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Abstract

Halide mixing is a key strategy to tune the emission wavelength in lead halide perovskites but
is also effective in improving the performance of halide perovskite solar cells. Yet, a clear and
global picture of how halide alloying and related spatial in/homogeneous distribution influence
the electronic and optical properties of halide perovskites is currently lacking. Considering the
preeminent mixed iodine/bromine perovskite as a case study, we have performed state-of-the-
art hybrid Density Functional Theory calculations, exploring the full space of chemical
composition and accounting for phase segregation effects. We show that, at low doping regime,

halide impurities do not act as trap states and that a quasi-linear opening of the band gap occurs
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with increasing the bromine content. Phase segregation at the nanoscale, in turn, drastically
affects the electronic structure of mixed halide systems, with namely bromine rich domains
acting as barrier to hole diffusion. The energetic disorder probed by optical absorption in these

mixed systems is surprisingly insensitive to configurational disorder, but mostly dominated by

the coexistence of phases with various degrees of halide segregation.
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1. Introduction

Hybrid Metal Halide (MH) perovskites have been under intense scrutiny for their
semiconducting properties during the last decade.”' ™ Their suitable direct gap, long diffusion
length, small exciton binding energy and easy processability make such materials promising
candidates to be integrated in opto-electronic devices such as photovoltaic solar cells (PVs)?
8lor Light Emitting Diodes (LEDs).” "I Probably the most remarkable feature of MH materials
is their apparent resilience to both static and dynamic energetic disorder, as evinced namely by
sharp electronic transitions measured both in absorption and emission. Indeed, this finding is

]

very surprising considering the ultrasoft nature of this class of semiconductors,!'*! as well as the

fact that MH films are often prepared from solution. Most notably, independent estimates of

]

the Urbach tail'®! from photothermal deflection spectroscopy!'® and UV-vis absorption

131 indicate energetic disorder for the band-to-band transition of ca.15 meV at

spectroscopy[
room temperature in CH3NH3Pbl; halide perovskite, which is comparable to data reported for
highly crystalline inorganic semiconductors such as GaAs or InP.!'”]

MH perovskites present an ABX; chemical structure, where the A cations are immersed
in a lattice of BX¢ octahedra connected in a corner-sharing fashion. The chemical constituents
typically comprise methylammonium (MA"), formamidinium (FA"), or Cs" as A cations, Pb*"
or Sn®" atoms as B metal cations, and a halide (I', Br and CI') as X" anion. Even with a limited
number of different cations and anions, the final composition of the material can take multiple
forms going beyond the simple, fully inorganic tri-component systems (like CsPbl;), including
mixed halides (with MAPbX; stoichiometry). Compared to the corresponding single halide
materials, mixed halide perovskites show improved morphology and stability together with

118201 For example, the room-temperature electronic bandgaps

tunable photophysical response.
of the single halide MAPbX; phases amount to 1.6, 2.3 and 2.9 eV for X=I, Br and Cl,

respectively.*'**! Very interestingly, a close to linear dependence of the bandgaps with the I

3
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vs Br or Cl content has been reported in homogeneously mixed halide perovskites by Noh et
al.”" and by Sadhanala et al.,"'* hence paving the way to bandgap engineering on demand.**
7l Notice also that layered perovskites exhibit similar behaviors despite the additional
importance of strong exciton binding at room temperature.'**

Intuitively, one would expect that mixing various halides would yield either increased
electronic disorder (with formation of shallow or deep trap states) or/and structural disorder
(with segregation of Br- vs I-rich phases). Indeed, halide segregation is an additional source of
complexity, resulting change of the optical and electronic properties of mixed halide perovskite
during time. Many studies highlighted the dependence of this phenomenon with many variables,
including material composition, light irradiation,*” applied voltage"®” or thermal activation.”"
As a matter of fact, the segregation of halide phases in these materials has been evidenced by
light emission spectroscopy, with the apparition of two peaks corresponding to the I-rich and
Br-rich regions. The origin of halide segregation in MAPbI;_(Bry samples is still under debate
with many different mechanisms proposed in the literature.”*) From a thermodynamic
standpoint, the formation of Br-rich regions has been reported to be favorable for a wide range
of mixed compositions (15-75% of Br content).””*! It has also been pointed out that a defect
mediated migration via iodine vacancies could initiate the formation of iodine segregated
phases at the grain boundaries.”*! There are also literature data supporting the view that the
lattice strain prompted by exciton (polaron) formation can be released by the creation of I- and
Br- segregated regions.”> Although these mechanistic studies are useful to identify strategies
for preventing halide segregation during device operation,** here we assume phase segregation
occurs over various length scales and predict how it affects the electronic structure of the mixed
halide materials, irrespective of its origin. This induced ion migration leads to the formation of

unwanted halide defects””) that can be prevented by means of oxygen passivation,”® iodine

treatment,”! or the use of long-chain ammonium ligand capped crystallites.!*”! The decrease in

4
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device performances induced by halide segregation has been related to trapping in the I-rich
spatial domains.'*'! On the contrary, intimately mixed halide perovskites exhibited sharp optical
edges (as measured from spectral tails) with Urbach energies similar to those in the pure phases,
at least at small content in Br (in the order of 20%).!"* Understanding how the presence of more
halide species and their distribution in real samples (finely interdispersed or segregated)
influences the electronic and optical properties of metal halide perovskites is definitely crucial.
Earlier theoretical works have been dedicated to the comparison of the electronic structure of

(42744 while subsequent works focused on specific halide

pure iodine and bromine systems,
compositions, like FAgsMA(2Pbl, 4Brg ¢ Ref.* and MAPDI; 97Clj o3 In Ref.[46], or made use of
simplified schemes to study the electronic properties of mixed halide systems. In Ref.*") in
particular, Jong et al. studied the electronic structure of mixed lodine/Bromine lead solid state
solutions, making use of the virtual crystal approximation. This method enables to tackle solid-
state solutions for any concentration of chemical impurities, including the smallest one, but at
the cost of neglecting disorder-induced correlation effects and therefore losing important
atomistic details. Thus, questions about the potential formation of trap states related to halide
impurities, the global evolution of the optical and transport properties of mixed halide
perovskites across chemical space, or the influence of phase segregation over various scales
have remained unanswered. Inspired by these questions, we present here a comprehensive

Density Functional Theory (DFT) study of how the electronic structure of mixed lead halide

perovskites evolves with chemical composition and segregation, considering iodine/bromine

[48,49] [50,51]

mixtures as case study, in light of their relevance for light-emission and photovoltaic
applications and for the abundancy of literature studies.!'******"**") We first discuss the
influence of halide impurities with respect to the electronic structure of pure phase halide

perovskites (Section 2.1). Then, we present the evolution of the electronic and transport

properties of mixed halide solid state solutions for all chemical compositions ranging from pure

5
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iodine to pure bromine phases, also addressing the effect of phase segregation (Section 2.2 and

2.3 respectively). Finally, we analyse the effect of the halide composition and (in)homogeneity

on the optical properties (Section 2.4) and sum up the main findings (Section 3).

2. Results and discussion

2.1. Pure and dilute lead halide perovskites alloys

We start by analyzing the effect of halide impurities in otherwise pure phase compounds. To
this aim, we performed periodic DFT simulations considering first pure halide MAPbI; and
MAPDBr; phases, then substituting one halide atom in the cell. For the simulation of pure phase
materials, we adopted the tetragonal I4/mcm structure, accessible from 162 K to room
temperature and between 155 K and 237 K for MAPbI; and MAPbBr3,”? respectively (see
Supporting Information), therefore representing a useful common reference for these two
compounds. Atomic positions were fully relaxed at PBE level of theory, with cell parameters
kept fixed at the corresponding experimental values reported from XRD measurements.”>* This
level of theory is well known to fortuitously reproduce the band gap of MAPbI;, because of
error cancelation.”” In fact, the correct band gap is retrieved once accurately accounting
properly for electronic correlation effects (i.e. via hybrid DFT or many-body approaches based
on the GW approximation) and when including Spin Orbit Coupling (SOC) corrections. To
achieve a quantitative description of the electronic properties of mixed halide perovskites, we
resort here to SOC-corrected hybrid Density Functional Theory.”*”* Unless stated otherwise,
the hybrid PBEO exchange-correlation functional was adopted, as it has been shown to provide
accurate band gaps both for 3D and layered 2D perovskites.”®! We further analyzed how the
band gaps for the pure phase materials evolves with the amount of Hartree-Fock exchange (see
Figure SI2 in the Supporting Information), finding that 25% exact-exchange provides band gap

values in excellent agreement with experiment for MAPbI; (1.7 eV calculated vs. 1.6 eV

6
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measured from UV-vis spectroscopy” ")) and slightly underestimated for MAPbBr; (2.12 eV
calculated vs. and 2.3 eV measured” ). Noteworthy, many-body calculations based on the GV
approximations, as performed by Mosconi and co-workers, provided similar band gap for
MAPbI; (1.7 eV), but significantly overestimated the band gap of MAPbBr; (2.59 eV).** Tt is
also worth stressing that the room temperature exciton binding energy in 3D halide perovskite
is generally very small, measured in the range from 9 meV to 15 meV,”* hence making the
valence-to-conduction gap obtained from DFT a good approximation to the optical band gap
obtained experimentally.

Atomic Projected Density of States for pure MAPbI; and MAPbBr3 are reported in
Figure 1a and b, respectively. In line with previous reports from the literature, our calculations
on pure halide perovskites show that the conduction band (CB) edge is composed by
antibonding combination of Pb 6p and Xs orbitals with predominant Pb contributions, while
the valence band (VB) is composed by antibonding combination of Pb 6s and Xp orbitals."”*%"
Corresponding band structures as computed at PBE level of theory including SOC are reported
in Figure SI3 in the Supporting Information. As a result, substitution of one halide in the
tetragonal cell is expected to affect mainly the VB edge. The substitution of one halogen atom
in the tetragonal cell of the pure phase structures takes two different colors, MA4Pb,l;;Br and
MA4PbyBry1. In the case of MA4Pb4l;Br, the 4p orbitals of the Br dopant are lower in energy
with respect to the 5p orbitals of the bulk I atoms, hence the replacement of one I by one Br is
expected to result in the formation of Br-related levels lying deep inside the VB of the parental
MAPDI; lattice. This argument is confirmed by our calculations (see Figure 1c), which
highlights the presence of bromine related levels ca. 2 eV below the valence band edge. A more
interesting case is MA4Pb4Br; I, where the higher-lying 5p orbitals of the I dopant could

potentially pull out electronic levels above the valence band edge, with resulting formation of

trap states, generally associated to diminished performances in optoelectronic devices.

7
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However, our solid-state calculations show that in MA4Pb4Br; ;1 (Figure 1d), as in MA4Pba4l,Br,
the iodine-related orbitals remain completely immersed in the valence band, hence no trapping
of the hole carriers should occur at reasonable charge density. This is also evident from the
band structures in the Figure SI3, which all show well dispersed bands both for the pure and
mixed halide compounds. A discrete resonance associated to a single impurity with a different
on-site energy, may appear outside the continuous density of states related to the 3D
unperturbed lattice electronic band dispersion in simplified tight-binding modelling.!*"!
Unfortunately, the 3D tight-binding model for the 3D perovskite lattice,®” although yielding
an analytical expression for the energy of the valence band maximum at the R, does not allow
a full computation of unperturbed perovskite lattice Green function. It is known nevertheless
that a discrete resonance generally appears if the ratio between the difference of on-site energies
and the bandwidth, exceeds a given threshold (this threshold is equal to 1/2 for s orbitals in a
simple cubic monoatomic lattice).!®"! The “clean gap’ in MA4PbyBr) I results from the strong
lead-halide hybridization and the large width of the Pb 6s-Br 4p band (~2.9 eV) that largely
overcomes the on-site energy differences between the I 5p and the Br 4p levels (of ~0.8 eV), as
depicted in Figure le. We note that the strong antibonding character at the valence band edge
has also been largely evoked in the literature to explain the resilience of lead halide perovskites

against trapping at localized states associated with point defects.[%!
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Figure 1. a-b) atomic projected Density of States (pDOS) for pure halide MAPbI; (a),
MAPDbBBTr; (b) compounds, in their corresponding tetragonal phase. c-d) pDOS for mixed halide
MA4Pb4l;1Br (c) and MA4PbsBr;I (d) compounds. Contributions from lead, iodine and
bromine atoms are reported in black, red and blue, respectively. e) schematics of the
hybridization of the atomic orbitals for the valence band, as composed by combination of s-
states of lead (magenta) and p-states of the iodine (red) and bromine (blue), along with
indication of the valence bandwidth and difference in atomic site energies for Br 4p and I 5p

states.

2.2. Halide solid-state solutions

We now move to mixed halide systems with iodine:bromine chemical composition tuned
continuously from 100:0% to 0:100%, considering the most generic case of finely mixed
iodine/bromine solid state solution. To this aim, we considered the tetragonal cell of MAPbI3
as reference model and progressively substituted iodines with bromines, avoiding

configurations showing spatially segregated Br and I phases. For pure halide phases, cell

9
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parameters have been kept fixed to experimental values,””! while for mixed halide compositions,
these have been linearly interpolated with respect to the bromine content, in line with XRD

21 (additional test by relaxing the cell have been performed, resulting in very

measurements'
similar trends, see Figure SI4 in the Supporting Information). For all these structures, we
performed full relaxations of the atomic positions using PBE exchange-correlation functional
and then provided accurate estimates of the band single-particle gaps, adopting the same hybrid
PBEO approach (including SOC) as proposed in Section 2.1. The evolution of the computed
band gaps as function of the bromine content is reported in Figure 2a, showing a general
opening of the band gap with increase in bromine content, in agreement with earlier
experimental results reported first by Noh and coworkers.” The trend in Figure 2a can be
explained by assuming an ‘ensemble’ picture where contributions from iodine and bromine ions
are averaged according to the overall chemical composition. This can be easily modeled using
a simplified tight-binding Hamiltonian, where the on-site energies of the halide s-/p- orbitals
are gradually tuned between those of the outer shell iodine 5s/5p and bromine 4s/4p orbitals
(more details on the computational parameters can be found in the Supporting Information).
Adopting the symmetry-based simple tight-binding model and parameterization developed

carlier,!®”’

we indeed recover a close to linear dependence of the computed band gap with
bromine/iodine ratio, see Figure 2a. In fact, it is possible to demonstrate analytically that, in
absence of SOC, the trend should be quadratic but with a very small curvature (see Supporting
Information). Noteworthy, a similar picture for mixed halide perovskites solid state solutions
was recently proposed by Jong and coworkers using DFT simulations based on the virtual
crystal approximation.'*”! Overall, our theoretical results thus support the view that, in samples

featuring homogeneous distributions of Br and I atoms (solid-state solutions), the energy gap

can be engineered at will via halide composition.

10
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Figure 2. a) evolution of the band gap for mixed iodine/bromine lead perovskites, with respect
to bromine content, as estimated from hybrid DFT simulations (DFT), from simplified tight-
binding Hamiltonian (TB, vide-infra) and measured experimentally (expt). b) evolution of the
average effective masses of holes (black) and electrons (red), with respect to bromine content.
Effective masses have been averaged along five different directions, related to the crystalline
axes ['—(001), '—(010), '—(001) of the tetragonal cell and along the pseudocubic I'—(1£10)

axes.

An additional question deals with the effect of halide mixing on transport properties. To assess
this, we have computed the band structures and effective masses for the same mixed halide
models, here resorting to the PBE level of theory (including SOC effects). Comparable hybrid
calculations for the band dispersion would be highly coveted, but these are unfortunately out of
reach, at least for the 48 atoms tetragonal model investigated here. Components of the effective
mass tensors for both holes and electrons have been computed along the directions of the three
crystalline axes and along the pseudocubic <1+10> axes and are listed in the Supporting
Information (Table SI2). Global electron and hole effective masses, as averaged along the five
above-mentioned crystalline directions, are depicted in Figure 2b. The calculated values in the

pure systems MAPbI; and MAPDbBr; are in the range 0.19-0.24 m,, in good agreement with
11
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similar DFT calculations from literature.”***%! Interestingly, the averaged hole and electron
effective masses are only modestly affected (within less than 20%) by large variations in
chemical space, showing a tiny maximum around 50/50 halide compositions, indicating that
chemical disorder in halide composition should have a mild impact on transport properties in
this class of mixed halide perovskites. The effect is slightly more evident for holes than for
electrons, in line with the fact that valence band is mainly composed by p-orbitals of the halides.
We may also notice that layered perovskites exhibit only small modifications of the exciton
resonance in mixed compounds at room temperature, which might indicate that in-plane
effective masses are not strongly affected by alloying.”*®! The resulting moderate reduction of
the exciton resonance was rather attributed to an increase of the PL linewidth in alloys similar
to the present findings for 3D compounds (vide infra).

At last, one may expect that inhomogeneous strain distribution, as related to
compressive strain close to the iodide atoms and tensile strain close to the bromide atoms, can

(6] Indeed, structural

play a role in dictating the electronic/transport properties of the alloy.
analysis of our fully relaxed periodic models reveals sporadic but sizable distortions in the lead-
halide bond length, compared to those of pure phases (see Figure SI5 in the Supporting Info).
This effect shall lead to deviations from the quasi-linear behavior of the band gap as a function

of the composition and explains the oscillations of the band gap for our fully relaxed DFT

models in Figure 2.
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2.3. Halide segregated systems

We here turn our attention to the effect of halide segregation on the electronic properties of
mixed halide perovskites. For this purpose, we have adopted a reference 1x1x2 supercell of the
tetragonal phase of MAPbX3, containing four layers with PbX3; composition stacked along the
c-axis. Within this cell, halide segregation can be easily introduced as shown in Figure 3a, by
constructing two layers with Pbl; and PbBr; compositions and variable thickness, resembling
quantum-well structures stacked along the tetragonal c-axis. We therefore constructed
quantum-well like models with reciprocal thickness of three Pbl; and one PbBr; layer
(iodine:bromine composition 75:25%), two Pbl; and two PbBr; layers (50:50%), one Pbl; and
three PbBr;3 layers (25:75%). In spite of its simplicity, this 1-dimensional model for halide
segregation is able to grasp important effects associated to halide segregation at the scale of a
few nm, while preserving computational accuracy (hybrid DFT calculations with SOC). We
note that morphological studies performed for segregated samples indicate halide rich regions
up to 30 nm in size.”” Realistic modelling of such large spatial domains from first-principles
remains, unfortunately, computationally prohibitive and the focus here is on trends that already
manifest at the nm scale.

In striking contrast to the mixed halide case, characterized by band gap opening with
increasing bromine composition (Figure 2a), all the segregated halide models investigated here
show a band gap of ca. 1.68 eV - 1.69 eV, quite close to that of the pure iodine phase,
irrespectively from the bromine content in the cell. This behavior can be rationalized by
examining the nature of the frontier crystalline orbitals, shown in Figure 3b-c. While the
Valence Band Maximum (VBM) is clearly localized in the Pbl; layer (Figure 3b), the
Conduction Band Minimum (CBM) tends to spread on both the iodine and bromine layers
(Figure 3c). Bromine-related occupied levels appear deeper in the valence band and likely

contribute to higher-energy optical transitions (see Figure SI6 in the Supporting Information).

13
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The present theoretical results agree with experimental reports. Indeed, Sadhanala et al.
reported PL emission in mixed halide perovskite sample with nominal composition
CH;NH;PbI, gBr; » (40% bromine) quite close to that of pure iodine phase, 1.65 eV versus 1.57
eV, respectively.!'* Similar findings were later reported by Barker et al. who observed PL red
shifts in two samples of CH3;NH;PbX3 with nominal 40% and 60% bromine content, from
1.8 eV and 1.95 eV, respectively, down to 1.7 eV, again close to the emission in the pure iodine
phase.’” These authors associated the evolution of the PL under light-soaking to induced halide
migration, supported by earlier reports of ionic mobility in halide perovskite from impedance

2268700 Very interestingly, our theoretical

spectroscopic measurements'®” and other techniques.!
results in Figure 3 suggest that changes in the optical properties of mixed halide perovskites are
already effective for phase segregation on the scale of few nanometers. Among various other
effects, that due to quantum confinement of the two MAPbI; by the MAPbBr3 is worth singling
out. Such an effect likely explains the small increase of the band gap in the MAPDI; by
comparison to the related bulk value. Notably, local strains invoked above should result in
compressive deformation in the MAPbI; region, mitigating the band gap increase. However,

structural analysis indicates that lead-iodine bond lengths do not significantly deviate in the

segregated models, as compared to pure phases (see Figure SI7 in the Supporting Information).
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Figure 3. a) 1x1x2 supercell model adopted to investigate halide segregation in mixed halide
states. b-c) spatial delocalization of the Valence Band Maximum, VBM (b) and Conduction
Band Maximum, CBM (c) as function of the iodine:bromine composition. d-¢) evolution of the
effective mass electron (d) and of the hole (e) along in-plane <100> and <110> directions and

out-of-plane <001> direction, as function of the iodine:bromine composition.

With the localization of the electronic states reflecting the local halide composition, one can
anticipate phase segregation to significantly influence the transport properties of mixed halide
perovskites. To quantify this, we computed electron and hole effective masses for all the
investigated iodine:bromine compositions, considering the <100> and <110> directions within
the quantum-well plane (corresponding to the a-axis, and the pseudo-cubic axis, respectively)
and along the quantum-well stacking <001> direction (corresponding to the c-axis). Also in this
case, because of the impossibility to resort to hybrid DFT calculations for estimating the band
dispersion in these models, we adopted PBE exchange-correlation functional along with SOC.

Electron effective masses in Figure 3d show overall weak dependence with respect to halide
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composition, on similar ground to what found for solid state halide solution in Figure 2b. This
effect is evident both within the <100> and <110> directions within the quantum-well and along
the stacking <001> direction and is consistent with the spatial delocalization of the crystalline
states at the conduction band minimum across the iodine/bromine boundary. Hole effective
masses, instead, show significant changes in the <001> quantum-well stacking direction (but
no effects in the <100> and <110> planes), Figure 3e. Not unexpectedly, compared to pure
MAPDI;, the increase in the hole effective mass is only modest (by about 40%) in the case of
75:25% iodine:bromine composition, corresponding to a single PbBr3; layer separating the Pbls
layers, which indicates that tunneling effects mediated either by tailing of the wavefunctions or
super-exchange interactions are still operational. This quickly deteriorates when increasing the
thickness of the tunneling region, with up to a three-fold increase in the hole effective mass for
25:75% 1odine:bromine composition (corresponding to a one-layer thick Pbl; quantum well
separated from its periodic replica by three layers of PbBr3). The emerging picture is that a
layer-by-layer segregation of the halides should significantly impede transport of the holes in
the vertical stacking direction for phase segregation occurring over length scales as small as a
few layers (nm), while electron diffusion should remain largely unaffected. Corresponding
experimental demonstration of the detrimental effect of halide segregation on perovskite
transport properties has not been reported yet, at least to the best of our knowledge. However,
improved transport properties have been recently reported in mixed halide perovskites wherein
phase segregation is hindered by introducing small contents of chlorine.””"! Photoconductivity
transient transport measurements performed on the resulting, homogeneously mixed, triple
halide perovskites indeed showed larger charge carrier mobility and extended lifetimes in

comparison with the reference APbl, 4Br, ¢ material.

2.4. Optoelectronic properties with heterogeneous halide distribution

In this section, we model the optical properties of mixed halide perovskites as a function of
chemical heterogeneity. To do so, we used a 2x2x2 supercell model of the tetragonal phase of
MAPbLX; (384 atoms, 32 chemical units) and fix the overall composition to a one-to-one
(50%:50%) iodine:bromine ratio. As the present model is too large to allow for hybrid DFT

1 [53:54

calculations including SOC, the calculations are performed at the PBE leve I'To smoothly

interpolate from halide segregated to solid state solution phases, we have built successive
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models by randomly exchanging » iodine-bromine pairs starting from the pure quantum-well
(QW) segregated structure. As there are 96 halide atoms (48 Br and 48 I) in the supercell, we
have constructed systems of increasing degree of phase segregation by performing from n=0
(QW segregated system) up to n=24 (solid-state solution) atom exchanges, as schematized in
Figure 4a. Moreover, for each value of n, 20 randomly generated structures were considered in
order to build statistically representative results. First, we note that our DFT calculations yield
very similar (within the accuracy of the model) total energies per unit cell in the segregated vs

mixed structures, so we expect these to co-exist in the real films (see Figure SI8 in the

Supporting Information).
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Figure 4. a) schematics for the mixing parameter n, for the sampling of mixed halide systems
with intermediate halide distributions between the quantum-well case (n=0) and the solid state
solution case (n=24). Fixed 50:50 halide concentration. b) average band gaps for systems with

different degree of mixing #, as computed from 20 realizations of # halide exchanges. The error-
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bar on the energy axis corresponds to the standard deviation. ¢) Gaussian distributions obtained
by cumulating over the degrees of mixing (n=4 corresponding only to this degree of mixing,
n=8, to the cumulated »=4 and »=8 and so on). d) Full Width Half Maximum (FWMH)

associated to the cumulative distributions. Red and blue data refer to cumulative distributions

starting from n=4 (quantum-well like structure) or from n=24 (solid state solution like).

Figure 4b shows the evolution of the band gap with the degree of mixing n, as averaged over
the 20 models considered. This shows a monotonic increase (~0.1 eV) from the segregated
phase (n=0) to the solid-state solution (n=24), hence smoothly bridging the results obtained
between these two extreme cases in Section 2.2 and 2.3, respectively. This finding goes in line
with the light-triggered red-shift of 0.2 eV observed by Barker et al. in the PL spectra in
MAPDBI;Bry (x=0.5) samples, as obtained from the extrapolation for the values reported for
x=0.4 and x=0.6 compositions.”” The standard deviation at different degree of mixing # is, to
a large extent, independent of n. Namely the exchange of four iodine-bromine pairs in the
quantum-well model as randomly realized over 20 structures results in an energetic disorder of
28 meV (standard deviation), compared to 31 meV for 24 exchanges. Because they are of
similar stability, the cumulative standard deviation accounting (see Figure SI9 in the Supporting
Information), on an equal footing, for various degrees of phase segregation might be a more
representative metric for the amount of disorder. The resulting cumulated distributions in band
gaps are shown in Figure 4c. Two remarkable results emerge from the data. Compared to the
completely phase-segregated n=0 (bilayer) model, (i) the peak of the distribution progressively
blue-shifts; and (ii) the width of the distribution increases with increasing spatial heterogeneity
in halide composition. The corresponding full-width-half-maximum (FWHM), reported in
Figure 4d, indeed increases by 50% (from 65 to 89 meV) when going from the quasi-pure n=4

model to the cumulative distribution including all degrees of mixing (from n=4 to n=24). The
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same analysis can, of course, be performed now considering the solid-state solution (n=24) as
a reference model, and accounting for an increasing number of segregated configurations (from
n=20 down to n=4) in the ensemble, and results in a similar increase in the FWHM from 70
meV to 89 meV. Although based on very simple statistical arguments, the theoretical
predictions are fully consistent with experimental data from Sadhanala and coworkers, who
reported an increase in the FWHM of the PL signal from ~100 meV in pure CH3;NH;3Pbl; phase
to ~140 meV in nominal CH;NH;PbI, §Br; > (bromine 40%).!"* In layered perovskite alloys,
the exciton PL linewidth for intermediate compositions was interpreted on the basis of similar
statistical arguments.”*® Most importantly, our analysis suggests that the main culprit for the
increased broadening in the PL signal of mixed halide phases, compared to the corresponding
pure phases, is not merely associated with the larger number of accessible chemical
configurations afforded by the amount of mixing (as this quickly saturates at relatively low
degree of halide mixing, Figure 4b), but is rather dictated by the coexistence of mixed phases
with various spatial degrees of halide segregation. While our work highlights broadening of
the optical absorption spectrum as the signature for phase inhomogeneity in mixed halide
perovskites, this is not the unique fingerprint.”®! Namely, small fractions of segregated phase
(on the order of 1%)!* have been shown to severely hinge on light emission* and photovoltaic
response.”**"""! Further experimental characterization is needed to correlate these changes in
chemical composition with the opto-electronic properties of mixed halide perovskite samples.
In that context, we would like to highlight the work by Stavrakas et al., who recently set up a
photoluminescence tomographic technique able to probe electron-hole recombination from
thick mixed halide perovskite samples with um lateral resolution,'”*! and independent studies
by Vela et al.’” and Roiland et al.”*! demonstrating the ability of solid-state NMR to
characterize the halide composition of mixed halide perovskites, as well as the formation of

segregated phases, at the scale of individual PbXg octahedra.
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3. Conclusions

Halide mixing has been demonstrated to be a very effective strategy to tune the optical
properties of halide perovskites materials while improving their performance and stability!'* %!
Future developments of mixed halide perovskite materials and related devices hinge on the
basic understanding of how halide composition influences the electronic structure and optical
properties of these materials. We have reported a comprehensive computational study based on
periodic Density Functional Theory calculations of mixed iodine:bromine lead perovskites,
paying particular attention to the importance of short-range phase segregation going all the way
from finely intermixed to spatially separated phases. We have first shown that sparse halide
substitution does not introduce trap states in the band structure, appearing as another

62631 The electronic

manifestation for the often invoked defect tolerance of lead halide materials.!
structure of solid-state halide solutions shows a continuous evolution with iodine:bromine
composition ranging from 100:0% to 0:100%, with namely a quasi-linear opening of the band
gap with increasing bromine content. This confirms that the band gap of intimately mixed halide
perovskite can be tuned at will with chemical composition as, in this case, the materials of
mixed composition behave essentially as weighted average of the two pure phases. On the other
hand, halide segregation strongly influences the optical and transport properties of mixed halide
perovskite semiconductors. Namely, the effective band gap of the fully segregated
iodine:bromine mixtures reduces to that of the smaller band-gap material, namely MAPbI;, and
a large increase in hole effective mass occurs for spatial segregation over only a few nanometer
length scales. The emerging picture is that halide segregation can severely impact balanced
transport and collection of electrons and holes at the electrodes and suggest the need for a fine
control of the morphology in mixed iodine-bromine systems to guarantee a continuous
percolation pathway for thermalized holes. Investigations on the effect of halide mixing on the
optical properties show that the dominating contribution to the increased broadening in mixed
halides stems from the coexistence of phases with various degrees of spatial halide segregation
rather than from configurational disorder. While additional effects should be considered to
achieve a thorough understanding of the spectral lineshapes in mixed halide perovskites
(namely the role of thermal distortions of the lattice), this work represents a first step towards
a comprehensive picture for the energy landscape explored by charge carriers in these materials

and the possible identification of strategies towards reduced recombination losses in actual
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device configurations. In this context, referring to the question raised in the title, our
calculations suggest that what matters the most is not so much the amount of mixing (relative
ratio of iodine and bromine ions in mixed domains, see section 2.4) but rather the length scale
over which the phase segregation occurs (see section 2.3). Phase segregation over microscopic
(a few nm) distances is, according to our calculations, detrimental to transport and prone to non-
radiative recombination (as reflected by the increased effective masses and larger energetic
disorder, respectively). Yet, a complete separation between I- and Br-rich phases stabilized
through the use of mixed organic cations has been shown to cause charge accumulation and the
formation of p- and n-photodoped regions, turning into efficient light emission (with
photoluminescence quantum efficiencies (PLQE) up to 41%) at low charge injection.”® Note,
however, that the phase segregation in the MAPbI;_(Br, materials investigated here, mimicking
few nm halide-rich clusters embedded into an homogeneously mixed halide matrix,”! differs

76]

from the photodoping work by Feldmann er al."®! where the two halide phases are completely

separated in pm-size domains.

4. Methods

All DFT calculations have been performed using a pseudopotential/plane wave formalism, as
implemented in the Quantum-Espresso suite program.”’”! Structural relaxations have been
performed for all the investigated systems using the Perdew-Burke-Ernzerhof (PBE)
functional”®! for the description of the exchange-correlation energy, along with ultra-soft (US)
pseudopotentials (PPs) and wavefunction/density cut-offs of 25/200 Rydberg. Electronic
properties have been computed instead adopting norm-conserving (NC) along with 50/200 Ry
cut-offs and including spin-orbit coupling (SOC). Band structure and electron/hole effective
masses are estimated with PBE functional along with a 4x4x4 sampling of the First Brillouin
zone following the Monkhorst-Pack scheme.”” To achieve quantitative estimates of the
electronic band gap of pure iodine and bromine perovskites and intermediate Br/I compositions,
we have performed additional calculations using the hybrid PBEO functional®™ and including

SOC. Such a method (including 25% of exact exchange) indeed yields band gaps of 1.70 eV
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and 2.12 eV for MAPbI; and MAPbBr3, in good agreement with experimental data (1.6 eV and
2.3 eV, respectively, see Figure SI2 in the Supporting Information for the test of the exchange-
correlation (xc) fraction). Because of their large computational cost, hybrid functional
calculations were performed only at the I'-point of the Brillouin zone.

For the pure phases, cell parameters are set to the values obtained from X-ray diffraction (XRD)

measurements. [52

I For mixed systems, cell parameters have been obtained from linear
extrapolation of the pure MAPbl; and MAPDBr; systems (see Figure SI4 Supporting

Information).
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Completely different opto-electronic behavior was observed for mixed halide perovskites
as a function of the homogeneity of the material. The loss of the performance derived from
the segregation is attributed to the hindered hole transport associated to the segregation of broad
band gap bromine components. These results shed light on the origin of the excellent
semiconductor properties showed by mixed halide perovskites compared to pure phases and
highlight the importance of avoiding halide segregation during device operation.
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