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Abstract

Hybrid organic-inorganic semiconductors crystallizing in the perovskite structure

present a significant opportunity for realizing defect-tolerant semiconductors. In this
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work, we examine the solid solution, (CH3NH3);_,Cs,SnBr3, and identify the thermo-
chemistry dictating the intrinsic carrier concentrations and how local structural dis-
tortions influences this electronic behavior. This family of compounds exhibits the
expected systematic trend in decreasing optical gap with the cesium to methylammo-
nium A-site mixing ratio, z, in the visible region. However, the carrier mobility, as de-
termined from time-resolved microwave conductivity measurements, trends opposite
to that expected from first-principles calculations combined with Boltzmann scattering
theory calculations of the carrier mobility. We propose that this is a result of increas-
ing carrier scattering with x in (CH3NH;);_,Cs,SnBr; due to a significant increase
in the carrier density with x. By examining the dependence of the carrier density as
a function of z, we infer the compositional-dependence of the average enthalpy and
non-configurational entropy per defect. While diffraction reveals a cubic aristotypic
perovskite structure as a function of = at room temperature, the pair distribution func-
tions obtained from synchrotron X-ray total scattering from these materials are better
described by symmetry-adapted displacement modes of the Pm3m crystal structure,
which we attribute to a large degree of anharmonic dynamics of the atom positions.
This analysis shows that CH;NH,*-rich compositions retain mostly linear Sn-Br-Sn
bonding environments through the displacements, while Cs™ -rich compositions lead to
more significantly bent Sn—Br-Sn environments. We propose that these bent bonding
arrangements in Cs-rich compositions yield a higher propensity for defect formation.
This also provides a rationale for carrier trapping that gives rise to anomalous mi-
crowave transients. Together, these results provide insight into the structure-dynamics-
properties relationships in this highly anharmonic system with high amplitude atomic

motions and low defect formation energies.
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1 Introduction

Hybrid halide perovskites have emerged as promising materials for optoelectronic applica-
tions owing to their ease of solution processing, defect tolerance, and long charge carrier
lifetimes. 12 Hybrid halide perovskites typically exhibit a general formula, ABXj5, where A
= Cs*, CH;NH;* (MA), or CH(NH,)," (FA), B = Sn, Ge, or Pb, and X = Cl, Br, or I. The
corner-linked octahedra found in the cubic crystal structure (Pm3m symmetry) provide
nominally ideal orbital overlap between the B and X species, upon which the frontier
electronic states exist.

While lead-based materials have shown the most promising initial properties and per-
formance in photovoltaic devices, the lower band gap and reduced toxicity of tin-based
materials motivate fundamental research into their materials’ chemistry. Sn-based per-
ovskites exhibit two primary aspects that merit further study: 3> (1) adventitious oxidation
of Sn?* to Sn** leads to high hole concentrations with significantly reduced carrier mo-
bilities;* (2) a higher propensity to form stereochemically-active lone pairs (relative to
Pb) can drive metal off-centering thus renormalizing the electronic structure and decreas-
ing mobilities. -2 Such metal off-centering and anharmonic effects can yield significant
changes to the physical properties.® As such, fundamental studies elucidating how the
chemistry influences these qualities are needed.

Methylammonium and cesium tin bromide both exhibit significant visible light absorp-
tion and crystallize in the cubic perovskite crystal structure at ambient temperature. The
optical bandgap of CH;NH,SnBr; is reported to range between 2.1 and 2.3 eV, *1¢ and
that of CsSnBr, is reported to range between 1.75-1.80 eV, 1722 suggesting potential appli-
cations as a top absorber layer on Si in tandem photovoltaic devices.?? The reported elec-
tron mobility in CH;NH,SnBr, is sparse and inconsistent, varying from 107° cm?V~! s~! in
field-effect measurements on thin films?* to 320 cm? V~! s~! in Hall-effect measurements

on single crystals,?> thus suggesting a very strong sensitivity to defects and processing con-

ditions. The experimentally-determined mobility for CsSnBr;, is also not widely available.
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One study found 2-20 cm? V! s~! via Hall effect measurements on non-annealed thin films
and 140-1000 cm? V~! s7! after annealing.?® The theoretical mobility spans from 260 to
511 cm?V-1s71,27:28 In summary, these materials have promising fundamental properties

but with myriad unresolved questions.
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Figure 1: Schematic illustration of the crystal structures of CH;NH;SnBr; and CsSnBr;, as
a function of temperature. While CsSnBr; undergoes simple tilting displacements similar
to many other perovskites above 7" = 85 K, CH;NH;SnBr, exhibits a polar distortion result-
ing in the Pmc2, space group on cooling, followed by a yet-unknown triclinic structure,
illustrated by a DFT-minimized result?® described in P1 symmetry.

Within the cubic phase, high-amplitude cation-off centering distortions arising from
stereochemically active lone pairs persist dynamically in both materials, as revealed by
a combination of density functional theory calculations and pair distribution function
analysis. %123 However, CH;NH,SnBr; and CsSnBr, exhibit different phase transitions
upon cooling (Figure 1), suggesting that the nature of these local distortions is different.
Specifically, CH;NH;SnBr; undergoes a transition to an orthorhombic phase (space group:
Pmec2,, T = 230 K), followed by a transition to an unknown triclinic phase (7'= 190 K)

with the atomistic structure estimated from DFT-based relaxation,?’ as illustrated in Fig-



ure 1. In this structure, the [SnBrg] octahedra are acentric and co-aligned to yield the
polar space group. In contrast, upon cooling, CsSnBr; undergoes a transition to a tetrag-
onal phase with in-phase octahedral tilting (space group: P4/mbm; Glazer tilt; a®a’c™),
followed by an orthorhombic phase (space group: Pnma, Glazer tilt a™b~b~), as found
in many other perovskites (e.g.CsSnl;,31:32 CsPbCl,,3® CsPbBr,3*). Even more curious,
CsSnBr, exhibits further phase transitions below 100 K: “Phase II” (77 K < T' < 85 K,
space group P2;/m) exhibits noncollinear acentric Sn(II) displacements to result in fer-
roaxial order; “Phase I” (T' <77 K, space group P2,) exhibits a spontaneous polarization
and chirality due to alignment of the Sn(II)-derived lone pairs.®> As such, it is perhaps
less surprising that the pair distribution functions exhibit strong deviations from the cubic
structure at room temperature due to the nature of the high-amplitude and anharmonic
atomic displacements that condense into complex orders at low temperatures.

In this contribution, we report how the A-site cation influences the local distortions and
in turn, optoelectronic properties by way of carrier localization in (CH3NHj3);_,Cs,SnBrs.
The crystal structures reflect solid solution behavior between CH3;NH;3SnBr; and CsSnBr,
with a miscibility gap and two-phase coexistence for 0.45 < = < 0.75. UV-Visible spec-
troscopy reflects a decrease in the optical gap with increasing x. Time-Resolved Microwave
Conductivity (TRMC) reveals an exponential decrease in the carrier mobility with x, which
counters the predictions from Boltzmann scattering theory calculations with inputs gener-
ated by density functional theory. From the composition dependence of the carrier concen-
tration, we estimate the enthalpy and non-configurational entropy associated with defect
generation. Symmetry-adapted displacement mode analysis of pair distribution functions
(PDF) obtained from synchrotron X-ray total scattering data collected between 100 K and
420 K reveals that all samples exhibit local distortions of the average cubic symmetry, con-
sistent with dynamic stereochemical activation of lone pairs. Modelling the PDFs, we see
a systematic trend with x in that MA-rich samples tend to preserve some linear Sn—Br-Sn

bond geometries (I', Br A,, mode), whereas Cs-rich samples have a preference for bent



Sn-Br-Sn coordination (I'; Br £, mode). This preference for a bent Sn—Br—Sn coordination
may assist in carrier trapping that yields to anomalous signals in the TRMC experiments.
Compositional tuning reveals the relationship between variable carrier localization and the

local distortions in (CH3NH3);_,Cs,SnBrs;.

2 Methods

2.1 Sample preparation

All the sample preparation steps were carried out in an argon atmosphere. A 3 g sample
of CH;NH;SnBr; was synthesized from CH;NH;Br and SnBr, in an anhydrous ethanol
solution, as previously described.3® Briefly, CH,NH,Br (0.86 g) was dissolved in 20 ml
of anhydrous ethanol solution, and this solution was slowly added, drop-by-drop, into
30 ml of an anhydrous ethanol solution of SnBr, (2.14 g) while boiling and stirring. A
deep red solid precipitates upon slow cooling of the solution to 25 °C. The solution was
decanted, and the precipitate dried. Cesium tin bromide (CsSnBr;), 3 g, was prepared
from the halide binaries CsBr (1.30 g) and SnBr, (1.70 g). Stoichiometric amounts of
cesium bromide and tin(II) bromide were ground together, pelleted, and sealed in a quartz
ampoule under vacuum. Samples were then heated to 400 °C over 6 h, held at that
temperature for 6 h, and then the furnace was cooled to room temperature, 25 °C per
minute. The solid solution series of (CH;NH;);_,Cs,SnBr; were prepared by grinding
the stoichiometric quantities of the end member perovskites. The powders were pelleted,
sealed in a quartz ampoule, and placed in a convection oven at 150 °C for 5 to 7 days.
Compositions were synthesized targeting x values of 0, 0.04, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6,
0.7, 0.8, 0.96, and 1, with an observed miscibility gap between 0.45 < = < 0.75.
Non-electrically-continuous thin film samples of dispersed powders for microwave con-
ductivity experiments were prepared using a polystyrene binder. All procedures were con-

ducted within an argon-filled glovebox. The compositions of = in (CH;NH;);_,Cs,SnBr,
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powders (=~ 200 mg) were mixed with polystyrene (=~ 200 mg) in benzene (~ 2 ml). The
solution was stirred until the polystyrene dissolved. Each solution, with an average con-
centration of ~ 14.5 mole formula unit per liter or ~ 3 wt%, was drop-cast onto 25x11x1
mm UV-fused silica substrates and annealed at 60 °C on a hot plate for 10 min to evapo-
rate the benzene. The presence of polystyrene aids in adhering the various compositions
of z in (CH3NH;);_,Cs,SnBr; onto the 25x11x1 mm UV-fused silica substrates upon the
benzene evaporation. The prepared samples were stored in vials under argon atmosphere
and sealed in vacuum storage bags to prevent air exposure before being transported for

TRMC measurements.

2.2 Diffraction data collection

Laboratory powder X-ray diffraction (PXRD) data were acquired using a Cu Ko radia-
tion source and a Lynxeye XE-T position-sensitive detector on a Bruker D8 Discover X-ray
diffractometer to check phase purity. Samples were mounted on a “zero diffraction” Si
wafer and covered in polyimide tape prior to measurement. Crystallite sizes were esti-
mated from analysis of the peak broadening in the PXRD data. As the Bragg reflections
were broadened beyond the instrument resolution, the Lorentzian linewidth was used to
extract the crystalline coherence length as a function of = in (CH;NH;);_,Cs,SnBr; using
the Rietveld method implemented in TOPAS v6.

Temperature-dependent synchrotron powder X-ray diffraction (SXRD) patterns were
obtained on the diffractometer 28-ID-1 at the National Synchrotron Light Source II,
Brookhaven National Laboratory (A = 0.1668 A) between 7' = 420 K and 7" = 100 K
at AT = 20 K intervals. Samples were held in evacuated and flame-sealed extruded fused
silica capillaries with an outer diameter (OD) of 1.1 mm and inner diameter (ID) of 0.9
mm. The detector employed in the diffractometer 28-ID-1 at NSLS-II Beamline is the PILA-
TUS3 X 2M CdTe Detector, positioned 1204.49 mm from the sample. BaTiO; and Ni were

used as calibration standards.



2.3 Total scattering data collection

Total scattering data were collected at beamline 11-ID-B at the Advanced Photon Source,
Argonne National Laboratory (A = 0.1423 A) between 7' = 420 K and 7 = 100 K in AT
= 10 K intervals. Powders were epoxy-sealed in extruded fused silica capillaries with an
outer diameter (OD) of 1.1 mm and an inner diameter (ID) of 0.9 mm under a nitrogen
environment. The Perkin Elmer XRD1621 amorphous silicon detector, positioned 250 mm
from the sample, was utilized in this experiment. Each scan, per sample, and temperature
had an exposure time of 0.5 seconds, resulting in a cumulative exposure time of 3 min
for data collection from each sample. A total of 360 frames constituted each scan. CeO,
(SRM674b) was utilized as the calibrant for the experiment and calibration procedures
were conducted to optimize distances and tilt angles, enhancing precision across all sam-
ples. PDFgetX33” was used to normalize the data into S(Q) and transform the data into
the pair distribution function, G(r) = 2 [¥™ Q[S(Q) — 1] sin(Qr)dQ.

™ Q’mzn

2.4 Pair distribution function analysis

Standard PDF structure refinements were carried out in PDFgui®® while displacement
mode refinements were carried out in TOPAS v6. From the measurement of polycrystalline
Ni powder, we obtained the instrumental factors, Qumax = 25 A1, Qbroaa = 0.01701 A1,
and Qgamp = 0.03328 A1, as defined by PDFgui,*® and included their equivalent terms in
subsequent modelling with TOPAS v6, as described below. The PDF was rebinned at Ar =
0.05 to minimize overfitting.

ISODISTORT?? was used to generate symmetry-adapted distortion modes*® by decom-
posing the cubic perovskite into the structure defined by Swainson et al. within space
group Pmc2,.% While CH;NH,;SnBr, and CsSnBr; both exhibit lower symmetry phases at
lower temperatures, the Pmc2;-based structure provides an ideal compromise of permit-

ting distortions but without too many degrees of freedom. For consistent referencing of the



structure between publications, we employ the a basis for the Pmc2; structure relative to
the cubic structure by ((0,0, 1), (1,1,0),(1,1,0)); origin = (—0.2678, —0.7678,1/2)), where
the cubic structure is defined with Sn at ¥ = (0,0,0); Br at # = (1/2,0,0), and Cs used
to replace the rotationally-disordered methylammonium molecule at ¥ = (1/2,1/2,1/2).
In the refinements, Cs was replaced with a methylammonium defined by rigid-body con-
straints; the molecule’s position and orientation were allowed to refine freely, while the
occupancies of the methylammonium atoms and Cs atom were defined by the nominal
sample composition (e.g., (CH;NH;);_,Cs,SnBr;). Given that the hybrid perovskites suf-
fer from significant anharmonic dynamics,'%3° this posed a significant challenge for the
peak shape in the PDF,* particularly with respect to the r-dependent broadening due
to the transition from correlated (low r) to uncorrelated (high r) motion.*? A detailed
description of this analysis is provided in the Supporting Information. Mode amplitudes
were permitted to refine one at time across all compositions to inspect what provided the
largest improvement in the goodness of fit across the series. Self-consistent examination
of the modes (mode definitions provided in the representative TOPAS input file provided
as Supporting Information) revealed that only 4 modes were needed to provide the best
fit across all compositions (I'; Br A,,, I'; Br E,, M;" Br E,, I'; Cs Ty,). While incorpo-
rating additional modes could increase the goodness-of-fit by slight amounts, this set of
four modes provided the minimal model that could provide the best fit across the series of

compounds.

2.5 UV-Visible Spectroscopy

Diffuse reflectance optical spectroscopy measurements were conducted using an Ocean
Optics tungsten-halogen light source (Mikropack HL-2000) and an Ocean Insight flame
miniature spectrometer (Flame-S-VIS-NIR) with an integrating sphere. A fiber-optic cable
was used to illuminate the flat base of a borosilicate glass vial filled with loose powder of

the reaction products. A vial containing BaSO, was utilized as a white reflectance standard.



The vials containing the reaction products were sealed with electrical tape to maintain an
inert atmosphere (argon-filled glovebox) before being removed for measurement. The
Kubelka—Munk transform was calculated using the formula (k/s) = ((1 — Rw)?)/(2R),
where £ is the absorption coefficient, s is the scattering coefficient, and R, is the diffuse

reflectance (see Supporting Information for alternative analyses).

2.6 Scanning Electron Microscopy

Scanning electron microscopy (SEM) was conducted using a JEOL JSM-6500 instrument
at Colorado State University operating at 5 keV, with the scanning beam positioned per-
pendicular to the sample surface. Samples were mounted on a gold-coated stub, and eight
images were captured from different areas of each sample under consistent conditions, in-
cluding a working distance of 10 mm, to facilitate comparison. An electron beam scanned
the vacuum-contained sample surface in a raster pattern to produce realistic topography
SEM images. Secondary electrons emitted from the impinged surface points were collected
by a fixed in-column detector, with slight variations in the angle between the electron beam
and the sample surface.

The captured SEM images were analyzed using ImagelJ software.*® The data generated
from the ImageJ analyses of each sample’s image were plotted in histograms, with the
x-axis representing the diameter of the particle sizes of each image and the y-axis repre-
senting the pixel frequency. Histograms from all images were combined and averaged to
reduce noise and account for minor nonuniformity in the sheet at the microscopic level.

The uncertainty calculated from multiple triplicate measurements was less than 1%.

2.7 Time-Resolved Microwave Conductivity

The Time-Resolved Microwave Conductivity (TRMC) measurements were carried out fol-

44,45

lowing the methods described in previous studies. Samples were loaded into the mi-
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crowave cavity in a nitrogen glove box and purged continuously with nitrogen during
the transient measurements. However, the thick films of perovskite powders bound in
polystyrene that we employ in this study required new electromagnetic simulations of the
cavity response to interpret.** These simulations enabled us to quantify the equilibrium
(dark) conductivity, dielectric constant, and photoconductivity of these samples.

All the microwave measurements in this study are based on perturbation of the prop-
erties of a microwave resonator in which the sample is enclosed, either in response to
introduction of the sample or photoexcitation. They provide the effective complex con-
ductivity or (equivalently) the complex dielectric constant of the sample.*® In the context
of semiconductor samples, this is often most usefully expressed as a real conductivity and
a real dielectric constant, but the real part of the conductivity may also contain contribu-
tions better thought of as dielectric loss (e.g., mobile dipoles or optical phonons). To a first
approximation, the shift in resonance frequency (near 9 GHz) is related to the sample di-
electric constant (or imaginary conductivity) and the shift in depth and width is identified
with the real conductivity (or imaginary dielectric constant).

In practice, dark conductivity data are obtained by measuring the power reflection coef-
ficient as a function of microwave frequency in the vicinity of the resonance (a “resonance
curve”) and comparing it with our simulations. We measure the empty cavity, the cavity
with a blank slide inserted, and the cavity holding the sample. The empty cavity has its
resonance shifted to high enough frequency that it is useful as a blank, giving the incident
microwave power (as ~ 100% is reflected in this instance). The quartz slide provides a
reference point in resonance frequency, curve depth, and width, to which the sample is
compared via our electromagnetic simulations to extract its properties (as provided in the
Supporting Information). Notably, these values must then be renormalized to account for
the difference between sample volume in the electromagnetic simulations and that em-
ployed in the experiments. The latter is quantified using the measured mass and unit-cell

density of each perovskite formulation we measure.
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Photoconductivity measurements utilized an Nd:YAG laser system incorporating a 355
nm pumped optical parametric oscillator (OPO) for sample excitation (Spectra-Physics
PremiScan ULD/500 OPO, pumped by a Spectra-Physics Quanta-Ray, or the Continuum
Panther OPO pumped by a Continuum Powerlite). The transients of TRMC with fits for all
samples are shown in Figure S7. Excitation for every sample was either at 532 nm (2.33
eV) or 550 nm (2.25 eV), with the end-members excited at 532 nm and the alloys at 550
nm. The slight difference in pump energy is an inconsequential experimental variation
(0.076 eV) and both are well above the band gap of all the materials (2.1 eV / 590 nm).

Quantification of the photoconductivity measurements relies on the same electromag-
netic simulations. The fits to the dark resonance data provide a point in the parameter
space of cavity simulations, and the derivative of cavity characteristics with respect to
sample properties provides sensitivity factors needed to quantify transient changes in both
dielectric constant and conductivity.*>*” In many cases the transient behavior of semicon-
ductors appears as an almost entirely real conductivity response, in which case it is only
necessary to monitor the change in resonance depth as a function of time. In the present
case, however, there was a substantial frequency shift in the cavity observed upon pho-
toexcitation for many of the samples, requiring measurements at three or more microwave
frequencies in order to deconvolve the real and imaginary parts of the photoconductiv-
ity. 464851 From appropriate calibration and simulation of the transient response,** the
transient relays the product of the photon-to-carrier yield (¢) and sum of electron and
hole mobilities (311), expressed as the yield-mobility-product, ¢X .

The transients were subsequently modeled using a multi-exponential function con-
volved with instrument response function. In this case we use an exponentially modified
Gaussian with a 5 ns cavity response time and a 4 ns FWHM laser pulse. Results are calcu-
lated and presented as real and imaginary yield-mobility products, under the assumption
that all incident light is absorbed by the thick rough films. A description of the fitting

methods employed is provided elsewhere.*
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The variabilities in thin film shape, substrate positioning, and cavity assembly repro-
ducibility are the primary sources of measurement errors in dark conductivity and dielec-
tric constant. On the other hand, errors in transient measurements are dominated by the
uncertainty in the fraction of incident light absorbed by the sample and noise in the laser
pulse energy. Estimating random errors involved computing the samples’ average yield

and establishing the standard deviation of the mean.

2.8 Computational Methodology

All density functional theory (DFT) calculations were performed using the projector aug-
mented wave method as implemented in the Vienna Ab initio Simulation Package (VASP).
The low temperature experimental crystal structures were used as starting points(e.g.,
Pmc21 for CH3NH;SnBr; and Pnma for CsSnBr;, and the geometries were relaxed us-
ing the range-separated hybrid functional HSE06 with the Grimme D3 dispersion correc-
tion using Becke-Johnson damping.>?> The plane-wave cutoff energy and k-mesh density
were converged to a total energy difference of 1 meV/atom for both materials, with a 30%
increase in plane-wave cutoff energy during relaxations to avoid Pulay stress effects.

The electrical transport calculations were performed using the AMSET code,>® which
goes beyond the constant relaxation time approximation by calculating several scatter-
ing rates explicitly using the momentum relacation time approximation to the Boltzmann
transport equation. Scattering from ionized impurities (IMP), acoustic deformation poten-
tial (ADP), polar optical phonons (POP), and piezoelectric interactions (PIE) are accounted
using common material properties attainable from computational calculations. Density
functional perturbation theory (DFPT) calculations using the PBEsol functional were used
to calculate the ionic dielectric constants, piezoelectric constants and POP frequency.®’
An “effective phonon frequency” was used where each phonon mode is weighted by the
dipole moment it produces, while also neglecting the high frequency intramolecular modes

in MASnBr,.2® Finite difference calculations using the PBEsol functional were used to cal-
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culate the elastic constants. Hybrid DFT optical absorption calculations with the inclusion
of spin orbit coupling were used to calculate the high-frequency dielectric constants. The
input parameters used for AMSET are given in the Supplemental Information (Tables S3,
S4, and S5) and a complete account of the mobility calculation methods can be found in

Ref. 56.

3 Results

3.1 Structural Characterization

CH;NH,;SnBr; and CsSnBr; form a solid-solution, across a range of compositions of z,
including 0, 0.04, 0.1, 0.2, 0.3, 0.8, 0.96, and 1, with a miscibility gap for 0.45 < x < 0.75
for (CH;NH;),_,Cs,SnBr;. All single-phase members of the solid solution series crystallize
in a cubic perovskite structure (space group: Pm3m) at room temperature, as illustrated
in Figure 1. For samples 0.45 < = < 0.75, peak splitting in the PXRD indicates two-phase
behavior, as shown in Figure S1. As such, those compositions are omitted from further
analysis. Rietveld analysis of laboratory PXRD data on samples intimately mixed with a
Si powder as an internal standard demonstrates a systematic shift in lattice parameter
(Figure S2), consistent with a homogeneous solid solution.

From the crystallographic analysis of temperature-dependent synchrotron X-ray diffrac-
tion data, the solid-solution series of (CH;NH;);_,Cs,SnBr; exhibits similar 7-dependent
phase transitions as the end members, as depicted in the phase diagram of Figure 2. On
the methylammoniume-rich side of the miscibility gap, the compounds transition from cubic
Pm3m symmetry to orthorhombic Pmc2, symmetry by way of polar tin off-centering dis-
tortions and octahedral rotations below ca. 230 K.2° However, the triclinic phase appears to
be suppressed for = > 0.05 above 7' = 100 K. The cesium-rich side of the miscibility gap be-
haves like CsSnBr;, in that octahedral tilting displacements freeze out to yield to P4/mbm

symmetry (1 tilt mode, a’a’ct) then to Pnma (3 tilt axes, a*b~b~). Diffraction data do not
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Figure 2: Schematic phase diagram of the solid solution series (CH;NH;);_,Cs,SnBr,
obtained from analysis of temperature-dependent synchrotron X-ray powder diffraction
data. The intersections of the gray grid represent explicitly sampled temperatures and
compositions. A two-phase region appears between 0.45 < x < 0.75.

exhibit evidence for long-range ordering of polar distortions or tin off-centering displace-
ments above 100 K. An extended discussion of the low-temperature diffraction data and
symmetry analysis can be found in the Supplemental Information (see Figure S3). This

structural phase behavior underpins the analysis of the optical and electronic properties.

3.2 Optical properties

Examination of the optical absorption across the series of compounds,
(CH3;NH,), _,Cs,SnBrj, also reveals solid solution behavior with the optical bandgap gen-
erally decreasing with x (Figure 3, Table S1). This trend is observed independent of the
treatment of the diffuse reflectance spectra; however, the magnitude of the optical bandgap
changes with the scaling of the reflectance data used to extract the transition energy (Fig-
ure S4 and Figure 3(b)). The overall trend with “z” is anticipated from the nature of

bonding and unit cell contraction as the concentration of the smaller cesium ion increases,
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Figure 3: (a) Kubelka-Munk transformation of diffuse reflectance data (k/s) collected
from (CH;NH;);_,Cs,SnBr; samples. (b) The optical gap extracted from a linear extrap-
olation of the data in (a) shows a linear decrease in the optical gap energy in with com-
position, = in (CH;NH;);_,Cs,SnBr; (error bars are smaller than the data markers); the
magnitude of the gap has a systematic offset depending on how the diffuse reflectance
spectra are linearized for parabolic bands with a direct band gap ((k/s)?) or a indirect
band gap ((k/s)'/?).

as observed from thermal contraction of related phases.®® The bottom of the conduction
band is predominantly composed of anti-bonding states (Sn p,Br p) that increase in en-
ergy with increased orbital overlap (e.g., with increasing x); meanwhile, the top of the
valence band also has anti-bonding character (Br p, Sn s) that increases in energy to a
greater extent with increased orbital overlap.>® Therefore, the unit cell contraction with
increasing x results in a narrowing of the bandgap. The absorbance data for all samples
show tailing of absorption below the gap, consistent with the presence of mid-gap elec-

tronic states arising from point defects. These defects are likely to arise from adventitious

oxidation of tin (II) to tin (IV),® which is predicted to be compensated predominantly
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by tin vacancies.®'-® This is discussed further in the context of the microwave conduc-
tivity experiments. Together, trends in the phase behavior and optical band gap illustrate

solid-solution formation across the series, (CH;NH;);_,Cs,SnBr;.

3.3 Electronic Properties
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Figure 4: Calculated component and total carrier mobilities as a function of carrier con-
centration at 300 K for (a) CsSnBr; and (b) CH;NH;SnBr;, using density functional theory.
Ionised impurity scattering, IMP (blue); acoustic deformation potential, ADP (orange); po-
lar optical phonon, POP (green); piezoelectric, PIE (red); total mobility (black); and car-
rier concentrations measured experimentally for these compositions using time-resolved
and dark microwave conductivity experiments (grey box).

First principles calculations predict lower carrier mobilities for CH;NH,SnBr; relative
to CsSnBr,, but at modest magnitudes attributed to a renormalizatiion of the band struc-
ture from distortions. First-principle calculations were used to predict hole mobilities using
the ab-initio Scattering and Transport (AMSET) package,>® with the inclusion of scattering
from ionized impurities (IMP), acoustic phonons (ADP), polar optical phonons (POP), and

piezoelectric interactions (PIE, for non-centrosymmetric CH;NH,SnBr;), with the results
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illustrated in Figure 4. We employ the use of the lower-temperature phases (7" = 200 K),
CH;NH,;SnBr; (Pmc2;) and CsSnBr; (Pnma), as they likely more accurately reflect the lo-
cal structure of the material subject to dynamic fluctuations at room temperature, as elab-
orated in the discussion of the total scattering experiments. Furthermore, these structures
are dynamically stable under static DFT calculations using the PBEsol functional (though
others find dynamic instabilities using the PBE functional®®). In both compounds, optical
phonon (POP) scattering is the dominant scattering mechanism for the majority of carrier
concentrations. Additionally, the non-centrosymmetric crystal structure of CH;NH;SnBr,
allows for the piezoelectric effect to contribute to carrier scattering, which combined with
a significantly higher conductivity effective mass (0.45 m. vs 0.11 m,),% results in al-
most an order of magnitude difference in the predicted hole mobilities. It is important to
note that AMSET uses a scattering model and therefore assumes the carrier transport is
band-like in nature, an assumption that likely falls apart at high carrier densities.

We conducted a combination of dark and time-resolved microwave conductivity (DMC
and TRMC) experiments to evaluate the carrier density, mobility, and dielectric proper-
ties as a function of composition. These experiments required decomposition of the real
and imaginary parts of the photoconductivity in most cases, and revealed complex trends
including the emergence of negative components of the real photoconductivity®® for in-
termediate compositions (0 < x < 1). These results are summarized in Figure S5-S9,
including all the microwave resonance curves (Figure S5), the dark conductivity and di-
electric constant (Figure S6), conductivity transients (Figure S7), trends in the real and
imaginary parts of the transient signal (Figure S8), and the amplitude weighted average
lifetime as a function of composition (Figure S9). We provide a physical interpretation of
negative real “photoconductivity” in the discussion. In the main narrative, we only analyze
the positive real component, which was deconvoluted from the total signal by fitting a sum
of three exponential components to the transient dynamics and taking average values of

the positive real photoconductivity at the lowest commonly measurable fluence among all
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Figure 5: (a) Predicted band transport mobilities from DFT calculations compared to
the yield-mobility-product obtained from time-resolved microwave conductivity experi-
ments (o”) (excitation at 532 nm; probe at 9 GHz) as a function of composition x in
(CH3NH;),_,Cs,SnBr;. The trend in mobility opposes those predicted from band trans-
port calculations (Figure 4) (b) Carrier density obtained from analysis of the microwave
conductivity experiments as a function of composition x in (CH;NH;);_,Cs,SnBr;.

the samples.

Combining the positive real photoconductivity with dark conductivity measurements**
reveals a general trend of increasing carrier concentration and decreasing minimum mo-
bility with increasing Cs incorporation, counter to the trend predicted by theory. As shown
in Figure S8, methylammonium-rich samples show visible light fluence-dependent yield-
mobility-products in the range of 1072 to 10~ cm? V—! s7!; Cs-rich samples show a lower
range of values ~ 1072 cm? V~! s7! (grey boxes in Figure 4). The dark microwave con-
ductivity measurements #4665 provide the equilibrium conductivity and relative dielectric
constant as a function of composition, both of which show a systematic U-shaped trend as
a function of composition, where mixed composition samples generally have lower con-

ductivity and relative dielectric constant than the end members, as shown in Figure S6.

Combined with the minimum mobility derived from the positive real part of the photocon-
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ductivity amplitude (noted in the methods), these data are used to compute the maximum
carrier density estimates displayed in Figure 5(b), thus revealing a significantly higher car-
rier concentration in Cs-rich samples (> 10*° cm~3) relative to MA-rich samples (< 2 x 10'®

cm™?).
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Figure 6: Yield-mobility-product as a function of carrier density (both determined by
microwave conductivity) for different compositions = in (CH;NH;);_,Cs,SnBr; samples.
The short dashed line shows the relation calculated for ;. oc p~!, where mu is the mobility
and p is the carrier density.

Examination of the transport behavior extracted from the microwave conductivity ex-
periments reveals a high carrier density that increases with z, with carrier mobility appar-
ently limited by this unintentional doping. Plotting the yield-mobility-product (¢>u) as a
function of carrier density (p, Figure 6) reveals a trend of 1 oc p~!, if we assume that ¢ = 1
for all samples. This linear trend is mirrored in the carrier transport calculations (Fig-
ure 4) This strong dependence of the mobility on the inverse of the carrier density is often
a sign of significant carrier-carrier scattering and ionized impurity scattering.®%” Higher
concentrations of ionized impurities and carriers typically enhance ionized impurity scat-

68-70

tering and intensify electron-electron scattering.’'~”® The systematic trend in carrier
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density suggests a link between the materials chemistry and the defect thermochemistry,
as elaborated in the discussion.

Analysis of the particle size rules out the alternative explanation that crystallite-size
controls the trends in the measured mobility. For small particle sizes, the AC mobility
can be limited by the reflection of freely diffusing charge carriers off of crystal boundaries
within the microwave probe period (= 100 ps).’#”” The crystal domain sizes found from
XRD are small enough (150-300 nm) that they could systematically diminish the AC mo-
bility we measure relative to the true intrinsic value, particularly if the latter is high,”® in
the 100’s of cm? V~! s as suggested by theory and single-crystal measurements noted in
the introduction. However, our measurements of the particle and crystalline size in this
system reveal no systematic trends that could explain the microwave conductivity data, as
discussed in the Supporting Information (Figure S14). In the next section we investigate
the atomistic structure of these materials using total scattering in an effort to understand

why the electronic properties vary in the way we observe.

3.4 Pair Distribution Function Analysis

Pair distribution function analysis of X-ray total scattering reveals the presence of sig-
nificant dynamic local distortions from the primitive cubic crystal structure. Shown in
Figure 7, the PDF analyses for CsSnBr; and CH;NH;SnBr; show differences from the cal-
culated Pm3m structural model, particularly at low interatomic separations (r < 3.5 &),
suggesting that the bonding within and between [SnBrg] octahedra is distorted from ideal.
These distortions have previously been attributed to dynamic fluctuations of the cubic crys-
tal structure. 1%3° More recent studies on CH;NH,PbBr;, CH;NH,PbI,, and CH(NH,),PbBr,
revealed that significant diffuse X-ray scattering results from slow dynamic distortions from
the cubic crystal structure.’®’? The dynamic distortions resemble the crystal structure ob-
served after cooling through a phase transition. Inspired by this relationship between

dynamic distortions and phonon-driven phase transitions, we employ symmetry-adapted
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Figure 7: Pair distribution functions obtained from analysis of synchrotron X-ray total
scattering data collected at room temperature for (a,b) CsSnBr; and (c,d) CH;NH;SnBr,
(data in black circles), with the r-axis split into two scales (a,c vs b,d) to highlight the Sn—
Br bonding environment (a,c). The (a,b) green and (c,d) magenta lines illustrate the pair
distribution function calculated from a cubic perovskite structure at room temperature,
which cannot capture the local Sn-Br bonding environment.

pair distribution function analysis*’ to understand the nature of the distortions.

Symmetry-adapted pair distribution function analysis reveals a systematic distortion
amplitude and character trend across the solid-solution series. Using the Pmc2; crystal
structure of CH;NH,SnBr, as a basis for the symmetry-adapted distortions,? it is possible
to obtain reasonable fits to the PDF’s across the entire range (2-30 A) for all compositions
using only 17 free parameters (overall scale, 3 unit cell constants, 5 mode amplitudes, 2
thermal parameter values, 6 parameters to describe the position and orientation of the
MA rigid body) in the model, as illustrated in Figure 8. The composition-dependent mode
amplitudes are shown in Figure 9(a). Three distortion modes (I'; Br A,,, ', Br E, and
M;" Br E,, illustrated in Figure 9(b)) have a significant amplitude across the entire series
and offer a comprehensive understanding of the dynamic distortions.

The symmetry-adapted mode analysis of the experimental PDFs reveals a change in
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Figure 8: Pair distribution functions obtained from analysis of synchrotron X-ray total
scattering data collected at room temperature for solid-solution compounds in the series,
(CH;NH,);_,Cs,SnBr; (black circles). The red lines are calculated from the refinement
of symmetry-adapted displacements of the cubic, Pm3m crystal structure down to Pmc2;
symmetry.2’ The structural model fits the data across the entire distance range, r, after
including r-dependent peak broadening as described in the Supporting Information. The
plot illustrates two different scales of the r-axis (2-5 A and 5-30 A) to highlight distortions
of the local Sn—Br bonding environment.

Sn-Br-Sn bonding from methylammonium-rich to cesium-rich samples. The M, Br E,
distortion mode describing in-phase octahedral tilting is present and uniform across the
entire series of compounds studied, consistent with the analysis of diffuse X-ray scattering
of APbX,.”%7° The I'; Cs T}, mode amplitude decreases with increasing =, which either
means that the Cs atoms displace as their occupancy decreases or that when the Cs occu-
pancy is low, the PDF is far less sensitive to the actual position of Cs. As x increases, there is

a change in the dominant mode of tin off-centering, as exhibited in the behavior of the I';
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Figure 9: (a) Symmetry-adapted displacement mode amplitudes obtained from refine-
ment against the X-ray PDFs collected at room temperature as a function of composition,
r in (CH3NH;), ,Cs,SnBr;. The M; mode describing in-phase octahedral tilting (e.g.,
a’a’c™) is constant with z. Within the I'; family of displacement modes, there is a trade-
off of the I'; A,, mode for the £, mode with x. The Cs displacement mode amplitude
decreases with increasing = for the lowest = values. (b) Illustration of (top) the I'; Br
A, mode showing the distortion of the [SnBrg] octahedra with retained linear Sn—Br-Sn
bond angles, (middle) the I'; Br £, mode showing the distortion of the [SnBrg] octahedra
with distorted Sn—Br-Sn bond angles (angle # 180°), and (bottom) the A/, Br E, in-phase
octahedral tilting mode.

Br A,, and I'; Br £, modes. At low values of z, the I'; Br A5, mode amplitude dominates
with large, positive values; the sign of the amplitude dictates the direction of the polar-
ization vector. As x increases past 0.3, the mode amplitude of I, Br A,, decreases while
the magnitude of the mode amplitude of I'; Br £, increases. This correlates with a criti-
cal difference in the A,, vs £, mode: the A,, mode preserves a linear Sn—Br-Sn bonding
environment between octahedra; the F, mode yields non-linear Sn—Br-Sn bonding. Such
a difference in dynamic distortions has significant potential to influence carrier transport
due to the strong dependence of the frontier orbital energies and defect thermodynamics

on the bonding geometry.
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4 Discussion
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Figure 10: Defect formation thermochemistry for a divalent ionic defect as a function
of z in (CH;NH,);_,Cs,SnBr,: (a) defect formation enthalpy, i, (eV defect™'), (b) non-
configurational defect formation entropy, s; (eV K~* defect™!), and (c) carrier density, p
(cm~3), shown with the blue line and the experimental values (observed) in red dots.

The carrier density follows a systematic trend in x that can be modelled by a composition-
dependent change in the defect thermochemistry. In general, the Cs-rich samples exhibit a
significantly higher carrier density (x10? higher) than MA-rich samples. A previous DFT-
based study revealed that doubly-charged tin vacancies (vg,) are the lowest energy defect

at reasonable chemical potentials for both (CH;NH;)SnBr; and CsSnBr;, and that the de-

25



fect enthalpy was lowest for CsSnBr;.%° As such, we assume a linear trend in the average
enthalpy of formation per tin vacancy defect in modelling the defect thermochemistry (Fig-
ure 10(a)), hy = f(x) = hyp — ma. This contribution is the dominant factor in describing
the non-configurational free energy per defect.

Curiously, the carrier density (Figure 10(c)) decreases with increasing = in the MA-rich
samples, and it decreases with decreasing z in the Cs-rich samples. This suggests that
alloying somehow inhibits defect formation. We make a simplifying assumption that the
formation of a defect in the pristine compounds (z = 0 and = = 1) is favored by way of the
orientational entropy per defect, as described in Ref. 81. We assume that this degeneracy
factor is reduced in the alloys, due to reduced local symmetry arising from the disordered
A-site cation arrangement, as described in detail in the Supporting Information. While we
do not know the exact mathematical form of this degeneracy factor, the expression derived
for the configurational entropy of one-site mixing, s; = so(x In(z)+(1—2z) In(1—2x)+1n(2)),
phenomenologically reproduces this trend (Figure 10(b)).

With expressions for the enthalpy and non-configurational entropy per defect, we
model the carrier density as a function of varying A-site to extract the defect thermo-

dynamics. Following the expression: 8!

In(p) = In([c]/2) = n(1/2) + n(V"Y) + s;/kp — hy/(ksT), (1

where p is the hole carrier density (e.g., the observed values), [c] is the ionic defect con-
centration (with [¢] = $p as there are 2 holes for each v{,) and V! is the observed unit cell
volume, and using the composition-dependent carrier densities and unit cell volumes (Fig-
ure S2(b)), the simplifying descriptions above provide a robust, 3-parameter model (hg, m,
and sy in Eqn S7) that describes the observed behavior, as illustrated in Figure 10(c). It is
important to recognize that the ionized impurity concentration can be accurately approxi-

mated as a constant times the carrier concentration (e.g., [c] = %p) only when a single type
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of dopant is present. An elaborated discussion of the fitted parameters (Table S2), fitted
parameters for a monovalent ionic defect (Figure S15), and an alternative Bayesian non-
linear regression (Figures S16 and S17) are provided in the Supporting Information. Of
note, the assumed defect charge state has little impact on the thermochemical parameters
due to the logarithmic relationship.

The local structure obtained from PDF analysis provides insight to the defect thermo-
chemistry. As Cs-rich compounds exhibit further deviations from linear Sn—Br-Sn bonding,
this has the potential to disrupt bonding and decrease the tin vacancy enthalpy observed
in Figure 10(b) and as previously described.® The local structure also resolves composi-
tional trends in the anomalous negative contributions to the photoconductivity observed
exclusively in the alloyed samples. This behavior has been reported previously>® and was
attributed primarily to polaron formation involving methylammonium ion orientation. AC
conductivity measurements are always “effective” in nature, as the dielectric losses, such
as from polar atomic fluctuations, contribute to the effective conductivity. Thus the argu-
ment Yamada, et al., make is that trapped electronic charges, which contribute nothing
to the real electronic conductivity because of their immobility, make themselves felt by
polarizing the surrounding MA cations and decreasing the imaginary part of the permit-
tivity. Our results are consistent with this explanation and build upon it. We only ob-
serve significant negative real conductivity for mixed compositions where 0 < =z < 1 in
(CH;NH,;); _,Cs,SnBr;. When x = 0 there is less carrier trapping in the absence of polar
Sn-Br-Sn bond distortions (e.g., I'; Br F,), and any orientation or “locking” of MA cations
that takes place that could reduce the imaginary permittivity is overwhelmed by the large
real conductivity. For x = 1, trapping (and carrier density) are maximized, but no MA
cations are present to produce the negative imaginary response. Only for the mixed com-
positions with 0 < = < 1 do we observe negative transient behavior, which we identify
with a photoinduced reduction in both the real and imaginary parts of the permittivity of

the sample.
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5 Conclusions

In this study we observe a solid-solution between CH;NH;SnBr; and CsSnBr,, with a mis-
cibility gap for 0.45 < = < 0.75 in (CH;NH;);_,Cs,SnBr;. All alloyed compounds present
as cubic symmetry (Pm3m) at room temperature. The alloying yields a systematic shift
in the optical band gap consistent with the effective compression of the unit cell with in-
creasing cesium content. The alloyed compounds exhibit temperature-dependent phase
transitions mirroring that of their proximal pristine phase; although, the transition tem-
peratures are depressed. Synchrotron X-ray total scattering experiments with symmetry-
adapted displacement mode analysis of the extracted pair distribution function analysis
reveal a change in the distortion modes from more linear Sn—Br—-Sn bonding (I'; Br As,,)
to less linear Sn—-Br-Sn bonding (I'; Br F,) with increasing x. Microwave conductiv-
ity experiments across the series of compounds show that Cs substitution reduces carrier
mobility, contradicting the expectations of band transport DFT and scattering theory, indi-
cating the influence of Cs on carrier dynamics. The decrease in mobility when comparing
CH;NH,SnBr, to CsSnBr, is accompanied by a systematic increase in both the carrier den-
sity and relative dielectric constant of the latter material but with surprising reduction
in both properties for intermediate compositions. We use a 3-parameter model to de-
scribe the systematic composition dependence of the carrier density to extract the enthalpy
and non-configurational entropy per defect. This reveals that the Cs-rich compounds are
more prone to systematic oxidation by way of a lower defect enthalpy. The local bond-
ing environment obtained from pair distribution function analysis provides insights to this
composition-dependent defect thermochemistry. Additionally, the local bonding environ-
ment hints to the origin of the anomalous photoconductivity attributed to trapped charges
that polarize surrounding methylammonium, as when = = 0 the reduced polar Br—Sn-Br
bond distortions or “locking” of MA cations could reduce this factor. While process en-
gineering may be used to ultimately reduce the defect concentrations, the defect-limited

mobility and defect thermochemistry in (CH;NH;); ,Cs,SnBr; may limit useful applica-
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tions in photovoltaic devices, particularly for Cs-rich compositions.
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7 Supporting Information

Supporting Information: Additional experimental details pertaining to: composition and
temperature-dependent diffraction, alternative analyses of optical properties, microwave
resonance experiments and transient analysis, total scattering and pair distribution func-
tion analysis, particle and crystal size determination, and alternative defect thermochem-
ical analysis with non-linear Bayesian regression. The text from an exemplary input file
for symmetry-adapted displacement mode refinements as implemented in TOPAS v6 is
also provided in supplementary file, MAO1Cs09SnBr3. inp.txt; an interactive notebook for

non-linear Bayesian regression is provided in the file, nonlin-Bayesian. ipynb.
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