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Sample Preparation:

CH3NH3Pb(11.4Bry)s films on FTO glass substrates were synthesized by solution
processing. For that purpose, two precursor solutions with 1 M CH3NH3l and 1 M Pbl, (Alfa
Aesar, 99.9985%), and 1 M CH3NH3Br and 1 M PbBr; (Sigma-Aldrich 99.999%), respectively,
were dissolved in DMF and filtered with a 0.2 um polytetrafluorethylene filter. To obtain mixed
halide films, the two precursor solutions were mixed in the desired volume ratio, for example a
50% Br-containing film was synthesized by mixing 50 vol% of the pure lodine precursor with 50
vol% of the pure Bromide precursor. The mixed precursor solution as well as the FTO substrates
were pre-heated at 110 °C on a hot plate before the precursor was spun onto the substrate at 500 /
2000 rpm for 5/ 45 s. The CH3NH3Pb(l1«Bry)s3 films were dried on a hot plate at 110 °C under
N2 flow for 45 min. A protective PMMA layer was spin coated on the perovskite films before

further characterization.

The film composition was extracted from energy dispersive X-ray spectroscopy
measurements at 10 kV acceleration voltage on a FEI Quanta FEG 250 A summary of the
samples and respective composition is given in Table S1. The samples did not show any Pbl,

secondary phase as analyzed by X-ray diffraction measurements.



Table S1. Target halide composition and actual composition as extracted from EDX

measurements.

Target EDX

X X

0 0
0.1 0.1
0.2 0.2
0.3 0.3
0.4 0.5
0.5 0.4
0.6 0.5
0.7 0.6
0.8 0.9
0.9 0.8

1 1

X-ray Absorption Spectroscopy (XAS):
i) Fluorescence yield XAS

Fluorescence yield XAS of CH3NH3PbX3; (MAPbX3, X=1,Br,CI) with various halide
compositions was performed at the Pb L-edge, Pb L,;-edge, Br K-edge and | K-edge at beamline
4-1 at the Stanford Synchrotron Radiation Lightsource (SSRL) at SLAC National Accelerator
Laboratory. X-ray energy was selected using a Si (220) double crystal monochromator, with a
resolution (AE/E) of 10™. The unfocused 4 x 18 mm beam was reduced to a 1 x 1 mm spot size
using mechanical slits. Incoming X-ray intensity was monitored with an N-filled ion chamber
(for Pb L-edge, Pb L;-edge, and Br K-edge) or Ar-filled ion chamber (for the |1 K-edge) before
interaction with the samples. Fluorescence yield was detected at 90° with a 32-element Ge

detector. Energy was calibrated to Pb foil for the Pb L;-edge and Pb L;-edge, PbBr, for the Br



K-edge, and elemental iodine for the | K-edge. Samples were placed in an N,-purged box with
kapton windows during measurement to avoid exposure to moisture. All spectra were subjected

to a linear baseline correction and post-edge intensity normalization.

X-ray absorption spectra at the Pb L;-edge, Br K-edge and | K-edge are shown in Figure
S1. No significant changes are seen as a function of I/Br composition. At the Pb L;-edge, an
increase in intensity is seen for higher Br compositions, but no spectral shifts are observed. The
Br K-edge spectra display small shifts and spectral broadening, but these show no trend with 1/Br

composition and may be due to monochromator drift.
i) HERFD XAS

High energy resolution fluorescence detection (HERFD) XAS utilizes an emission
spectrometer to isolate the peak of a single fluorescence line for detection.® This effectively
monitors a diagonal slice across the resonant inelastic X-ray scattering (RIXS) plane, avoiding
the majority of intrinsic lifetime broadening that manifests in axial directions.? As long as there
are no significant contributions from off-diagonal features in the RIXS plane — there are none at
the Pb L;;-edge® — HERFD XAS offers a highly accurate approximation of the standard
absorption spectrum with minimal broadening.? HERFD XAS was carried out at beamline 6-2
of the Stanford Synchrotron Radiation Lightsource (SSRL). A monochromatic incident beam
was delivered through a liquid nitrogen cooled Si(311) double crystal monochromator, whereas
two Rh-coated mirrors (at about 3.75 mrad), positioned before and after the monochromator,
were used to collimate and focus the wiggler radiation and simultaneously suppress the higher
order harmonics. The incident x-ray flux at the target position was estimated to be

~4x10"?photons/s and the beam size FWHM was measured to be ~120x400 um? (vertical x



horizontal). The x-ray fluorescence radiation was collected with a high energy resolution using a
seven crystal Johann type spectrometer set on overlapping vertical Rowland circles of 1 m.”
Seven Si(880) crystals with 100 mm of diameter were aligned to the maxima of Pb-LB5 emission
line (13014.3 eV) and the energy resolution was measured to be ~1.5 eV. Spectra were

collected in a grazing incidence geometry.

The higher photon flux for HERFD XAS, compared to fluorescence yield XAS, resulted
in much faster beam damage upon extended exposure of perovskite samples to the X-ray beam.
To mitigate this, samples were mounted inside a nitrogen-purged bag to minimize exposure to
moisture; in combination with the PMMA coating discussed above, this served to slow beam-
induced damage enough to allow collection of reliable spectra. Tests showed that two scans
could be collected on a single sample spot before spectral changes indicative of beam damage
began to appear (Figure S2). For the data reported here, only one scan per spot was used,
moving the sample vertically between scans to access a fresh spot on the sample for each scan.
Samples were highly uniform with identical spectral shapes at each spot. Typically 9 — 14 spots
(dependent on exact sample size), 1 mm apart, were used for data collection on each sample, and
the corresponding spectra were averaged. Before analysis a linear baseline was subtracted from

each scan, and intensity was normalized to 1 in the post-edge region (13057.5 eV — 13170 eV).
iii) Linear combination fitting

Linear combination fitting was used to test if spectra of mixed-halide perovskites could
be reproduced by combining the spectra for MAPDbI; and MAPDbBTr3;. Fits were performed using
the built in linear combination fitting function in the Athena data processing software package,’

using an energy range of 13018.9 eV — 13061.9 eVV. An example fit to the spectrum for the



mixed-halide perovskite with a Br:1 ratio of 0.4 is shown in Figure S3. This fit returns a Br:1
ratio of 0.368, and fails to accurately reproduce the energy, intensity, or spectral shape of the
rising edge and main edge spectral features. This confirms that the mixed-halide perovskites are

not simply two-phase mixtures of MAPbl; and MAPDBTs3.

Spectral calculations:

Simulations of the Pb L3-edge absorption spectra are performed with the XCH
approach,®” as implemented by a modified simulation package based on QuantumESPRESSO.?
The Pb core-hole effect is simulated with a pseudopotential generated for a Pb atom in which one
2p electron is removed. The perovskite structure with the core-excited Pb atom is then put into a
supercell with a dimension larger than 9 Angstrom in each lattice direction, which is large
enough to truncate the spurious interaction among periodic images of the core-excited atom. The
projector-augmented wave (PAW) formalism® is adopted to enable core-excitation transition
amplitudes to be calculated using pseudopotentials. We employed Vanderbilt ultrasoft
pseudopotentials™® with a plane-wave kinetic energy cutoff of 30 Ryd, sufficient for convergence
the total energy and electronic structure of the self-consistent-field calculation. To produce the
XAS spectra, we first converge the total charge density of the 9 A® supercell with a 2x2x2 k-grid

for its Brillouin zone (BZ). Then we employ the Shirley interpolation scheme’ **

to efficiently
produce band energies and wavefunctions on a denser 5x5x5 k-grid. The final spectra are

convoluted with a Gaussian broadening of 1.0 eV.

The relative energy alignment for the spectra is determined by calculating the equivalent
of the formation energy for the core-excited Pb atom in different chemical environments. The
method has been shown to reliably reproduce energy alignment for calculated spectra of ionic

and covalent compounds.® * 2 In light of possible high-order multipole effects in heavy-



element X-ray absorption, we have also included quadrupole transitions in calculating the Pb
L-edge. Their contributions, however, turn out to be less than 0.1% of the dipole contribution

and can be safely neglected.

When estimating the core level shifts in different chemical environments (e.g. the P1 — P5
structures), we use the full core hole (FCH) method, in which the photoexcited electron is not
included (by contrast with the XCH method), and simply calculate total energy differences for

these valence electronic systems including the presence of the core hole.
Final State Analysis:

A molecular orbital diagram depicting the energy ordering of the orbitals formed from Pb
6d and Br 4d atomic orbitals in a perfect PbBrg octahedron is shown in Figure S5. The ordering
was calculated on a model PbBrs octahedron with a bond distance of 2.5 A using the B3LYP
functional™™® with a specialized basis consisting of the LANL2DZ effective core potentials for
Pb and Br.”*° Two sets of t,, and e, orbitals are formed, all of which are empty; the spectra
probe the lower set, as the higher set lies in the high energy region of the spectrum which is
dominated by scattering interactions. The XCH spectrum for MAPbBr; (P4) is shown in Figure
S6, along with the spectral contributions from final states with individual Pb d character,

showing general agreement with the ordering shown in Figure S5.

We have located relevant individual final states in the computed spectrum of MAPbBTrs3,
although much of the degeneracy is broken due to hybridization with the MA cations. Figure S7
shows the spectrum for MAPDbBTr; (P4) with individual electronic transitions marked. Transitions
to similar states are circled, with final states for the transitions indicated in red pictured in panels

a-f. Importantly, due to the presence of the MA cations, the d,, and d,, final states are oriented



away from the Pb-Br bonds in the xy plane. This is why the rising edge spectral feature, as well
as the main edge spectral feature which is dominated by d,- final states, are especially sensitive
to structural details in the apical direction (e.g. apical halide identity, Pb-X apical bond length,
octahedral tilt along apical axis). We note that for cubic perovskite structures like MAPbBTr3, the
apical direction is defined by the orientation of the MA cation; in the real system, we expect
random MA orientations, but energetically each molecule will favor an orientation along one of
the cardinal axes, defining a local apical direction. The energy barrier to rotation is predicted to
be as small as 10 — 20 meV,** however, so deviation from these orientations is expected and
should broaden spectral features. But this is generally a smaller effect than thermal disorder of

the PbXg octahdera; see the “Molecular Dynamics” section below for more details.

States oriented away from the apical direction appear at different energies. Mixed Pb d/p
states are found in the pre-edge region near 13037 eV. States with Pb d,,, character tend to
appear at higher energy than the d,., and d,,, states in the rising edge region, due to hybridization
with the MA cation. Most are in the 13041 — 13043 eV range, but some appear at much higher
energy (Figure S7f). Similarly, the d,_, . states are also shifted to higher energy than the d .

final states, again due to hybridization with MA (Figure S7e).
Structural computations:

Our mixed APbXj3 halide structures are computed using density functional theory (DFT)
within the generalized-gradient approximation of Perdew, Burke, and Ernzerhof (PBE) and the

2223 a5 implemented in VASP.?*% To construct the

projector augmented wave formalism (PAW)
systems with x = 0.4, x = 0.6 and x = 0.8, we start from supercells with 16 formula units

corresponding to 19, 29 and 38 Br atoms, respectively, that are randomly distributed over the



available halide sites. The dipole moment of the MA cation induces polar distortions in the
inorganic PbX3 cage that we assume to be largely suppressed or averaged out at room and higher
temperatures due to the rotational dynamics of the molecule.?"*® We therefore replace MA
cations by “pseudoatoms” in our relaxations of the super cells. This is done by using the virtual
crystal approximation (VCA) mixing Rb and Cs at the A site.?” We choose the mixing ratio such
that after a full relaxation, the unit cell volume corresponds to the experimental volume.?® The
very good agreement with experiment demonstrated in Figure S10a is achieved because of a
beneficial cancellation of errors: the well-known tendency of PBE to overestimate unit cell
volumes and the slightly smaller A site volume of Cs and Rb as compared to MA. Importantly,
this method allows us to fully relax all internal coordinates and the volume of the supercells
without introducing artificial structural distortions due to choosing fixed orientations of the MA
cations. Figure S10b shows the average Pb-X bond lengths of our relaxed pure and randomly
mixed structures. Since there is no detailed structural information from experiments on mixed
halide perovskites, we just note that the agreement with experiment is slightly better for the cubic
MAPDBTr3; (space group: Pm-3m) than for MAPDI; (space group: 14/mcm). Static DFT structure
optimizations of the latter tend to overestimate the rotation angle of the Pblg octahedra by ~5-
10°,% resulting in less accurate Pb-1 bond lengths. Since XRD experiments show that mixed
halide perovskites with x=0.4, x=0.6 and x=0.8 have Pm-3m symmetry this problem is not

relevant here.

Since our simulations show that final state wavefunctions are sensitive to the choice of
the A site cation (see “Cation Effects” below), in a final step we replace the pseudoatom by MA
molecules again in an antiparallel arrangement (no net dipole) and relax the atomic positions of

the molecules while keeping the rest of the structure fixed. For all relaxations we apply a



convergence criterion of 0.05 eV/Ang on the forces. We use a plane wave energy cutoff of 500
eV, 4x4x4 k-point grids and PAW pseudopotentials with the following atomic configurations: N
(25°2p%), C (25°2p°), Rb (45%4p°5st), Cs (55°5p°6st), Pb (6s%6p?), | (5s°5p°) and Br (4s%4p°). Spin-
orbit coupling effects are not included in our structural relaxations since they have been shown to

introduce insignificant changes in structural parameters.®
Cation Effects:

The “pseudoatom” structures revealed a sensitivity of the final state wavefunctions to the
cation. To illustrate the effect of different cations on computed spectra, a direct comparison
between computed XAS for MAPDI3 and the same structure in which MA cations have been
replaced with Cs is shown in Figure S11. The Cs introduces a blueshift of 1.1 eV in the rising
edge feature, as well as a blueshift of 0.3 eV in the main edge feature. Core level shifts from
FCH computations predict a redshift of 0.56 eV instead. Visualizing the final state
wavefunctions for the two structures reveals that the d,, and d, orbitals, also shown in Figure
S11, display clear interactions with the MA cations that are not present for Cs cations. The
HERFD XAS are therefore sensitive to previously reported hydrogen bonding interactions
between the MA cations and the Pblg cages.®* This interaction is strongest for the d,, and dy,
rising edge states, consistent with the larger discrepancy in spectral position for the rising edge

feature.
Molecular Dynamics:

To estimate the effects of thermal motion on our spectra, we have performed ab initio
molecular dynamics simulations on MAPbBr3; using VASP. To be consistent, we use the same

parameter sets as in the structural relaxations except for the simulation size, where a supercell



with 24 formula units is used. The system was equilibrated at 300K using a Nosé thermostat at a
time step of 0.25 fs and a production run of 1 ps was performed to compute the pair distribution
function (PDF) and angular distribution function (ADF). Figure S13 shows a comparison of the
PDF and ADF between an MD snapshot for MAPDbBr3; and the randomized structure for the x =
0.6 composition (MAPb(Broslo.4)s). The ADF is computed for all nearest neighbor Pb-halide
bond angles and the range related to the octahedral tilting is plotted in Figure S13. In static
MAPDBTr; (OK relaxation) where there is no octahedral titling, the Pb-Br-Pb bond angles should
be exactly 180°. Defining the octahedral tilting angle as a deviation from 180°, tilting angles as
large as 30° are observed when room temperature thermal fluctuation is considered (blue line).
The randomized structure for x = 0.6 displays tilting angles between ~4.5° and 36° (red line), a
similar but slightly larger amplitude of tilting compared to the MD averaged MAPDbBr3 structure.
The XCH spectrum calculated from an MD snapshot is shown in Figure S14, demonstrating that
the MD has captured some of the thermal effects, producing a better match to the experimentally

observed spectral broadening.
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Figure S1: Fluorescence yield XAS. Fluorescence yield XAS of CH3NH3(l1«Bry)3, as a

function of x, at the a) Pb L;-edge, b) Br K-edge and c) | K-edge. At the Br K-edge, reference

spectra of PbBr, and CH3NH3Br are shown for comparison.
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Figure S2: X-ray induced sample damage. (a) Repeated HERFD XAS scans of CH3NH3Pbl;
on the same sample spot. After the second scan, intensity loss in the main edge feature near
13044.5 eV characteristic of beam-induced sample damage begins to appear (accompanied by

visible discoloration of sample). (b) A zoomed view of the main edge region highlighting the



spectral change. For the data in this study, only one scan per sample spot was used, for spots ~1

mm apart.
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Figure S3: Linear combination fit. HERFD XAS spectrum for the mixed-halide perovskite
with x = 0.4 (blue) and a linear combination fit using the spectra of MAPbI; and MAPbBTr; (red).

The fit returns an x of 0.368.
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Figure S4: Density of states. Calculated density of states (DOS) for each element in MAPDI;.
The Pb 6d states probed by the Pb L;;-edge HERFD XAS lie ~10 eV above the Fermi level,

above the Pb 6p states that dominate the conduction band minimum.
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Figure S5: MO diagram for d-d mixing in octahedral symmetry. Diagram showing the
energy ordering of the molecular orbitals formed in a perfect PbBrg octahedron with 2.4 A bond

length. The Pb d character of the resulting t,, and e, states is listed. The lower set of ¢, and

e, states are probed by HERFD XAS.
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Figure S6: d-orbital contributions to spectrum. The calculated spectrum of MAPbBTr3, shown
with individual contributions from final states with specific Pb d character. The rising edge
feature is dominated by transitions to states with Pb d,,,, d,,, and d,,, character, whereas the

rising edge feature is dominated by transitions to states with Pb d,2 and d,.2_,,> character. Some

Pb d,2 and d,2_, character is observed in the pre-edge region near 13037 eV, due to

hybridization with Pb p states (see Figure S7). The slight splitting between states with d,,,,
character versus d,, and d,,, character, as well as the small splitting between states with d - and

d 2 Character, are due to hybridization with MA (see Figure S7).
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Figure S7: Final State Analysis for MAPbBr3;. Top panel: the computed spectrum for
MAPbDBr; (P4, green), plotted with the individual electronic transitions before broadening (blue).
Transitions displaying different Pb d character are circled, with the final states for transitions
indicated in red pictured in panels a-f. In all cases, including top views, the excited Pb atom is at
the bottom left of the image. Pb are dark grey, Br are brown, C are light grey, N are blue, and H

are white. The opposing phases of the orbitals are shown in yellow and cyan. Isosurfaces are set



to contain 40% of the electron density of each state. (a) Pb(d/p)/Br(p) mixed states in the pre-
edge region. (b) Pb(d,,)/Br(d,) (pictured) and Pb(d,,)/Br(d, ;) states in the rising edge. (c)
Pb(d.,)/Br(d,,) states showing hybridization with MA. (d) Pb(d,2)/Br(d ) states in the main
edge. (e) Pb(d,2_,2)/Br(d,z_,2) states in the main edge. (f) A Pb(d,,) state hybridized to MA

instead of Br.
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Figure S8: Orientation of MA. Computed XAS of MAPbBr; with parallel orientations for the
MA cations (P4, blue), and antiparallel orientations for the MA cations (red); the spectra are
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Figure S9: Individual transitions for the P5 structure. The strong Pb(d,z)/Br(d,z) transitions
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spectrum.
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Figure S11: Cation effect. Computed XAS (a) for MAPDI; (blue) compared to the same
structure with MA replaced by Cs (red). Also shown are edge final state wavefunctions for the
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Figure S12: Mixed halide structures. Computed structures for x = 0.4, 0.6 and 0.8 (left to right)
with randomized distributions of halides. The x = 0.6 and x = 0.8 structures display a larger
degree of octahedral tilting. Pb are dark grey, | are green, Br are brown, N are blue, C are light

grey, and H are white.
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Figure S13: Ab initio MD analysis. Computed pair distribution function (PDF) and angular
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relaxation) are visualized on the right. Pb are dark grey, | are green, Br are brown, N are blue, C

are light grey, and H are white.



1.4

—— MAPDBr; Expt
—— MAPDbBr; XCH (P4)
—— MD snapshot XCH

1.2

-
o

o
e

Normalized Intensity
o
P

o
~

0.2

0.0

13035 13040 13045 13050
Energy (eV)

Figure S14: Ab initio MD spectral effect. Calculated XCH spectra for MAPbBr3; (P4, green), a
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are clustered around individual Pb atoms. Pb are dark grey, | are green, Br are brown, N are



blue, C are light grey, and H are white. Both structures display similar degrees of octahedral
tilting, and while the calculated spectra are similar, the clustered structure produces a sharpened
rising edge feature that does not match experiment. This suggests that the halides are randomly

distributed in the actual structure. See Figure S16 for further analysis.
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Figure S16: Atom by atom comparison of halide ordering. Top row (red box): individual Pb
atom XCH spectra compared to the total average XCH spectrum for the randomized x = 0.6
structure, sorted by Pb atoms with (a) 2 apical Br, (b) 1 apical Br, and (c) 0 apical Br, defined as
Pb-Br bonds approximately parallel to the orientation of the MA cation. Middle row (blue box):
individual Pb atom XCH spectra compared to the total average XCH spectrum for the clustered x
= 0.6 structure, sorted by Pb atoms with (d) 2 apical Br and (e) 0 apical Br. Bottom row (f): total
XCH spectrum for both structures, compared to the experimental spectrum. Spectra for Pb

atoms with 2 apical Br generally show a sharper rising edge feature than Pb atoms with 1 or 0




apical Br, and the larger number of these in the clustered structure leads to a slightly sharper

rising edge feature in total.
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Figure S17: Effect of tilt on band gap. Computed band gaps as a function of degree of
octahedral tilting (left panel) between MAPbBr3; and P5 (~28° tilt). The minimum arises due to
the associated changes in lattice parameter and cell volume (right panel). The shaded area
corresponds to the range of experimentally reported cell volumes. Pb are dark grey, Br are

brown, N are blue, C are light grey, and H are white.
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