halogen p states,

deviations in the close-packing of the halogen sublattice do not appear to strongly influence
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Figure 7.3: Comparison of the experimentally- and computationally-determined ionization potentials
and electron affinities of several members of the vacancy-ordered double perovskite family. Dashed lines
represent the reported Fermi levels. Values were taken from (a), 10 (b), 11 (c), 7 (d), 3 (e), 12 (f), 13 (g), 10 (h), 10

(i), 10 (j), 10 (k), 10 (l), 14 (m), 7 (n), 8 (o), 8 (p), 8 (q). 7

the optical gap and band alignment in the vacancy-ordered double perovskites. In Rb2SnI6, the

smaller size of the Rb+ ion yields a tetragonal variant of the vacancy-ordered double perovskite

structure characterized by cooperative octahedral tilting, and further undergoes a phase tran-

sition to a monoclinic structure with additional tilting motifs.8 Tetragonal Rb2SnI6 exhibits an

optical gap of 1.32(2) eV, which is only slightly higher than the value of 1.23(3) eV determined

for Cs2SnI6 by the same method. This observation is further mirrored in the DFT-calculated

band alignments. Despite the lower-symmetry structure, the valence band maxima of both cu-

bic Cs2SnI6 and tetragonal Rb2SnI6 are calculated to reside at −5.8 eV (Figure 7.3). The electron

affinity of Rb2SnI6 (−4.7 eV) moves to slightly higher energy than that of Cs2SnI6 (−4.8 eV), likely

responsible for the slight increase in optical gap observed experimentally. The band alignments

of the monoclinic variant are also relatively unchanged. Taken together, these observations sug-

145



gest that cooperative octahedral tilting does not strongly affect the optical absorption behavior

or electronic structure of vacancy-ordered double perovskite semiconductors. Rather, the opti-

cal absorption can be considered as a metal to metal/ligand charge transfer process within the

[BX6] octahedra, lending further credence to the predictive capability of the molecular orbital

theory approach.

The interaction of the B-site with the halide ligands of the octahedra dictates the magnitude

of and direct vs. indirect nature of the band gap. While Cs2SnI6 possesses a direct band gap of

∼1.3 eV,7,11,209,339 replacing Sn(IV) with Te(IV) at the B-site yields a larger, indirect band gap of

1.59 eV for Cs2TeI6.7 The larger magnitude of the band gap in Cs2TeI6 arises due to covalent

interaction of the Te 5p states with the I 5p states that pushes the conduction band higher in

energy, as shown in the molecular orbital diagram in Figure 7.4. As the valence band is pinned

at the iodine 5p states that dominate the valence band, the band gap is determined exclusively

by the energy of the Te/I states at the conduction band minimum. Consideration of the orbital

symmetry and character enables prediction of the direct vs. indirect nature of the band gaps

in Cs2SnI6 and Cs2TeI6. From the molecular orbital theory perspective of the Sn–I interactions

within an [SnI6] octahedron, the highest occupied states of Cs2SnI6 are derived from a triply

degenerate T 1g I 5p orbital set, while the lowest unoccupied state is A1g character derived from

the Sn 5s/I 5p orbitals (Figure 7.4a). By considering the interactions of the T 1g I 5p orbital set

between octahedra, the highest energy state occurs when these orbitals are out of phase with

those of the neighboring octahedra at theΓpoint. At the conduction band minimum, the lowest

energy state occurs at the Γ point and corresponds to in-phase interactions between the A1g

orbitals, as shown in Figure 7.5. This produces a direct band gap at the Γ point. In Cs2TeI6,

the valence band maximum is derived predominantly from the T 1g I 5p orbital set, similarly to

that observed for Cs2SnI6. We note that the reported band structure for Cs2TeI6 exhibits a small

contribution from the Te 5s states, however the valence band is overwhelmingly I 5p character

by comparison. The conduction band minimum is derived of a triply degenerate T 1u orbital set

derived from Te 5p and I 5p states. As the frontier states of Cs2TeI6 are both composed of states
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with p orbital symmetry, the nature of the band gap is necessarily indirect, occurring between

the L and X points in the Brillouin zone.

Figure 7.4: Molecular orbital theory perspective of the frontier states of (a) Cs2SnI6 and (b) Cs2TeI6 with
orbital representations of the highest occupied and lowest unoccupied states of [SnI6] and [TeI6] octahe-
dra calculated using GAMESS.

Consideration of the orbital character at the band edges provides insight into the nature of

the band gap of the transition-metal-based vacancy-ordered double perovskites. In these com-

pounds, the halogen p states comprise the valence band maximum while the d states of the

Ti(IV), Pd(IV), or Pt(IV) ions comprise the conduction band minimum. In the Cs2TiX 6 system,

the conduction band is derived predominantly from fairly localized Ti 3d states, with a small

contribution from the halogen p states near the conduction band edge, resulting in an indi-

rect band gap.340 Similarly to Cs2SnI6, the highest occupied states in Cs2PdBr6 are derived from

the Br 4p orbitals to yield a triply degenerate orbital set with the highest energy state at the Γ

point.14 The conduction band is composed of Pd 4d and Br 4p states. A 3D projection of the

wavefunction distribution at the conduction band minimum of Cs2PdBr6 indicate that the low-

est unoccupied state is composed of hybridized Pd dz2 and Br 4p orbitals within the octahedra
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occurring at the X point in the Brillouin zone, presumably due to lower-energy in phase inter-

actions between neighboring octahedra. This orbital configuration produces an indirect band

gap between the Γ and X points of the Brillouin zone. The vacancy-ordered double perovskite

(NH4)2PtI6 is also reported to exhibit an indirect band gap of ∼2 eV arising from transitions be-

tween I 5p character at the Γ point to the Pt 5d eg states at X.102 The reported optical gaps of

other members of the hybrid Pt–I family are included in Table 7.1 for comparison, though only

(NH4)2PtI6 crystallizes in the cubic vacancy-ordered double perovskite structure.102 A table of

experimentally-determined optical gaps and the direct vs. indirect nature of the band gap of

several members of the vacancy-ordered double perovskite family compiled in Table 7.1.

It is important to note that the fundamental band gap, determined as the energy gap be-

tween the valence band maximum and conduction band minimum, is not necessarily reflective

of the true optical gap or absorption onset observed by absorption spectroscopy in some mem-

bers of the vacancy-ordered double perovskite family. In the A2SnI6 (A = Rb+, Cs+, CH3NH +
3 ,

CH(NH2) +
2 ) series, the direct transition at the Γ point is dipole-forbidden, and thus the dom-

inant optical absorption occurs from states slightly below the valence band edge.6–8 Similarly,

the indirect band gap of Cs2PdBr6 from Γ-X is dipole-forbidden, though Sakai et al. note that

transitions become allowed by moving slightly away from the X point.14 The presence of dis-

allowed transitions at the fundamental gap results in significant discrepancies between the

calculated band gap and the experimental optical gap in these materials. As such, computa-

tional studies of these materials may also invoke an artificially large amount of Hartree-Fock

exchange to fit the fundamental band gap to the experimentally observed optical gap.12,103,105

For Cs2SnI6, the calculated band gap from GW0 calculations predict a band gap of ∼0.88 eV,7,209

though the optical gap determined by UV-visible diffuse reflectance spectroscopy is nearly

0.5 eV larger at ∼1.3 eV.7,11,209,339 The optical gaps of Cs2SnBr6 (2.7 eV) and Cs2SnCl6 (3.9 eV) are

also underestimated by the GW0 calculated band gaps of 2.241 eV and 3.226 eV, respectively,209

suggesting that the direct fundamental band gap is also dipole-disallowed in these materials;

this observation likely stems from the fact that the electronic structures of the Cs2SnX 6 are de-
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rived of nearly identical orbital character and symmetry at both the valence and conduction

band edges.209

One finds discussion in the literature regarding the true valence state of the Sn ions in

Cs2SnI6. Formal oxidation state and electron counting yields tetravalent Sn with an electron

configuration of [Kr]5s05p0. A computational study by Xiao et al. proposed that the true valence

state of the Sn ion is divalent as in CsSnI3 rather than tetravalent due to population of the Sn 5s

states.105 A more recent combined experimental and computational study demonstrated that

the loss of two electrons (addition of two holes) upon oxidation of Sn2+ to Sn4+ from CsSnX 3

to Cs2SnX 6 is accompanied by a rearrangement of the hybridized Sn 5s and X p orbitals that

redistributes the charge over the Sn–X bond, rather than localizing in the Sn orbitals.341 This

effect occurs due to covalency between the tin and halide ions, and is therefore predicted to

occur to a much lesser extent in members of the Cs2SnX 6 series with strongly ionic interactions

(e.g., the hypothetical Cs2SnF6). While the covalent nature of the Sn–I interactions may result

in changes to the electron density within the octahedra, formal oxidation states and electron

counting provides an excellent predictor of the orbital character of the valence and conduction

bands, and the nature and magnitude of the band gap, as illustrated in Figure 7.2 and Figure 7.4.

7.3 Electronic Dispersion and Charge Transport

Due to the absence of extended polyhedral connectivity between the [BX 6] octahedra,

vacancy-ordered double perovskites are often referred to as “zero-dimensional” perovskite

derivatives. However, this name is misleading, as it implies that the octahedra are isolated elec-

tronically from one another. Rather, vacancy-ordered double perovskites retain a close-packed

framework of halides familiar to ABX 3 perovskites that can engage in orbital overlap with neigh-

boring octahedra to produce dispersive electronic states. It is therefore important to consider

the electronic dimensionality, rather than structural dimensionality, when deriving structure-

property relationships in these materials.345
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Table 7.1: Experimentally-determined optical gaps of several vacancy-ordered double perovskite halide
semiconductors.

Compound Optical gap (eV) Direct/Indirect Reference
Cs2SnI6 1.26 direct 11

Cs2SnI6 1.25 direct 7

Cs2SnI6 (thin film) 1.62 direct 12

Cs2SnI5Br 1.38 direct 10

Cs2SnI4Br2 1.40 direct 10

Cs2SnI3Br3 1.43 direct 343

Cs2SnI2Br4 1.63 direct 10

Cs2SnIBr5 2.3 direct 10

Cs2SnBr6 2.7 direct 209

Cs2SnBr6 2.9 direct 10

Cs2SnCl6 3.9 direct 209

Cs2PdBr6 1.6 indirect 14

(NH4)2PtI6 ∼2 indirect 102

(CH3NH3)2PtI6*non-VODP ∼2 indirect 102

(CH(NH2)2)2PtI6 ∼2 indirect 102

(C(NH2)3)2PtI6*non-VODP ∼2 indirect 102

Cs2TiI6 1.02 indirect 340

Cs2TiI4Br2 1.15 indirect 340

Cs2TiI2Br4 1.38 indirect 340

Cs2TiBr6 1.78 indirect 340,344

Cs2TeI6 1.59 indirect 7

Rb2SnI6 1.32(2) direct 8

(CH3NH3)2SnI6 1.35(2) direct 6

(CH3NH3)2SnI6 (thin film) 1.81 direct 13

(CH(NH2)2)2SnI6 1.37(2) direct 6

As the valence band of vacancy-ordered double perovskites is derived predominantly from

the halogen p states, the electronic dispersion of the valence band and thus the hole effective

masses and transport are dictated by the orbital overlap within the close-packed halide frame-

work. As such, replacing the larger iodide with bromide is accompanied by an increase in the

hole effective mass due to reduced overlap between the smaller orbitals of the bromide sub-

lattice. This notion is demonstrated by comparison of the cubic vacancy-ordered double per-

ovskites Cs2TiI6 and Cs2TiBr6 and Cs2PdI6 and Cs2PdBr6. The calculated hole effective masses

of Cs2TiI6 range from 0.79-1.58m0, yet replacing iodide with bromide increases the hole ef-

fective masses to 0.9-1.79m0.340 Similarly, Cs2PdI6 exhibits a hole effective mass of 0.85m0
9
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while a larger hole effective mass of 1.37m0 is reported for Cs2PdBr6.14 The conduction band of

vacancy-ordered double perovskites is often comprised of both B- and X-site electronic states,

and thus the calculated electron effective masses are also impacted by orbital overlap within

the close-packed halogen framework. Substitution of bromide for iodide in Cs2TiX 6 increases

the electron effective mass from 1.58m0 to 1.79m0.340 Similarly, the reported electron effec-

tive mass of Cs2PdI6 is 0.47m0,9 which is increased to 0.53m0 for the bromide analog.14 The

impact of halogen substitution on both the electron and hole effective masses speaks to the

prominence of the close-packed halide framework in dictating the charge transport behavior in

vacancy-ordered double perovskites.

The dispersive conduction band states in Cs2SnI6 and other vacancy-ordered double per-

ovskites are further dictated by interactions of the hybridized B- and X-site states between

neighboring octahedra. To illustrate this point, we have calculated charge density isosurfaces of

the lowest conduction band of Cs2SnI6 (Figure 7.5), at the Γ and X points in the Brillouin zone.

At the Γ point, the A1g antibonding orbital is in phase with the A1g orbital in the adjacent cell

(Figure 7.5b), leading to a bonding interaction between neighboring octahedra (Figure 7.5c).

This interaction occurs across a distance of ∼4 Å between octahedra, due to the disperse pro-

jection of the iodine 5p orbitals into the interoctahedral void and acts to stabilize the bonding

at this k-point. In contrast, at the X point, the A1g antibonding orbital is out of phase with the

A1g orbital in the adjacent cell (Figure 7.5d), resulting in an antibonding interaction between

neighboring octahedra (Figure 7.5e).15 As such, the energy of the interaction at the X point is

significantly higher, giving rise to reasonably high band dispersion. The large conduction band

dispersion of Cs2SnI6 leads to calculated electron effective masses as low as 0.25m0.6 A sim-

ilar argument can be made for the dispersive conduction band of Cs2TeI6 by considering the

interaction of the triply degenerate T 1u orbital sets between octahedra that produces electron

effective masses ranging from 0.22m0 to 0.97m0.7,9

Similarly to the main-group metal-halide vacancy-ordered double perovskites, the pal-

ladium and platinum-based vacancy-ordered double perovskites (NH4)2PtI6 and Cs2PdBr6
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Figure 7.5: Band structure of Cs2SnI6, highlighting the A1g antibonding states. Simplified bonding dia-
gram (a and d) and charge density isosurfaces (c and e) of the highlighted band at the Γ and X points. The
isosurface level was set to 0.008 eV Å−3. Figure reproduced with permission from A. M. Ganose Copyright
2018 University of College London. 15

exhibit dispersive conduction bands and relatively low electron effective masses.14,102 In

Cs2PdBr6, the conduction band minimum is derived from a hybridized electronic state of the

Pd 4d z2 orbitals with the Br 4p orbitals.14 The relatively low electron effective mass of 0.53m0

is therefore determined by the overlap of these hybridized states with those of the neighbor-

ing octahedra. In contrast, the conduction band minimum of (NH4)2PtI6 is comprised of only

the Pt 5d eg orbital set with little or no contribution from the iodine p states, which produces

electron effective masses ranging from 0.38-0.43m0.102 While the Pd- and Pt-based vacancy-

ordered double perovskites exhibit fairly dispersive conduction band states, the analogous

electron-poor Ti-based compounds exhibit significantly more localized states in the conduc-

tion band.340 In Cs2TiX 6, the conduction band minimum is derived from the Ti 3d states.

These localized conduction band states resulting in large electron effective masses of 1.58m0

and 1.79m0 for Cs2TiI6 and Cs2TiBr6, respectively. On the other hand, electronic dispersion

from the close-packed halogen lattice produces lighter hole effective masses. As such, Cs2TiI6

and Cs2TiBr6 are the only compounds of those considered here that are expected to exhibit

higher hole mobilities than electron mobilities. The reduced dispersion in Cs2TiX 6 compared to
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Cs2PdBr6 and (NH4)2PtI6 may be due to the larger size of the 4d and 5d orbitals of Pd and Pt that

can engage in stronger orbital overlap between neighboring octahedra compared to the smaller

spatial distribution of the Ti 3d orbitals. The calculated electron and hole effective masses for

several members of the vacancy-ordered double perovskite family are provided in Table 7.2.

Table 7.2: Calculated electron and hole effective masses for several members of the vacancy-ordered
double perovskite family given in units of m0.

Compound Spacegroup m∗
e m∗

h Reference
Cs2SnI6 Fm3̄m 0.25 0.81 6

Cs2SnI6 Fm3̄m 0.33 1.5 9

Cs2SnI6 Fm3̄m 0.48-0.92 1.32-2.75 7

(CH3NH3)2SnI6 Fm3̄m 0.31 0.99 6

(CH(NH2)2)2SnI6 Fm3̄m 0.43 1.61 6

(NH4)2PtI6 Fm3̄m 0.38-0.43 0.64-25.3 102

Cs2TeI6 Fm3̄m 0.40 1.51 9

Cs2TeI6 Fm3̄m 0.22-0.97 1.40-4.40 7

Cs2TiI6 Fm3̄m 1.58 0.79-1.58 340

Cs2TiBr6 Fm3̄m 1.79 0.9-1.79 340

Cs2PtI6 Fm3̄m 0.51 1.45 9

Cs2PdI6 Fm3̄m 0.47 1.37 9

Cs2PdBr6 Fm3̄m 0.53 0.85, 19.9 14

Rb2PtI6 P4/mnc 0.59-0.66 1.32-2.5 9

K2PtI6 P4/mnc 0.83-0.84 1.79-2.55 9

Rb2SnI6 P4/mnc 0.39 0.98 8

Rb2SnI6 P4/mnc 0.65 2.17-2.61 9

Rb2SnI6 P21/n 0.44 1.07 8

(CH(NH2)2)2PtI6 P21/n 0.61-0.87 1.74-1.75 102

(CH3NH3)2PtI6*nonVODP R3̄m 0.61-0.74 1.29-2.30 102

(CH(NH2)3)2PtI6*nonVODP P63/mmc 2.05-32.2 3.19-6.08 102

7.4 Defect Chemistry

The chemistry of the B-site cation plays a non-trivial role in dictating the defect behavior of

vacancy-ordered double perovskites. Cs2SnI6 exhibits native n-type conductivity, with free elec-

trons generated by the formation of iodine vacancy defects that form as donor states that are

nearly resonant with the conduction band.7,11,103 The lack of trap-state defects classify Cs2SnI6
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as a defect-tolerant semiconductor.7 Other members of the A2SnI6 (A = Rb+, Cs+, CH3NH +
3 ,

CH(NH2) +
2 ) series exhibit native n-type conductivity, presumably due to like defect chemistry

arising from their similar electronic structures.6,8 Yet, replacing Sn4+ with Te4+ significantly im-

pacts the defect chemistry and charge transport behavior in the Cs2Sn1−xTexI6 series. While

iodine vacancies exhibit the lowest enthalpy of formation in both Cs2SnI6 and Cs2TeI6, replac-

ing Sn with Te increases the enthalpy of formation by a factor of ∼2-4, which accounts for the

exponential decrease in carrier concentration observed experimentally.7 Further, hybridization

of the Te 5p and I 5p states pushes the conduction band minimum higher in energy, such that

the iodine vacancy defect states reside as trap states deep within the band gap, which are pro-

posed to localize charge carriers and inhibit charge transport.7 The defect tolerance vs. intol-

erance was attributed to the differences in electronic structure brought about by the Sn–I/Te–I

hybridization at the conduction band and the increased covalency of the Te–I bonds that results

in higher enthalpies of defect formation in Cs2TeI6 relative to Cs2SnI6.

In contrast to defect-tolerant Cs2SnI6, Cs2TiI6 appears to be intolerant to the formation of

defects. Defect calculations of Cs2TiI6 indicate that, under I-rich and Ti-lean conditions, iodine

vacancies are the lowest enthalpy of formation defect. Under I-lean/Ti-rich conditions, Csi and

Tii are the lowest enthalpy of formation defects. However, these defect states form deep within

the band gap and may therefore act as a recombination center for photoexcited charge carri-

ers. The apparent defect intolerance of Cs2TiI6 may be rationalized by considering the bonding

vs. antibonding orbital contributions at the valence and conduction band edges. The valence

band appears to be derived from non-bonding I 5p states, while the conduction band mini-

mum is derived from Ti–I antibonding character. Semiconductors with antibonding states at

the conduction band minimum have been previously identified as defect intolerant by Zaku-

tayev et al., as the defect electronic states form as deep trap states rather than as resonances

within the band edges.27 Thus, defects such as iodine vacancies in Cs2TiI6 are likely to form as

deep trap states, rendering this material intolerant to defect formation.
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7.5 Mixed Valence

Mixed-valence compounds in vacancy-ordered double perovskites occur through charge

disproportionation of the formally tetravalent B-site cation into BIII and BV species. In the

Cs2SbX 6 system (X = Cl – , Br – ), the antimony ions at the B-site are disproportionated into

Sb(III) and Sb(V) at the center of the octahedra,346,347 as shown in the crystal structure model

in Figure 7.6. Supercell ordering of SbIIIX 6 and SbVX 6 result in a tetragonal unit cell (space

group I41/amd) rather than the cubic Fm3̄m K2PtCl6 structure.348–350 In contrast to the Oh

symmetry of the octahedra in K2PtCl6, the [SbX 6] octahedra in these compounds are slightly

distorted to D2d symmetry, resulting in two long apical Sb–X bonds and four short equatorial

Sb–X bonds.350 These compounds are unique from other vacancy-ordered double perovskite

halides in that their optical absorption arises due to a strong charge transfer band from the

populated 5s states of the Sb3+ centers into the empty 5s states of the adjacent Sb5+ center,

likely mediated by the halide ligands.347,351 In A2SbCl6, this gives rise to a deep blue-purple col-

oration, while a deep black coloration is observed in A2SbBr6.347,348,351 These charge transfer

processes are intimately linked with the vibrational properties of these mixed valence materi-

als.352–354 In a study by Clark and Swanson, low-temperature far infrared spectra of Cs2SbCl6

reveal sharp features corresponding to internal modes of the [SbCl6] octahedra.353 At higher

temperatures, these features are dampened and broadened concomitantly with the onset of

thermally-activated charge transfer, indicating that the lattice dynamics are strongly perturbed

by the electron transfer processes in these materials.

The antimony centers in the mixed-valence vacancy-ordered double perovskites may be

substituted with other trivalent or tetravalent metal cations to elicit changes in the optical ab-

sorption and carrier transport properties of these compounds. A common substitution is of

Sn(IV) as in the series A2Sb1−xSnxCl6 (A = Cs+, NH +
4 ), where tetravalent tin is randomly dis-

tributed over both Sb(III) and Sb(V) sites within the crystalline lattice.355,356 Substitution of

Sn(IV) is found to dramatically decrease the intensity of the charge-transfer band by UV-visible

spectroscopy due to dilution of the SbIII-SbV sublattice.355 Higher tin concentrations are also
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Figure 7.6: Crystal structure representation of Cs2SbIII
0.5SbV

0.5X 6 in the charge ordered tetragonal struc-
ture. The isolated and ordered [SbIIIX 6] and [SbVX 6] octahedra are differentiated as blue and red, re-
spectively. Cesium ions are shown in grey and the X-site anions are shown in orange.

accompanied by a reduction in electrical conductivity due to discontinuity of the Sb sublat-

tice through which mobile holes travel via a thermally-activated hopping process.355,356 At Sb

concentrations below 10%, the sign of the carriers changes from positive to negative, and the

mechanism of charge transport is suggested to transition from electronic to ionic.356 Trivalent

metal substitution for SbIII can drive both ordered and disordered configurations of the BIII and

SbV sites.350 For example, Cs2InIII
0.5SbV

0.5Cl6 exhibits disordered InIII and SbV centers consistent

with space group Fm3̄m, with no evidence of ordering or phase transitions down to T = 4.2 K.

In contrast, Cs2BiIII
0.5SbV

0.5Cl6 adopts the tetragonal I41/amd structure characterized by charge-

ordered BiIII and SbV centers (Figure 7.6). The differences between ordered and disordered B-

sites is attributed to the size of the BIII cation; when the [BIIIX 6] and [SbVX 6] octahedra are

close in size, no supercell ordering is observed, while deviations in the octahedral sizes are

accompanied by the presence of supercell reflections in the neutron powder diffraction data.

Similarly to the ordered Cs2Sb1−xSnxCl6 series, the disordered Cs2Sb1−xInxCl6 series exhibits a

composition-dependent charge-transfer band in the UV-visible spectroscopic data, suggesting

that the arrangement of the B3+ and B5+ centers has a negligible effect on the optical proper-

ties of these materials.355 However, ordered vs. disordered B-site cation configurations alter the
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concentration-dependence of the electrical conductivity (σ). The conductivity is directly pro-

portional to the antimony concentration in the disordered Cs2Sb1−xInxCl6 series (σ∝ [Sb]), in

contrast to the ordered Cs2Sb1−xSnxCl6 series, in which the conductivity is proportional to the

concentration squared (σ∝ [Sb]2).356 The crystal-chemical origins of these differences merit

further investigation.

7.6 Lattice Dynamics and Electron-Phonon Coupling

Octahedral rotations are a well-known origin of lattice dynamics in vacancy-ordered dou-

ble perovskites, and are dictated by the size and bonding preferences of the A-site cation. In

the A2PtCl6 series (A = K+, Rb+, and Cs+), the frequency of the rotary phonon mode increases

with increasing size of the alkali cation.87 Softening of these dynamic rotations upon cooling

are also responsible for symmetry lowering phase transitions characterized by frozen-in co-

operative octahedral tilts.85–93 In Rb2SnI6, lower symmetry structures are observed due to the

smaller size of the Rb+ ion, which is significantly underbonded in the previously reported cubic

vacancy-ordered double perovskite structure;8,277 the bond valence of the Rb+ ion is signifi-

cantly improved by cooperative octahedral tilting to the lower-symmetry tetragonal and mono-

clinic structural variants of the vacancy-ordered double perovskite structure. In the absence of

cooperative octahedral tilting, anharmonic lattice dynamics may be observed when the coordi-

nation preferences of the A-site cation are dissatisfied by the cuboctahedral void. For example,

both Cs2SnI6 and Cs2TeI6 crystallize in the cubic vacancy-ordered double perovskite structure,

and neither compound undergoes phase transitions upon cooling, indicating that both com-

pounds are dynamically stable.7 However, the local coordination environment reveals signa-

tures of anharmonicity across the solid solution Cs2Sn1−xTexI6, attributed to octahedral rota-

tions coupled with off-centering of the Cs+ ion. The degree of anharmonicity is correlated with

the bond valence of the Cs+ ion, such that the anharmonicity is minimized when the Cs+ is

optimally coordinated by the surrounding octahedral framework.
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Dynamic organic cations further contribute to the structural and dynamic behavior of

vacancy-ordered double perovskites through hydrogen bonding interactions with the sur-

rounding octahedra. In the A2PtI6 series with varied organic A-site cations, (NH4)2PtI6 adopts

the cubic vacancy-ordered double perovskite structure while (CH3NH3)2PtI6 yields a rhombo-

hedral structural variant (space group R3̄m). Incorporation of the larger CH(NH2) +
2 results

in the monoclinic structural variant of the vacancy-ordered double perovskite structure (low-

T K2SnCl6, space group P21/n), while (C(NH2)3)2PtI6 adopts the hexagonal, non-perovskite

K2MnF6 structure. By 1H NMR relaxation experiments, Evans et al. demonstrated that the

smaller NH +
4 and CH3NH +

3 cations undergo rapid molecular reorientations, but the larger

CH(NH2) +
2 and C(NH2) +

3 cations were observed to reorient over much slower timescales. Ex-

amination of the DFT-relaxed structures of (CH(NH2)2)2PtI6 and (C(NH2)3)2PtI6 indicates ori-

entations of the organic cations that yield N–H· · · I distances that are characteristic of hydrogen

bonds, suggesting an origin for the unique structural topologies and sluggish molecular dynam-

ics in these compounds. Hydrogen bonding interactions may further drive anharmonic be-

havior through organic-inorganic coupling. In the hybrid vacancy-ordered double perovskites

(CH3NH3)2SnI6 and (CH(NH2)2)2SnI6, coupling between the organic cations and the iodide

sublattice yields soft, anharmonic lattice dynamics that manifest in the local coordination en-

vironment relative to Cs2SnI6, despite the observation that all three compounds crystallize in

the same cubic vacancy-ordered double perovskite structure by X-ray diffraction.6 It is fur-

ther interesting to note the room-temperature structural differences between (CH3NH3)2SnI6

and (CH(NH2)2)2SnI6 and their Pt–I analogs. While the Sn-based compounds appear to adopt

the cubic vacancy-ordered double perovskite structure at room temperature,6 other structural

topologies characterized by rotations and tilting of the isolated [PtI6] octahedra are observed in

the Pt analogs.102 As Sn4+ and Pt4+ exhibit similar ionic radii (rSn = 0.690 Å, rPt = 0.625 Å),206

it may be necessary to consider the effect of Sn–I vs. Pt–I covalency and/or electronegativity

and the subsequent influence upon interoctahedral I–I van der Waals interactions and N–H· · · I
hydrogen bonds in these compounds.
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Lattice dynamics participate in the charge transport processes of perovskite halide semicon-

ductors through electron-phonon coupling within the soft and deformable lattice. The forma-

tion of a polaron, in which an electron forms a localized deformation of the lattice, is a prevail-

ing hypothesis to explain the long carrier excited state lifetimes yet only moderate carrier mo-

bilities observed in perovskite halides such as methylammonium lead iodide.25 In conventional

perovskite halides, polarons form predominantly within the metal halide octahedral framework

via X–B–X bending and B–X stretching modes, resulting in deformations and cooperative tilt-

ing of the [BX 6] octahedra.56,58,59,357 It therefore follows that similar electron-phonon coupling

processes occur in the vacancy-ordered double perovskites, and may even be enhanced by the

presence of relatively decoupled octahedral units.339,358

As the lattice dynamics of vacancy-ordered double perovskites are intimately linked with

the choice of A-site cation and its interaction with the surrounding octahedral framework, the

electron-phonon coupling behavior in vacancy-ordered double perovskites may be predicted

by the perovskite tolerance factor. As shown in Figure 7.7, the trend in experimental carrier

mobilities across the A2SnI6 series is reproduced by computationally-derived carrier mobilities

calculated within a polaron model, indicating that electron-phonon coupling processes dom-

inate the charge transport behavior in vacancy-ordered double perovskites. These trends are

also correlated with the perovskite tolerance factor. In Rb2SnI6, the smaller size of the Rb+

ion yields a tolerance factor less than 1 and produces a structure characterized by coopera-

tive octahedral tilting.8 The lower symmetry structure further yields a larger number of non-

degenerate low-frequency phonons that contribute to stronger electron-phonon coupling pro-

cesses that account for experimental carrier mobilities that are ∼50-fold lower than those of

the cubic Cs2SnI6. On the other hand, introducing the larger organic CH3NH +
3 and CH(NH2) +

2

cations yields tolerance factors greater than 1 and reduced carrier mobilities relative to Cs2SnI6.

In these compounds, the larger interoctahedral I–I distances produces softer lattices which re-

sult in stronger electron-phonon interactions and subsequently reduced carrier mobilities.6

The highest carrier mobilities are observed for Cs2SnI6 with a tolerance factor of ∼1, suggest-
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ing that weaker electron-phonon coupling interactions are observed when the vacancy-ordered

double perovskite lattice does not exhibit dynamic instabilities or anharmonicity. While po-

laron formation is expected to occur within the octahedral framework as in ABX 3 perovskite

halides,58,357 the choice of A-site cation strongly influences the charge transport characteristics

of vacancy-ordered double perovskites through coupling to the neighboring octahedra.

Figure 7.7: The experimental and calculated electron mobilities of the A2SnI6 vacancy-ordered double
perovskites as a function of perovskite tolerance factor. The experimentally-determined electron mo-
bilities are shown as filled purple circles on the left axis, while the calculated Hellwarth electron mo-
bilities are denoted by open orange squares on the right axis. Figure reproduced with permission from
Maughan, Ganose, Almaker, Scanlon, Neilson, Chem. Mater., 2018, 30, 3909–3919. 8

7.7 Concluding Remarks

Vacancy-ordered double perovskite semiconductors inhabit a rich compositional, struc-

tural, and dynamic phase space that may be accessed and tuned by compositional modifica-

tion at all three sites to elicit desirable optical and electronic properties. Incorporating smaller

X-site halogens is accompanied by a depression of the ionization potential and widening of the

band gap due to halide p orbitals that dominate the valence band maximum. The close-packed

lattice of large halides provides substantial orbital overlap between the neighboring isolated

octahedra, yielding relatively low carrier effective masses and presumably higher carrier mo-

bilities. Substitution of halogens with a smaller spatial distribution of the p orbitals results
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in reduced band dispersions and larger carrier effective masses. Compositional modification

at the B-site at the center of the octahedra offers the greatest degree of flexibility to elicit de-

sired properties and chemistries in vacancy-ordered double perovskites due to the large vari-

ety of tetravalent ions that may be accommodated into the structure. The B-site cations and

their interaction with the halide ligands in the octahedra dictate energy and dispersion of the

conduction band, the direct vs. indirect nature of the band gap, and the defect chemistry in

vacancy-ordered double perovskites. The formally tetravalent charge state of the B-site can

also enable charge disproportionation and mixed valency, which gives rise to strong charge-

transfer and unique vibronic coupling effects. The A-site cation does not directly participate in

charge transport or optical absorption processes, but rather influences the surrounding octahe-

dral framework through anharmonic lattice dynamics or cooperative octahedral tilting. Smaller

A-site cations introduce cooperative octahedral tilting distortions that increase the magnitude

of the band gap and carrier effective masses due to deviations in the close-packed halogen sub-

lattice. Larger and more complex organic cations drive unique structural topologies and anhar-

monic lattice dynamics due to organic-inorganic coupling effects through hydrogen bonding.

Changes to the dynamic landscape of vacancy-ordered double perovskites brought about by the

choice of A-site cation further give rise to electron-phonon coupling interactions that strongly

influence the charge transport behavior in these materials. Due to the large range of accessible

chemistries available at all three crystallographic sites, the vacancy-ordered double perovskite

structure provides an ideal framework to determine structure-dynamics-property relationships

in complex semiconductors for transformative advances in sustainable energy technologies.

7.8 Outlook and Future Directions

The relatively nascent understanding of the optical and electronic behavior of vacancy-

ordered double perovskites motivates further study of their properties. This section seeks to

identify avenues of future study for vacancy-ordered double perovskite semiconductors, and,
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where applicable, place these future studies in the broader context of the field of perovskite

halide semiconductors.

In chapter two of this document, we identified the chemical bonding principles neces-

sary to achieve defect tolerance in the vacancy-ordered double perovskite semiconductors

Cs2Sn1−xTexI6. Namely, the covalency of the Sn–I vs. Te–I bonding dictates the energy of the

conduction band minimum and thus the position of the defect level within the band gap. Fur-

ther, this covalency was proposed to contribute to the higher enthalpy of defect formation in

Cs2TeI6 compared to Cs2SnI6.7 The first avenue of proposed research involves expanding these

design principles to other compositional derivatives of the vacancy-ordered double perovskite

family. In particular, as the interaction of the B- and X-site is critical for the defect chemistry, a

thorough understanding of how varying the B-site (i.e., main-group metals vs. transition met-

als) affects the electronic structure and defect behavior is paramount. While there have been

experimental and computational studies of the defect chemistry of several members of the

vacancy-ordered double perovskite family, there have been very few studies devoted to control-

ling the type and concentration of dopants. Therefore, engineering native and extrinsic defects

is an important step towards eliciting desirable semiconducting properties in vacancy-ordered

double perovskite semiconductors for potential optoelectronic applications. Further, chemical

control of the defect chemistry provides an approach to controlling and preventing material de-

composition, which represents a significant challenge in the broader field of perovskite halide

semiconductors.

Lattice dynamics have been strongly implicated in the charge transport properties of per-

ovskite halide semiconductors through polaron formation. There have been numerous exper-

imental studies aimed at understanding the mechanism of polaron formation and the sub-

sequent influence upon charge separation and transport in ABX 3 perovskites.25,51–58,357 The

softer vacancy-ordered double perovskite lattice brought about by the isolated [BX 6] octahe-

dral framework presents a further opportunity to study electron-phonon coupling in perovskite

halides. Experimental realization of the electron-phonon coupling processes in vacancy-
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ordered double perovskites will provide insight into charge separation, carrier excited state

lifetimes, and charge transport in these complex semiconducting materials. Further, the

structurally-decoupled octahedra in the vacancy-ordered double perovskite lattice are strongly

influenced by organic-inorganic coupling, as exemplified by the case of (CH3NH3)2SnI6 and

(CH(NH2)2)2SnI6.6 Thus, studies of electron-phonon coupling in hybrid vacancy-ordered dou-

ble perovskites present an avenue to explore the influence of organic cation dynamics upon

polaron formation, which represents an active area of research in the field of perovskite halide

semiconductors.
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Appendix A

Analysis of Total Scattering Data

Analysis of X-ray and neutron total scattering data through pair distribution function

(PDF) analysis was undertaken to investigate the local coordination environment of materi-

als throughout this work. The PDF provides an experimentally-determined histogram of all

atom-atom pair correlations, weighted by the average scattering factors of the two participat-

ing atoms. This method enables an examination of the bonding environment within materi-

als independent of long-range crystallographic order, including amorphous, nanocrystalline,

glassy, or paracrystalline materials. A full description of pair distribution function methods is

illuminated by Egami, et al. and Farrow, et al.359,360

Mathematically, the PDF, G(r), is extracted from X-ray and neutron total scattering data

through the sine Fourier transform of the reciprocal space scattering (Equation A.1):

G(r ) = 2

π

∫ ∞

0
Q[S(Q)−1]sin(Qr )dQ, (A.1)

where Q is the reciprocal scattering vector and S(Q) is the total scattering structure function,

defined in Equation A.4:

S(Q) = Ic

N〈 f 〉2
− 〈( f −〈 f 〉)2〉

〈 f 〉2
. (A.2)

In Equation A.4, N is the number of scatterers per formula unit, f is the Q-dependent atomic

form factor, and Ic is the experimentally measured coherent scattering intensity, hereafter re-

ferred to as I(Q).

Practically, the bounds of the integral presented in Equation A.1 are limited by the Q-range

that can be measured experimentally, and thus the integral becomes
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G(r ) = 2

π

∫ Qmax

Qmin

Q[S(Q)−1]sin(Qr )dQ. (A.3)

In chapter 3, the diffraction patterns of the 3 × 3 × 3 supercells of Cs2SnI6, (CH3NH3)2SnI6,

and (CH(NH2)2)2SnI6 containing randomly tilted octahedra were calculated by taking the in-

verse sine Fourier transform of the pair distribution function. The pair distribution function,

G(r), of the supercells were calculated from 0.01 < r < 100 Å in increments of 0.01 Å with

Qdamp = 0.034127 Å−1 and Qbroad = 0.021102 Å−1 in PDFgui. The data were sine Fourier trans-

formed from 0.01 < Q < 7 Å−1 in 0.01 Å−1 increments to the total scattering structure function,

S(Q), following Equation A.4:

S(Q) = 1+ 1

Q

∫ ∞

0
G(r )sin(Qr )dr. (A.4)

The diffraction intensities were simulated as I(Q), which is a renormalized function of the

structure factor, S(Q) (Equation A.5):

I (Q) = N [S(Q)〈 f (Q)〉2 +〈( f (Q)−〈 f (Q)〉)2〉] (A.5)

where f (Q) denotes the Q-dependent atomic form factor and the term 〈( f (Q)−〈 f (Q)〉)2〉 de-

scribes Laue monotonic diffuse scattering due to imperfect cancellation of intensity when

atomic sites are occupied by atoms of different scattering strength. The atomic form factor

for each atomic species was determined using the analytical expression shown in Equation A.6:

fi (Q) =
4∑

i=1
ai exp(−bi (

Q

4π
)2)+ c, (A.6)

with coefficients of the summation ai , bi , and c taken from the International Tables for Crystal-

lography.361 The sample averaged scattering power, 〈 f (Q)〉 is defined in Equation A.7:

〈 f (Q)〉 =∑
α

cα f (Q)α. (A.7)
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In order to compare the calculated I(Q) with the experimental data, the powder X-ray

diffraction patterns were truncated below Q = 0.65 Å−1 to exclude the low-Q intensity due to

air scattering, convolved with a Gaussian function with a fwhm of 0.065, 0.056, and 0.060 Å for

Cs2SnI6, (CH3NH3)2SnI6, and (CH(NH2)2)2SnI6, respectively, and linearly scaled to capture the

breadth and intensity of the peaks observed in I(Q), as shown in Figure A.1. Portions of the ad

hoc Python code used to perform the above analysis are shown below.

1 import matplotlib . pyplot as p l t
import numpy as np

3 from scipy import integrate
from matplotlib import colors

5

Q = np . arange ( 0 . 0 1 , 7 , 0 . 0 1 )
7

##Define a function to perform the sine Fourier transform i n t e g r a l
9 def sineFT_SQ (Q, r , Gr ) :

Fq = np . zeros ( len (Q) )
11 for qi in range ( len (Q) ) :

Fq [ qi ] = np . trapz ( Gr*np . sin ( r *Q[ qi ] ) , dx = ( ( r [−1]− r [ 0 ] ) /( len ( r )−1) ) )
13 Sq = Fq/Q + 1

return Sq
15

SQCs = np . array ( sineFT_SQ (Q, xCs , GrCs ) )
17 SQMA = np . array ( sineFT_SQ (Q,xMA,GrMA) )

SQFA = np . array ( sineFT_SQ (Q, xFA , GrFA) )
19

##Define the atomic form f a c t o r s as functions
21 ###The form f a c t o r takes the form of a summation from i =1−−>4 over ai , bi , and c .

def f_H (Q) :
23 f = a1H * np . exp((−b1H) * (Q/(4*np . pi ) ) * * 2 ) + a2H * np . exp((−b2H) * (Q/(4*np . pi ) ) * * 2 ) + a3H * np . exp((−b3H

) * (Q/(4*np . pi ) ) * * 2 ) + a4H * np . exp((−b4H) * (Q/(4*np . pi ) ) * * 2 ) + cH
return f

25

def f_C (Q) :
27 f = a1C * np . exp((−b1C) * (Q/(4*np . pi ) ) * * 2 ) + a2C * np . exp((−b2C) * (Q/(4*np . pi ) ) * * 2 ) + a3C * np . exp((−b3C

) * (Q/(4*np . pi ) ) * * 2 ) + a4C * np . exp((−b4C) * (Q/(4*np . pi ) ) * * 2 ) + cC
return f

29

def f_N (Q) :
31 f = a1N * np . exp((−b1N) * (Q/(4*np . pi ) ) * * 2 ) + a2N * np . exp((−b2N) * (Q/(4*np . pi ) ) * * 2 ) + a3N * np . exp((−b3N

) * (Q/(4*np . pi ) ) * * 2 ) + a4N * np . exp((−b4N) * (Q/(4*np . pi ) ) * * 2 ) + cN
return f

33

def f_Cs (Q) :
35 f = a1Cs * np . exp((−b1Cs ) * (Q/(4*np . pi ) ) * * 2 ) + a2Cs * np . exp((−b2Cs ) * (Q/(4*np . pi ) ) * * 2 ) + a3Cs * np . exp

((−b3Cs ) * (Q/(4*np . pi ) ) * * 2 ) + a4Cs * np . exp((−b4Cs ) * (Q/(4*np . pi ) ) * * 2 ) + cCs
return f

37

def f_Sn (Q) :
39 f = a1Sn * np . exp((−b1Sn ) * (Q/(4*np . pi ) ) * * 2 ) + a2Sn * np . exp((−b2Sn ) * (Q/(4*np . pi ) ) * * 2 ) + a3Sn * np . exp

((−b3Sn ) * (Q/(4*np . pi ) ) * * 2 ) + a4Sn * np . exp((−b4Sn ) * (Q/(4*np . pi ) ) * * 2 ) + cSn
return f

41

def f _ I (Q) :
43 f = a1I * np . exp((−b1I ) * (Q/(4*np . pi ) ) * * 2 ) + a2I * np . exp((−b2I ) * (Q/(4*np . pi ) ) * * 2 ) + a3I * np . exp((−b3I

) * (Q/(4*np . pi ) ) * * 2 ) + a4I * np . exp((−b4I ) * (Q/(4*np . pi ) ) * * 2 ) + cI
return f
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1 #Compute the average form f a c t o r for each point in Q, <f >
##each atomic form f a c t o r i s multiplied by the molar f r a c t i o n of each species

3 ### <f > = summation( cafa ) where ca i s the f r a c t i o n of that atomic species Na/N
### and fa i s the atomic form f a c t o r for atom a

5

##Average f s ( < f >) for Cs2SnI6
7 def avgCs2SnI6 (Q, fCs , fSn , f I ) :

favg = np . zeros ( len (Q) )
9 for q in range ( len (Q) ) :

favg [ q ] = (1/9) * ( 2 * fCs [ q ] + 1* fSn [ q ] + 6* f I [ q ] )
11 return favg

13 ##Average f s ( < f >) for (CH3NH3) 2SnI6
def avgMA2SnI6 (Q, fH , fC , fN , fSn , f I ) :

15 favg = np . zeros ( len (Q) )
for q in range ( len (Q) ) :

17 favg [ q ] = (1/17) * ( 6 * fH [ q ] + 2* fC [ q ] + 2*fN [ q ] + 1* fSn [ q ] + 6* f I [ q ] )
return favg

19

##Average f s ( < f >) for (CH(NH2) 2)2SnI6
21 def avgFA2SnI6 (Q, fH , fC , fN , fSn , f I ) :

favg = np . zeros ( len (Q) )
23 for q in range ( len (Q) ) :

favg [ q ] = (1/23) *(10* fH [ q ] + 2* fC [ q ] + 4*fN [ q ] + 1* fSn [ q ] + 6* f I [ q ] )
25 return favg

27 #Compute the Laue monotonic d i f f u s e s c a t t e r i n g term <( f−<f >)^2 weighted by molar concentration of atomic
species

## This term i s e f f e c t i v e l y the variance between a given atomic form f a c t o r and the average atomic form
f a c t o r . This describes the " imperfect cancel lat ion of i n t e n s i t y at the destructive interference
condition when atomic s i t e s are occupied by atoms of d i f f e r e n t s c a t t e r i n g strength "

29

def varfCs2SnI6 (Q, fCs , fSn , f I , favgCs2SnI6 ) :
31 v arf = np . zeros ( len (Q) )

for q in range ( len (Q) ) :
33 v arf [ q ] = (1/9) * ( 2 * ( fCs [ q]−favgCs2SnI6 [ q ] ) **2 + 1*( fSn [ q]−favgCs2SnI6 [ q ] ) **2 + 6*( f I [ q]−

favgCs2SnI6 [ q ] ) * * 2 )
return v arf

35

def varfMA2SnI6 (Q, fH , fC , fN , fSn , f I , favgMA2SnI6 ) :
37 v arf = np . zeros ( len (Q) )

for q in range ( len (Q) ) :
39 v arf [ q ] = (1/17) * ( 6 * ( fH [ q]−favgMA2SnI6 [ q ] ) **2 + 2*( fC [ q]−favgMA2SnI6 [ q ] ) **2 + 2*( fN [ q]−favgMA2SnI6

[ q ] ) **2 + 1*( fSn [ q]−favgMA2SnI6 [ q ] ) **2 + 6*( f I [ q]−favgMA2SnI6 [ q ] ) * * 2 )
return v arf

41

def varfFA2SnI6 (Q, fH , fC , fN , fSn , f I , favgFA2SnI6 ) :
43 v arf = np . zeros ( len (Q) )

for q in range ( len (Q) ) :
45 v arf [ q ] = v arf [ q ] = (1/23) * ( 1 0 * ( fH [ q]−favgFA2SnI6 [ q ] ) **2 + 2*( fC [ q]−favgFA2SnI6 [ q ] ) **2 + 4*( fN [ q]−

favgFA2SnI6 [ q ] ) **2 + 1*( fSn [ q]−favgFA2SnI6 [ q ] ) **2 + 6*( f I [ q]−favgFA2SnI6 [ q ] ) * * 2 )
return v arf

47

## Calculate I (Q) for Cs2SnI6
49 IQCs = 9*(SQCs* ( avgCs2SnI6 (Q, fCs , fSn , f I ) ) **2 + varfCs2SnI6 (Q, fCs , fSn , f I , favgCs2SnI6 ) )

51 ## Convolve PXRD data with a Gaussian
def gaussianCs ( r , c ) :

53 dr = f l o a t ( r [−1]− r [ 0 ] ) /( len ( r )−1)
x = np . arange(−10*c , 10*c , dr )

55 return 1 . 0 / (np . sqrt (2*np . pi ) ) *np . exp ( −1.0*( x ) * * 2 / ( 2 * c * * 2 ) )

57 QresCs=0.0275 ##width of Gaussian
ConvScaleCs = 0.38 ## scale f a c t o r for Gaussian

59 IQconvCs = np . convolve ( ICs , gaussianCs ( QdataCs , QresCs ) , mode="same" )

61 FWHM_Cs = 2*np . sqrt (2*np . log ( 2 ) ) * QresCs
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Figure A.1: Comparison of powder X-ray diffraction data convolved with a Gaussian to diffraction pat-
terns (I(Q)) calculated from G(r) of the tilted supercells. Black lines are the convolved data, while colored
lines represent the calculated I(Q) for each compound in the A2SnI6 series.
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Appendix B

Rigid-Body Modeling of Anharmonicity in Hybrid

Vacancy-Ordered Double Perovskites

In chapter 3, the hybrid vacancy-ordered double perovskites methylammonium tin(IV) io-

dide (CH3NH3)2SnI6) and formamidinium tin(IV) iodide ((CH(NH2)2)2SnI6) appear to exhibit

anharmonic lattice dynamics. This anharmonicity manifests in the local coordination environ-

ment as a significant tailing of the next-nearest neighbor I–I pair correlations at ∼4 Å in the

X-ray pair distribution function analysis. As shown in Figure B.1, this tailing is enhanced in the

hybrid compounds, and cannot be modeled by the cubic structure observed by powder X-ray

diffraction.

The tailing observed on the high-r side of the I–I peak is attributed to random rotations

of nearly rigid SnI6 octahedral units, which results in a distribution of inter-octahedral I–I dis-

tances. In order to test this hypothesis, supercells of the cubic A2SnI6 compounds were con-

structed, and each SnI6 octahedron and each A-site cation was rotated about the three Euler

angles by angles from 0◦ to θmax, where θmax is defined as the maximum allowed rotation an-

gle that provides the best goodness-of-fit to the experimental XPDF. This analysis was accom-

plished through ad hoc Python code utilizing the Diffpy-CMI libraries, portions of which are

included below.362

import numpy as np
2 from mpl_toolkits . mplot3d import axes3d

import matplotlib . pyplot as p l t
4 from matplotlib . pyplot import cm

import numpy as np
6 import pandas as pd

import math
8 from functools import reduce

from random import uniform , randint
10

from scipy . optimize import curve_f i t , least_squares , d i f f e r e n t i a l _ e v o l u t i o n
12 from scipy . optimize . minpack import leastsq , least_squares

14 from mpl_toolkits . mplot3d import Axes3D
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# Load modules from d i f f p y . cmi
2 from d i f f p y . Structure import loadStructure , Atom, Structure , L a t t i c e

from d i f f p y . s r f i t . pdf import PDFContribution
4 from d i f f p y . s r f i t . f i t b a s e import FitRecipe , F i t R e s u l t s

from d i f f p y . s r r e a l . pdfcalculator import PDFCalculator
6

8 # Define functions : the rotation matrix , rotator , and periodic boundary conditions
def euler2mat ( z =0 , y=0 , x=0) :

10 # take from https : / / afni . nimh . nih . gov/pub/ d i s t / src /pkundu/meica . l i b s / nibabel / eulerangles . py
# also looks useful : https : / /www. learnopencv .com/ rotation−matrix−to−euler−angles /

12 ’ ’ ’ Return matrix for rotat ions around z , y and x axes
Uses the z , then y , then x convention above

14 Parameters
−−−−−−−−−−

16 z : s c a l a r
Rotation angle in radians around z−axis ( performed f i r s t )

18 y : s c a l a r
Rotation angle in radians around y−axis

20 x : s c a l a r
Rotation angle in radians around x−axis ( performed l a s t )

22 Returns
−−−−−−−

24 M : array shape ( 3 , 3 )
Rotation matrix giving same rotation as for given angles

26 When applying M to a vector , the vector should column vector to the
r i g h t of M. I f the r i g h t hand side i s a 2D array rather than a

28 vector , then each column of the 2D array represents a vector .
>>> vec = np . array ( [ 1 , 0 , 0 ] ) . reshape ( ( 3 , 1 ) )

30 >>> v2 = np . dot (M, vec )
>>> vecs = np . array ( [ [ 1 , 0 , 0 ] , [ 0 , 1 , 0 ] ] ) . T # giving 3x2 array

32 >>> vecs2 = np . dot (M, vecs )
Rotations are counter−clockwise .

34 Notes
−−−−−

36 The direction of rotation i s given by the right−hand rule ( orient
the thumb of the r i g h t hand along the axis around which the rotation

38 occurs , with the end of the thumb at the p o s i t i v e end of the axis ;
curl your f i n g e r s ; the direction your f i n g e r s curl i s the direction

40 of rotation ) . Therefore , the rotat ions are counterclockwise i f
looking along the axi s of rotation from p o s i t i v e to negative .

42 ’ ’ ’
Ms = [ ]

44 i f z :
cosz = math . cos ( z )

46 sinz = math . sin ( z )
Ms. append(np . array (

48 [ [ cosz , −sinz , 0 ] ,
[ sinz , cosz , 0 ] ,

50 [ 0 , 0 , 1 ] ] ) )
i f y :

52 cosy = math . cos ( y )
siny = math . sin ( y )

54 Ms. append(np . array (
[ [ cosy , 0 , siny ] ,

56 [ 0 , 1 , 0 ] ,
[−siny , 0 , cosy ] ] ) )

58 i f x :
cosx = math . cos ( x )

60 sinx = math . sin ( x )
Ms. append(np . array (

62 [ [ 1 , 0 , 0 ] ,
[ 0 , cosx , −sinx ] ,

64 [ 0 , sinx , cosx ] ] ) )
i f Ms:

66 return reduce (np . dot , Ms[ : : −1 ] )
return np . eye ( 3 )
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68

70 def XpRgen(X , a=uniform ( 0 , 2*np . pi ) ,b=uniform ( 0 , 2*np . pi ) , c=uniform ( 0 , 2*np . pi ) ) :
# rotate a si ngl e molecule by a , b , and c angles .

72 # the default angles are :
# uniform ( 0 , 2*np . pi ) , which provides a random number between 0 and 2pi

74 M = euler2mat ( a , b , c )
return np . dot (M, X . T) . T

76

def matrixrotate (ph , th , ps ) :
78 #https : / / en . wikipedia . org / wiki / Rotation_formalisms_in_three_dimensions

costh = np . cos ( th )
80 sinth = np . sin ( th )

cosph = np . cos (ph)
82 sinph = np . sin (ph)

cosps = np . cos ( ps )
84 sinps = np . sin ( ps )

M = np . array ( [ [ costh * cosps , cosph* sinps + sinph * sinth * cosps , sinph * sinps−cosph* sinth * cosps ] ,
86 [−1.0* costh * sinps , cosph* cosps − sinph * sinth * sinps , sinph * cosps + cosph* sinth * sinps ] ,

[ sinth , −1.0*sinph * costh , cosph* costh ]
88 ] )

return M
90

def rotateX ( x , ph , th , ps ) :
92 y=np . zeros (np . shape ( x ) )

for i in range ( 0 , len ( x ) ) :
94 y [ i ] = np . matmul( matrixrotate (ph , th , ps ) , x [ i ] )

return y
96

98 def pbc_cfg ( x ) :
## In the cfg formatted f i l e , the positions run in f r a c t i o n a l coordinates

100 ## from −1.0 to 1 . 0 .
## Anything great than 1.0 or l e s s than −1.0 should be corrected .

102 for i in range ( len ( x ) ) :
for j in range ( 3 ) :

104 i f x [ i , j ] < −1.0:
x [ i , j ] = x [ i , j ] + 1.0

106 e l i f x [ i , j ] > 1 . 0 :
x [ i , j ] = x [ i , j ] − 1.0

108 return x

110 def pbc_cfg2 ( x ) :
## In the normal f r a c t i o n a l coordinates , the coordinates shoul dfrom from 0 to 1.0

112 ## Anything greater than 1.0 or l e s s than 0.0 should be corrected .
for i in range ( len ( x ) ) :

114 for j in range ( 3 ) :
i f x [ i , j ] < 0 . 0 :

116 x [ i , j ] = x [ i , j ] + 1.0
e l i f x [ i , j ] > 1 . 0 :

118 x [ i , j ] = x [ i , j ] − 1.0
return x

120

122 def read_gr ( filename , junk =28) :
with open( filename , ’ r ’ ) as f i l e _ i n :

124 datain = f i l e _ i n . readlines ( )
datain = datain [ junk : ]

126 r v a l s = np . zeros ( len ( datain ) )
i v a l s = np . zeros ( len ( datain ) )

128 for i in range ( len ( datain ) ) :
r v a l s [ i ] = ( f l o a t ( datain [ i ] . s p l i t ( ) [ 0 ] ) )

130 i v a l s [ i ] = ( f l o a t ( datain [ i ] . s p l i t ( ) [ 1 ] ) )
return rvals , i v a l s

132

# Load in data and set up the PDF contribution
134

dataFi le = "MA2SnI6−90kev . gr "

210



136

d a t a _ r _ a l l , data_gr_al l = read_gr ( dataFile , junk =138)
138

## Plot data to make sure i t loaded properly
140 p l t . f i g u r e ( )

p l t . plot ( data_r_al l , data_gr_al l , ’ k− ’ )
142

# Define a function that randomly t i l t s the octahedra and the CH3NH3+ orientations in the unit c e l l
144

def MA2SnI6_randAngle ( ang , UisoI ) :
146 nxnxn = [ 3 , 3 , 3 ] ## number unit c e l l s per supercel l along x , y , and z

cellEdge = np . array ([12.01615 ,12.01615 ,12.01615]) # unit c e l l edge lengths
148 supercellEdge = nxnxn* cellEdge

u n i t c e l l s = nxnxn [ 0 ] * nxnxn [ 1 ] * nxnxn [ 2 ]
150

152 ## Define an array of f r a c t i o n a l coordinates for the methylammonium ion
C1 = np . array ([0.290680 ,0.290680 ,0.290680])

154 N1 = np . array ([0.218910 ,0.218910 ,0.218910])

156 H1 = np . array ([0.238850 ,0.343390 ,0.343390])
H2 = np . array ([0.343390 ,0.343390 ,0.238850])

158 H3 = np . array ([0.343390 ,0.238850 ,0.343390])
H4 = np . array ([0.167190 ,0.264380 ,0.167190])

160 H5 = np . array ([0.167190 ,0.167190 ,0.264380])
H6 = np . array ([0.264380 ,0.167190 ,0.167190])

162

## Put a l l of the atom positions into one array of arrays
164 Xo = np . zeros ( [ 8 , 3 ] )

Xo [ 0 ] = C1
166 Xo [ 1 ] = N1

Xo [ 2 ] = H1
168 Xo [ 3 ] = H2

Xo [ 4 ] = H3
170 Xo [ 5 ] = H4

Xo [ 6 ] = H5
172 Xo [ 7 ] = H6

174 to = np . array ( [ 0 . 2 5 , 0 . 2 5 , 0 . 2 5 ] )
## S h i f t the atom positions to the origin .

176 Xpo = Xo − to

178 ## define indices of atom positions :
Cs = [0 ,8 ,16 ,24 ,32 ,40 ,48 ,56]

180 Ns = [1 ,9 ,17 ,25 ,33 ,41 ,49 ,57]
Hs = l i s t ( range (0 ,64) ) # s t a r t with a l l

182 Hs = [ x for x in Hs i f x not in Cs ] # remove the C
Hs = [ x for x in Hs i f x not in Ns] # remove the N

184

## This i s the SnI6 octahedra part
186 Sn1 = np . array ( [ 0 . , 0 . , 0 . ] )

I1 = np . array ([0 .2379 ,0 .00000 ,0 .00000])
188 I2 = np . array ([ −0.2379 ,0.00000 ,0.00000])

I3 = np . array ([0 .00000 ,0 .2379 ,0 .00000])
190 I4 = np . array ([0.00000 , −0.2379 ,0.00000])

I5 = np . array ([0 .00000 ,0 .00000 ,0 .2379])
192 I6 = np . array ([0.00000 ,0.00000 , −0.2379])

194 ## Put a l l of the atom positions into one array of arrays
Xi = np . zeros ( [ 7 , 3 ] )

196 Xi [ 0 ] = Sn1
Xi [ 1 ] = I1

198 Xi [ 2 ] = I2
Xi [ 3 ] = I3

200 Xi [ 4 ] = I4
Xi [ 5 ] = I5

202 Xi [ 6 ] = I6

211



204 ## S h i f t the atom positions to the origin .
t i = np . array ( [ 0 . 0 , 0 . 0 , 0 . 0 ] )

206 Xpi = Xi − t i

208 ## define indices of atom positions :
Sns = [ 0 ]

210 I s = [ 1 , 2 , 3 , 4 , 5 , 6 ]

212 no = 8 ## number of atoms per organic molecule
ni = 7 ## number of atoms per inorganic molecule

214

## these l i s t s w i l l be s p e c i f i c to the spacegroup symmetry (Fm−3m)
216 Cs = [ 0 ,no, 2 * no, 3 * no, 4 * no, 5 * no, 6 * no, 7 * no]

Ns = [ 1 ,no+1 ,2*no+1 ,3*no+1 ,4*no+1 ,5*no+1 ,6*no+1 ,7*no+1]
218 Hs = l i s t ( range (0 ,8*no) ) # s t a r t with a l l

Hs = [ x for x in Hs i f x not in Cs ] # remove the C
220 Hs = [ x for x in Hs i f x not in Ns] # remove the N

222

## these l i s t s w i l l be s p e c i f i c to the spacegroup symmetry (Fm−3m)
224 Sns = [ 0 , ni , 2 * ni , 3 * ni ]

I s = l i s t ( range (0 ,4* ni ) )
226 I s = [ x for x in I s i f x not in Sns ] # remove the C

228 CsXscAng = np . zeros ( [ u n i t c e l l s * len ( Cs ) , 3 ] )
NsXscAng = np . zeros ( [ u n i t c e l l s * len (Ns) , 3 ] )

230 HsXscAng = np . zeros ( [ u n i t c e l l s * len (Hs) , 3 ] )
countC=0 ; countN=0 ; countH=0

232

SnsXscAng = np . zeros ( [ u n i t c e l l s * len ( Sns ) , 3 ] )
234 IsXscAng = np . zeros ( [ u n i t c e l l s * len ( I s ) , 3 ] )

countSn=0 ; countI=0
236

## Apply the rotation for the methylammonium ions ,
238 ## then s h i f t to t h e i r respective positions in the unit c e l l

for i in range ( 0 , nxnxn [ 0 ] ) :
240 for j in range ( 0 , nxnxn [ 1 ] ) :

for k in range ( 0 , nxnxn [ 2 ] ) :
242 ## Operate on organic now:

XpRFo = np . zeros ( [ 8 * no , 3 ] )
244 XpRFo [ 0 : no , : ] = XpRgen(Xpo , uniform ( 0 , 2*np . pi ) , uniform ( 0 , 2*np . pi ) , uniform ( 0 , 2*np . pi

) ) + np . array ( [ 0 . 2 5 , 0 . 2 5 , 0 . 2 5 ] )
XpRFo[no : 2 * no , : ] = XpRgen(Xpo , uniform ( 0 , 2*np . pi ) , uniform ( 0 , 2*np . pi ) , uniform ( 0 , 2*np . pi

) ) + np . array ( [ 0 . 7 5 , 0 . 2 5 , 0 . 2 5 ] )
246 XpRFo[ 2*no : 3 * no , : ] = XpRgen(Xpo , uniform ( 0 , 2*np . pi ) , uniform ( 0 , 2*np . pi ) , uniform ( 0 , 2*np . pi

) ) + np . array ( [ 0 . 2 5 , 0 . 7 5 , 0 . 2 5 ] )
XpRFo[ 3*no : 4 * no , : ] = XpRgen(Xpo , uniform ( 0 , 2*np . pi ) , uniform ( 0 , 2*np . pi ) , uniform ( 0 , 2*np . pi

) ) + np . array ( [ 0 . 2 5 , 0 . 2 5 , 0 . 7 5 ] )
248 XpRFo[ 4*no : 5 * no , : ] = XpRgen(Xpo , uniform ( 0 , 2*np . pi ) , uniform ( 0 , 2*np . pi ) , uniform ( 0 , 2*np . pi

) ) + np . array ( [ 0 . 7 5 , 0 . 7 5 , 0 . 2 5 ] )
XpRFo[ 5*no : 6 * no , : ] = XpRgen(Xpo , uniform ( 0 , 2*np . pi ) , uniform ( 0 , 2*np . pi ) , uniform ( 0 , 2*np . pi

) ) + np . array ( [ 0 . 2 5 , 0 . 7 5 , 0 . 7 5 ] )
250 XpRFo[ 6*no : 7 * no , : ] = XpRgen(Xpo , uniform ( 0 , 2*np . pi ) , uniform ( 0 , 2*np . pi ) , uniform ( 0 , 2*np . pi

) ) + np . array ( [ 0 . 7 5 , 0 . 2 5 , 0 . 7 5 ] )
XpRFo[ 7*no : 8 * no , : ] = XpRgen(Xpo , uniform ( 0 , 2*np . pi ) , uniform ( 0 , 2*np . pi ) , uniform ( 0 , 2*np . pi

) ) + np . array ( [ 0 . 7 5 , 0 . 7 5 , 0 . 7 5 ] )
252

## convert into angstroms and s h i f t to corresponding location in supercel l :
254 XpRFscoAng = (XpRFo * cellEdge ) + cellEdge * [ i , j , k ]

256 ## break into atomic i d e n t i t i e s :
CsXscAng [ countC : ( countC+len ( Cs ) ) ] = XpRFscoAng [ Cs ]

258 NsXscAng [ countN : ( countN+len (Ns) ) ] = XpRFscoAng [Ns]
HsXscAng [ countH : ( countH+len (Hs) ) ] = XpRFscoAng [Hs]

260 countC=countC+len ( Cs )
countN=countN+len (Ns)

262 countH=countH+len (Hs)
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264 ## Operate on inorganic now:
XpRFi = np . zeros ( [ 4 * ni , 3 ] )

266 XpRFi [ 0 : ni , : ] = rotateX ( Xpi , uniform (−1 ,1) *np . pi *ang/180 , uniform (−1 ,1) *np . pi *ang/180 ,
uniform (−1 ,1) *np . pi *ang/180) + np . array ( [ 0 . 0 , 0 . 0 , 0 . 0 ] )

XpRFi [ ni : 2 * ni , : ] = rotateX ( Xpi , uniform (−1 ,1) *np . pi *ang/180 , uniform (−1 ,1) *np . pi *ang/180 ,
uniform (−1 ,1) *np . pi *ang/180) + np . array ( [ 0 . 0 , 0 . 5 , 0 . 5 ] )

268 XpRFi [ 2 * ni : 3 * ni , : ] = rotateX ( Xpi , uniform (−1 ,1) *np . pi *ang/180 , uniform (−1 ,1) *np . pi *ang/180 ,
uniform (−1 ,1) *np . pi *ang/180) + np . array ( [ 0 . 5 , 0 . 0 , 0 . 5 ] )

XpRFi [ 3 * ni : 4 * ni , : ] = rotateX ( Xpi , uniform (−1 ,1) *np . pi *ang/180 , uniform (−1 ,1) *np . pi *ang/180 ,
uniform (−1 ,1) *np . pi *ang/180) + np . array ( [ 0 . 5 , 0 . 5 , 0 . 0 ] )

270

## convert into angstroms and s h i f t to corresponding location in supercel l :
272 XpRFiscAng = ( XpRFi * cellEdge ) + cellEdge * [ i , j , k ]

274 ## break into atomic i d e n t i t i e s :
SnsXscAng [ countSn : ( countSn+len ( Sns ) ) ] = XpRFiscAng [ Sns ]

276 IsXscAng [ countI : ( countI+len ( I s ) ) ] = XpRFiscAng [ I s ]
countSn=countSn+len ( Sns )

278 countI=countI+len ( I s )

280 CsXsc = ( CsXscAng/ supercellEdge )
NsXsc = ( NsXscAng/ supercellEdge )

282 HsXsc = ( HsXscAng/ supercellEdge )
SnsXsc = SnsXscAng/ supercellEdge

284 IsXsc = IsXscAng/ supercellEdge

286 ## This i s s p e c i f i c to PDFgui/ xyz / Cartesian :
CsXsc = ( pbc_cfg2 ( CsXsc ) )

288 NsXsc = ( pbc_cfg2 ( NsXsc ) )
HsXsc = ( pbc_cfg2 ( HsXsc ) )

290 SnsXsc = ( pbc_cfg2 ( SnsXsc ) )
IsXsc = ( pbc_cfg2 ( IsXsc ) )

292

organicout = np . vstack ( ( ( np . vstack ( ( CsXsc , NsXsc ) ) ) , HsXsc ) )
294 SnIout = np . vstack ( ( SnsXsc , IsXsc ) )

xyzout = np . vstack ( ( SnIout , organicout ) )
296

l a t t i c e = L a t t i c e (12.01615*nxnxn [0] ,12.01615* nxnxn [1] ,12.01615* nxnxn [ 2 ] , 9 0 , 9 0 , 9 0 )
298 atomlist = [ ’Sn ’ ] * len ( SnsXsc ) + [ ’ I ’ ] * len ( IsXsc ) + [ ’C ’ ] * len ( CsXsc ) + [ ’N’ ] * len ( NsXsc ) + [ ’H’ ]

* len ( HsXsc )

300 Uisos = [ 0 . 0 0 5 ] * len ( SnsXsc ) + [ UisoI ] * len ( IsXsc ) + [ 0 . 0 0 5 ] * ( len ( CsXsc ) +len ( NsXsc ) +len ( HsXsc ) )
atomitem = [None] * len ( atomlist )

302 for i i in range ( 0 , len ( atomlist ) ) :
atomitem [ i i ]=Atom( atomlist [ i i ] , xyz =( xyzout [ i i , 0 ] , xyzout [ i i , 1 ] , xyzout [ i i , 2 ] ) , Uisoequiv=Uisos [ i i ] )

304

stru = Structure ( atoms=atomitem , l a t t i c e = l a t t i c e , t i t l e = ’ t e s t ’ )
306 stru . anisotropy = False

return stru
308

# Calculate the PDF using diffpy−cmi and the configurations defined in the cfg dictionary
310 def y ( x , * params ) :

scale=params [ 0 ]
312 ang=params [ 1 ]

iso=params [ 2 ]
314 delta1=params [ 3 ]

cfg = { ’qmax ’ : 30.0 , ’ rmin ’ : 1 . 0 , ’rmax ’ : 5 . 5 , ’ delta1 ’ : delta1 }
316 grc = PDFCalculator ( * * cfg )

MA2SnI6stru=MA2SnI6_randAngle ( ang , iso )
318 r , gr = grc ( MA2SnI6stru )

return gr * scale
320

## This i s a residual function calculator
322 def Rp( yobs , ycalc ) :

return ( ( ( yobs−ycalc ) * * 2 ) /abs ( yobs ) ) .sum( )
324

# Calculate goodness of f i t as a function of maximum rotation angle
326 rmin = 100
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rmax = 550
328

data_r= d a t a _ r _ a l l [ rmin : rmax ]
330 data_gr= data_gr_al l [ rmin : rmax ]

332 angles = np . linspace (0 ,25 ,50)

334 Rp_angles=np . zeros ( len ( angles ) )

336 for i in range ( len ( angles ) ) :
Rp_angles [ i ] = Rp( data_gr , y ( data_r , * [ 1 . 1 , angles [ i ] , 0 . 0 1 5 , 1 . 8 ] ) )

338 print ( i , angles [ i ] )

340 # Now, find the maximum allowed rotation angle that provides the best goodness−of− f i t

342 min_Rp = min( Rp_angles ) # Find the maximum y value
x_angle = angles [ Rp_angles . argmin ( ) ] # Find the x value corresponding to the minimum y value

344

p l t . f i g u r e ( )
346 p l t . plot ( angles , Rp_angles , ’bo ’ )

p l t . plot ( x_angle , min_Rp , ’ kx ’ )
348

## F i t RPs vs Angles to a f c t . Find f c t minimum.
350

a n g l e f i t = np . p o l y f i t ( angles , Rp_angles , 6 )
352 p = np . poly1d ( a n g l e f i t )

p l t . plot ( angles , p( angles ) , ’ r− ’ )
354

c r i t = p . deriv ( ) . r
356 p _ c r i t = c r i t [ c r i t . imag==0]. r e a l

t e s t = p . deriv ( 2 ) ( p _ c r i t )
358

# compute l o c a l minima
360 # excluding range boundaries

angle_best = p _ c r i t [ test >0]
362 y_min = p( angle_best )

p l t . plot ( angle_best , y_min , ’ k+ ’ )
364

p l t . y label ( ’ goodness of f i t ’ )
366 p l t . x label ( ’ angle ’ )

p l t . xlim ([ −1 ,26])
368 p l t . ylim ( [ 0 , 8 0 0 ] )

370 ## Print the best goodness−of− f i t from
## minimum in f i t t i n g function and

372 ## minimum goodness−of− f i t value

374 print ( " Best angle from f c t : %8.2 f " % ( angle_best ) )
print ( " Best angle from values : %8.2 f " % ( x_angle ) )

376

# Write out a structure that has t h i s i n i t i a l l y found ’ best ’ angle :
378

maStructInit = MA2SnI6_randAngle ( f l o a t ( angle_best ) , 0 . 0 1 5 ) ## This makes the structure using the best angle
from the f c t

380 maStructInit = MA2SnI6_randAngle ( f l o a t ( x_angle ) , 0 . 0 1 5 ) ## This makes the structure using the lowest Rp
from the f i t to the XPDF

i n i t f i l e = ’ MA2SnI6_3x3x3 . c i f ’
382 Structure . write ( maStructInit , i n i t f i l e , ’ c i f ’ )

print ( "Done" )

The 3 × 3 × 3 supercells generated from the above code are shown in Figure B.2, and fits to

the XPDF are shown in Figure B.3.

214



Figure B.1: X-ray pair distribution functions of Cs2SnI6, (CH3NH3)2SnI6, and (CH(NH2)2)2SnI6. The
XPDFs are modeled with the cubic vacancy-ordered double perovskite structure observed in the powder
X-ray diffraction data. While the Sn–I peak at ∼2.9 Å is well described, significant tailing of the next-
nearest-neighbor I–I pair correlation at ∼4 Å is observed in the hybrid compounds and cannot be mod-
eled by the cubic structural models.

Figure B.2: Supercells for a) Cs2SnI6, b) (CH3NH3)2SnI6, and c) (CH(NH2)2)2SnI6 with the corresponding
θmax determined by the pseudo-rigid-body modeling routine.
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Figure B.3: X-ray pair distribution functions of Cs2SnI6, (CH3NH3)2SnI6, and (CH(NH2)2)2SnI6. The
XPDFs are modeled with the tilted supercells of the vacancy-ordered double perovskite structures shown
in Figure B.2.
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