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Abstract

The lead-free halide double perovskite CsyInAgCly was recently designed in silico
and subsequently synthesized in the lab. This perovskite is a wide-gap semiconductor
with a direct band gap, and exhibits extraordinary photoluminescence in the visible
range upon Na doping. The light emission properties of Cs,InAgCly have successfully
been exploited to fabricate stable single-emitter-based white light LEDs with near
unity quantum efficiency. An intriguing puzzle in the photophysics of this compound
is that the onset of optical absorption is around 3 eV, but the luminescence peak is
found around 2 eV. As a first step toward elucidating this mismatch and clarifying
the atomic scale mechanisms underpinning the observed luminescence, here we report
a detailed investigation of the quasiparticle band structure of Csy,InAgCly as well as
the phonon-induced renormalization of the band structure. We perform calculations of
bang gaps and effective masses using the GW method, and we calculate the phonon-
induced band structure renormalization using the special displacement method. We
find that GW calculations are rather sensitive to the functional used in the density
functional theory calculations, and that self-consistency on the eigenvalues is necessary
to achieve quantitative agreement with experiments. Our most accurate band gap at
room temperature is in the range 3.1-3.2 eV, and includes a phonon-induced gap renor-
malization of 0.2 eV. By computing the phonon-induced mass enhancement, we find
that the electron carriers are in the weak polaronic coupling regime, while hole carri-
ers are in the intermediate coupling regime as a result of the localized and directional

nature of the Ag e, 4d states at the valence band top.
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2 Introduction

The ABX; perovskite lattice is one of the most commonly occurring crystal structures.! Per-

ovskites and perovskite-related materials find applications as ferroelectrics,?? ferromagnets,

5,6 7 10,11

multiferroics,®® semiconductors,” ¥ superconductors, and solar absorbers.!?>'” Among
the many families of perovskites, lead-based halide perovskites have attracted considerable
interest owing to their extraordinary optoelectronic properties, leading to solar cells with en-
ergy conversion efficiencies as high as 25.5%.'%!® Furthermore, the presence of a potentially

toxic element in these compounds and their tendency to degrade in humid environments %2

prompted the search for alternative, lead-free materials with the perovskite structure. 222

One class of lead-free perovskites that has gained significant attention are the ordered
halide double perovskites (HDP) or ‘elpasolites’.?! The first HDPs with band gaps in the
visible range, Cs,BiAgCl; and Cs,BiAgBrg, have been designed and synthesized in early
2016.2372° Subsequent work along this direction led to the discovery of additional new HDPs
such as Cs,SbAgCly, Cs,SbAgBry, Cs,InAgCls, Cs,AgTICly, Cs,AgT1Brg, and even the
oxide Ba,AglOg.2031 Many of these new compounds have since been employed in a range
of applications, including solar cells, photocatalysts, light emitters, and photodetectors.3* 4
Of these HDPs, Cs,InAgCl;% turned out to be an exceptionally efficient emitter of warm
white light. 46

At room temperature Cs,InAgCly crystallizes in a face-centered cubic lattice with space
group F'm3m. The unit cell contains 10 atoms arranged in two corner-sharing octahedra
centered on the Ag and In cations, respectively, with the Cl anions at the vertices and the
Cs cation in the cuboctahedral cages, as shown in Fig. 1. The first optical measurements
on this compound were performed on powder samples, and revealed an absorption onset at
380 nm (3.26 eV) and a broad photoluminescence (PL) peak centered at 608 nm (2.04 eV)
with full width at half maximum (FWHM) of 0.4 eV.?¢ These observations were subsequently
confirmed by UV-Vis spectra on single-crystal samples. 4" In Ref. 46 it was found that this PL

signal can dramatically be enhanced by doping Cs,InAgCl; with Na. This discovery enabled



the fabrication of single-emitter-based white-light LEDs with a record-high quantum yield of
86% and lifetimes up to 1000 hours.“® Further work confirmed that Na and/or Bi doping lead
to strong and broad PL,%%4853 thus establishing Cs,InAgClg as a new HDP with exceptional
promise for LED applications.

Based on the large mismatch between the optical absorption onset (> 3 eV) and the PL
peak (~2 eV), and the observation of photo-chromism, Ref. 26 tentatively attributed the
PL signal to the formation of photo-induced defects. On the other hand, Ref. 46 proposed
that the PL originates from the formation of self-trapped excitons driven by strong electron-
phonon coupling in the form of Jahn-Teller distortions. A definitive assignment is further
complicated by the fact that the magnitude of the band gap is not fully settled. For example,
ab initio calculations using hybrid HSE or PBEO functionals yield gaps ranging from 2.1 to
3.3 eV,%0 while GW calculations indicate gaps ranging from 3.1 to 3.3 eV.465* All these
previous calculations do not include the effect of electron-phonon coupling, which could
significantly renormalize the band gap.®® ™ On the experimental front the optical gap is
better understood, but quantitative differences remain. For example, UV-Vis spectra from
different research groups yield optical gaps between 3.17 and 3.53 eV depending on sample
morphology. 26:28,33:47,49,51,79-81

In this work, as a first step toward elucidating the origin of the strong PL in Cs,InAgCly
and related materials, we focus on the accurate determination of the band structure of this
compound by employing GW calculations and including the electron-phonon renormalization
of the bands via the special displacement method.®%®3 In particular, we carry out a thorough
sensitivity analysis of GW quasiparticle band gaps in relation to the density functional theory
(DFT) starting point and the use of self-consistency on the eigenvalues. We determine
accurate band structures and effective masses by means of Wannier interpolation, and we
calculate the electron-phonon renormalization of the band gap and effective masses using
the special displacement method.

The manuscript is organized as follows: In Sec. 3 we briefly review the theoretical and



computational approach employed in this work, from the GW method to the special dis-
placement method. The computational setup, including details on software and convergence
tests, is described in Sec. 4. Section 5 presents our main results for the band gap, band struc-
tures, effective masses, and phonon-induced renormalization of the bands. In this section we
also compare our results to experiments. In Sec. 6 we draw our conclusions and discuss the

possible origin of the visible PL in Cs,InAgCl,.

3 Overview of methodology

3.1 GW calculations

The GW method® 87 constitutes the most reliable parameter-free approach for comput-
ing quasiparticle band structures in weakly- to moderately-correlated solids. In this method,
quasiparticle eigenvalues including nonlocal exchange and dynamical correlation are obtained
by replacing the DFT exchange and correlation potential V. with the many-body self energy
¥ = GW.%* In this symbolic expression, G is the electron Green’s function, and is evaluated
using DFT Kohn-Sham wavefunctions and eigenvalues, and W is the screened Coulomb
interaction, which is evaluated within the random-phase approximation (RPA) using once
again DFT wavefunctions and eigenvalues. The quasiparticle energy FE,, is calculated per-
turbatively as Enox = €uk + Znk (Unk|2(Enk) — Vie|tnk), where e,y is the DFT eigenvalue
corresponding to the electronic band n and wavevector k, and v, is the associated wave-
function. Z,y is the quasiparticle renormalization, and the self-energy is evaluated at the
unperturbed DFT energy, (g, ). 3457

The above approach works best when the quasiparticle correction to DFT eigenvalues is
relatively small. For large corrections, this method suffers from the sensitivity of the self-
energy to the DFT band structure and wavefunctions.® 3 In order to reduce this sensitivity,

it is common to perform a few iterations where the eigenvalues used to calculate the self-

energy at each iteration are taken from the result of the previous iteration.®* This approach



has been used for a variety of systems, ranging from molecules to semiconductors.?*

A simpler self-consistent procedure consists of updating a scissor correction instead of all
individual eigenvalues. %1% The advantage of the self-consistent scissor is that the correction
is well defined for all empty bands, and there is no need for extrapolations as in the case
of eigenvalue-self-consistency. The scissor operator is simply defined as >, Akplﬁ, where
Pfé is the projector on the empty states with wavevector k, and Ay is a k-dependent scissor
correction. In the presence of a scissor correction, the quasiparticle eigenvalues are evaluated
as Fux = ek + Znk(Unk|2(enk) — Vie — Ak]sﬁwnk}. For completeness, in this work we
also perform calculations using a k-independent scissor correction evaluated at the direct
gap. Self-consistent-scissor GW calculations proceed in the same way as for eigenvalue-self-
consistency: the scissor correction determined at a given iteration is employed as a starting
point for the evaluation of G and W in the next iteration, until convergence is achieved. For
comparison, we also perform band structure calculations using the HSE functional, which
has been very successful in calculations of extended solids. 10%103

GW and HSE calculations are notoriously expensive. In order to calculate band struc-
tures along high-symmetry lines and evaluate the derivatives needed for the effective masses,
we employ Wannier interpolation. 1419 In particular, we perform GW and HSE calculations
on coarse Brillouin zone grids, and we interpolate the eigenvalues using maximally localized
Wannier functions. %

We evaluate effective masses by taking second order derivatives of the eigenvalues via
finite differences. In particular, we evaluate 1/m,g = L 20%F,, /0ko0kg, where h is Planck’s
constant and «, [ indicate Cartesian directions. We evaluate the masses using second-order

mixed finite difference formulas; the values reported below are the eigenvalues of the effective

mass tensors.



3.2 Special displacement calculations

To investigate the phonon-induced renormalization of the band structure of Cs,InAgCly, we
employ the special displacement method.®%® This method consists of performing a band
structure calculation for a supercell where the atoms have been displaced from their equi-
librium sites. The displacements are chosen so as to reproduce the thermal mean square
displacements including quantum zero-point fluctuations within a single supercell calcula-
tion. The special set of displacements is referred to as the ZG (Zacharias-Giustino) displace-
ment, and it is understood as the mean-value point of the multi-dimensional Williams-Lax
integral.®® This method was successfully employed to calculate temperature-dependent band
structure renormalization in numerous semiconductors and insulators.'%” ! The ZG dis-

placement is given by:

1

ATH&(R) = quu {M(any,T + 1>:| 2Re |:€Zq Rena,u(q):| ) (1)
q,v rav

where A7,,(R) indicates the displacement of the atom k with mass M, in the unit cell
with lattice vector R, and N is the number of unit cells in the supercell. e, (q) is the
polarization vector of the phonon (normalized within the unit cell) with wavevector q, branch
index v, frequency wg,, and Bose-Einstein occupation ng,r at the temperature 7. The
quantities Sy, are signs (£1) determined so as to yield the correct quantum canonical average
of the displacements in the thermodynamic limit of an infinitely-extended supercell. The
summation in Eq. (1) is restricted to g-vectors that are neither time-reversal invariant nor
time-reversal partner of another vector in the sum. The phonon frequencies and eigenvectors
needed in Eq. (1) are obtained via density-functional perturbation theory. 2

To obtain the electron spectral function in the presence of electron-phonon interactions,
we unfold the band structure calculated for the supercell with the ZG displacement. 33113
The resulting bands include electron-phonon renormalization to second order in the atomic

displacements as in the Allen-Heine theory, 4 as well as all higher orders of electron-phonon



coupling and off-diagonal Debye-Waller corrections.?>!1?

4 Computational setup and convergence tests

All DFT calculations were performed using planewaves and pseudopotentials, as imple-
mented in the Quantum ESPRESSO suite. ! We considered three exchange and correla-
tion functionals: LDA, "7 PBE, 8 and PBEsol. ' We employed optimized norm-conserving
Vanderbilt pseudo-potentials (ONCVPSP)!?? from the PseudoDojo library.!?! The valence
configurations for Cs, Ag, and Cl are 5s%p%6s!, 452pSd'°5st, and 3s2p®, respectively. For In
the library offers pseudopotentials with semicore states, 4s%pd'°5s%p!, and without semicore
states, 4d'°5s?p'. We tested both options to investigate the sensitivity of GW calculations
to semicore electrons. Following the PseudoDojo recommendations we used a stringent ki-
netic energy cutoff of 100 Ry for all calculations. To confirm that this cutoff is sufficient for
CsyInAgCly, we also tested 120, 140, and 160 Ry, and we found that 100 Ry yields lattice
parameters and G shifts within 10~* A and 1 meV of the most accurate calculation at
160 Ry.

Structural optimization was carried out using very stringent convergent criteria for the
total energy (107'? Ry), forces (107® Ry/bohr), and pressure (1073 kbar). The optimized
lattice constants are 10.19 A, 10.66 A, and 10.38 A for the LDA, PBE, and PBEsol functional,
respectively. As expected, the PBEsol functional produces the lattice constant closest to the

experimental value of 10.47 A.26 Complete data about structural optimization is reported in

Table 1.

All GW calculations were performed using the Yambo code!?%123

in conjunction with
Quantum ESPRESSO.!'6 We employed the Godby-Needs plasmon-pole model,'?* and set
the plasmon energy to 21 eV based on calculations of the energy-loss function. In Fig. 2

we show our convergence tests for the kinetic energy cutoff of the dielectric matrix and

the energy window used for the Green’s function (or equivalently the number of empty



states). We considered cutoffs between 4 and 12 Ry for the dielectric matrix, and between
15 and 90 eV for the Green'’s function (100 to 650 bands). In this test we employed an
8 x 8 x 8 Brillouin zone grid. Fig. 2 shows that using 10 Ry for the dielectric matrix and 600
bands is sufficient to obtain a band gap converged to within 10 meV. Using these converged
parameters, we tested the sensitivity to the Brillouin zone sampling. To this end we repeated
the calculations using uniform grids with 63 to 123 points, and found that the gap changes by
7 meV at most. Therefore a 6 x 6 x 6 grid is already enough for our purposes. All subsequent
calculations have been performed using 10 x 10 x 10 grids. For eigenvalue-self-consistent GW
calculations, we calculated the quasiparticle shifts for 14 valence bands and 14 conduction
bands, and interpolated the corrections for the other bands.

Below we report GW calculations performed using the three exchange and correlation
functionals LDA, PBE, and PBEsol. The band structures, gaps, and effective masses re-
ported below were obtained using the optimized lattice parameter for each functional, unless
otherwise stated. We also tested the effect of spin-orbit coupling by using fully-relativistic
ONCVPSP pseudopotentials, but we found that it does not affect band structures in any
significant way, in agreement with previous work. %125 Based on these results, we performed
GW calculations without spin-orbit coupling.

HSE calculations were carried out starting from the PBE-optimized structure and a 10 x
10 x 10 Brillouin zone grid, using the adaptively compressed exchange operator implemented
in Quantum ESPRESSO. 26

To facilitate Wannier interpolation, we excluded the first 27 bands which form a composite
manifold below the valence bands for calculations in the presence of In semicore states
(23 bands otherwise). This leaves 30 bands for Wannier interpolation. All calculations of
Wannier functions were performed using the Wannier90 code. 27129

Effective masses were evaluated by finite differences using a step size of 1073 A~! in
reciprocal space, which guarantees an accuracy of 1072 myg, with mg being the free electron

mass.
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Phonon dispersion relations and eigenmodes were calculated using density-functional
perturbation theory as implemented in the PHonon code of Quantum ESPRESSO.!6 For
these calculations we used the PBE functional. The supercells with ZG displacements were
obtained using the ZG.x code released with the EPW package.%33% We constructed special
displacements in 3 x 3 x 3, 4 x4 x4, and 5x 5 x 5 supercells, containing up to 1250 atoms. To
lower the computational cost of these calculations, we used a reduced planewaves cutoff of
76 Ry, as suggested by the PseudoDojo library.?* We checked that band structure computed
with 76 or 100 Ry cutoffs are pratically indistinguishable. The band gap red-shifts at 300 K
obtained from 3 x 3 X 3, 4 x 4 x 4, and 5 X 5 x 5 supercells are 123 meV, 187 meV, and
165 meV, respectively [c.f. inset of Fig. 8(a)]. Based on these calculations, we expect the
converged value of the electron-phonon renormalization to fall in the interval 1764+11 meV.
To reduce the cost of these calculations, we analyze band structures for the 4 x 4 x 4 supercell,

which yields a renormalization within 10% of our most converged value.

5 Results and discussion

5.1 Quasiparticle band gap and effective masses

The band structures of Cs,InAgCl, calculated using DFT, GW, and HSE are shown in Fig. 3.
This compound exhibits a direct gap at the I point. The conduction band minimum (CBM)
originates from In/Ag-5s and Cl-3p states, while the valence band maximum (VBM) results
from the hybridization of Ag e, states (4d,2_,2 and 4d,2) with Cl-3p states. The flat band
visible along the I'-X line at the top of the valence bands originates from the hybridization

of 4d,>_,» states of Ag with the Cl-3p,, states, leading to a two-dimensional wavefunction

confined within the zy plane.?¢
An example of the iterative procedure for self-consistent GW calculations is given in

Fig. 4. This plot shows how, upon performing self consistency on the eigenvalues starting

from PBE, the band gap increases from 2.6 eV to 3.4 eV after five iterations. Similar trends
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are observed when considering self-consistent scissor corrections, with the converged value
being only slightly smaller at 3.3 eV. The monotonic increase of the band gap upon self-
consistency is understood as the result of the improved RPA screening resulting from the
wider band gap obtained at each iteration. In comparison, the one-shot (GoWj) gap is
underestimated because the initial PBE gap is extremely small (1 eV) as compared to the
final quasiparticle gap (3.4 eV).

In Table 2 we report a comprehensive dataset of band gaps computed using various
self-consistency schemes for GW, starting from three DFT functionals, with or without In
semicore states, and using the optimized or experimental lattice parameters. Key data is
also reported in Fig. 5. As expected, semicore states play an important role in the calculated
GW gaps, causing a blueshift of up to 0.4 eV as compared to calculation without semicore
states [Table 2(a)]. This is understood in terms of the exchange self-energy being sensitive

1317133 Among the functionals

to the overlap between semicore states and band edge states.
employed, the DFT band gap is smallest for LDA and largest for PBE. This trend is reflected
in the corresponding GW band gaps. The same trends are observed when performing all
calculations using the experimental lattice constant, as shown in Table 2(b). The choice of
using optimized or experimental lattice constant brings only a small change in the gap, in
the range of 0.1 eV, as it can be seen in Table 2(c). Furthermore, the use of eigenvalue-self-
consistency or scissor-self-consistency is found to reduce the dependence of the GW band
gap on the DFT starting point, approximately halving the differences between LDA, PBE,
and PBEsol calculations. In comparison, HSE calculations yield too small a band gap, in
the same range as the result of one-shot GoWj calculations (Table 2).

In Fig. 5 we compare our calculations with measured absorption onsets in UV-Vis spec-
tra. Experimental data is from powder samples,?® single crystalline samples,?*47 films, 288!
and nanocrystals. #5580 Even after excluding nanocrystals which might be affected by

quantum confinement, there is a significant scatter between reported gaps, from 3.2 eV?33

to 3.53 eV.?%8l These values are shown in pink in Fig. 5, and the experimental range is

12



indicated by a gray horizontal stripe.

A comparison between our calculations and experiments indicates that eigenvalue- or
scissor-self-consistent GW calculations starting from the PBE functional lie well within the
experimental range, while the other options explored here tend to slightly underestimate the
experimental values. We should also keep in mind that the measured optical gaps might
include non-negligible renormalization from excitonic effects and electron-phonon interac-
tions. These effects will further lower the theoretical band gaps in Fig. 5. In particular, in
Sec. 5.2 we will show that the electron-phonon interactions reduce the band gap by as much
as ~ 0.2 eV at room temperature.

Fig. 3(c) shows how quasiparticle corrections modify the curvature of the bands near the
band extrema. To quantify this effect, we report in Fig. 6 the effective masses calculated at
various levels of theory. Unlike for the band gaps, we find that the effective mass renormal-
ization is not very sensitive to the DFT starting point for the GW calculations, and that
HSE masses are similar to GW masses.

The band edges of Cs,InAgCl; can be described via an electron mass, a light hole mass,
and a heavy hole mass, as it can be seen in Fig. 3(c). We find that both electron and hole
effective mass tensors are isotropic, therefore in Fig. 6 we report only the isotropic average.
Taking Ax-scGW calculations with PBE starting point as a reference, we find that the
electron mass increases by 15% from 0.27 mo (PBE) to 0.31 mq (GW), while the light hole
mass decreases by 20% from 0.36 mg to 0.30 myg, and the heavy hole mass decreases by 17%
from 0.90 mg to 0.77 mg. We note that the determination of the heavy hole mass is less
reliable owing to the non-dispersive nature of the top of the valence bands along the I'-X
direction.

To the best of our knowledge, no measurements of the effective masses in Cs,InAgCly
are available. However, given that GW calculations of quasiparticle effective masses in the
related halide CH;NH;Pbl; closely reproduce experimental effective masses obtained from

34

magnetic measurements of exciton binding energies,3* we expect our calculations to carry

13



reasonable predictive power.

The much heavier carrier effective masses of Cs,InAgCl; as compared to the prototypi-
cal halide perovskite CH;NH,Pbl; (~ 0.1 mg, Ref. [ 134]) suggest that this compound will
exhibit poor transport properties. Indeed, the calculated carrier mobility of the related dou-
ble perovskite Cs,BiAgCly;, which exhibits effective masses similar to Cs,InAgClg, lies in
the range 6-11 cm?/Vs depending on direction,'*® therefore for Cs,InAgCl, we can expect
mobilities within this same range. This tentative estimate is in line with both experimental
measurements of the carrier mobility in Cs,InAgClg, yielding 2.3-3.3 ¢cm?/Vs,?® and theo-
retical estimates based on a Frohlich polaron model, yielding 2.34 cm?/Vs.™ Clearly further
work will be needed to clarify the conduction mechanisms in Cs,InAgCl; and related ma-
terials, and to understand how the transport properties of this compound can be improved

via doping. ™

5.2 Electron-phonon coupling

Figure 7 shows the calculated phonon dispersion relations of Cs,InAgCly, as well as the
phonon density of states (DOS) projected onto Cs, Ag/In, and Cl displacements. The lack
of soft modes confirms that Cs,InAgCly is dynamically stable in the F'm3m structure. We
can see three main groups of vibrations: a low-energy group around 5-10 meV, which is
dominated by the vibrations of Cs and Ag, an intermediate-energy group of modes around
15 meV, associated with the bending motion of the Ag-Cl/In-Cl bonds, and high-energy
modes in the range 25-30 meV associated with Ag-Cl and In-Cl stretching vibrations. The
phonon dispersions and the mode assignment are similar to the related double perovskite
Cs,BiAgCly. %

In Fig. 8 we show the momentum-resolved spectral function and the electronic DOS of
Cs,InAgCly including electron-phonon interactions at 300 K, as obtained via the special
displacement method.®® Electron-phonon couplings are seen to shift and broaden the non-

interacting DFT bands, which are also shown in Fig. 8 as gray lines for comparison.
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Phonon-induced renormalization is most pronounced for the valence bands. Indeed, the
VBM acquires a finite linewidth of 143 meV and blueshifts by 255 meV. In contrast, the CBM
acquires a finite linewidth of 9 meV, and blueshifts by 68 meV. To rationalize this significant
difference between VBM and CBM, in Fig. 9 we show the electron density around the metal-
halide octahedra, for both the ground state structure and the perturbed ZG structure at
300 K, evaluated at the I" point. From this comparison we see that the diffuse and isotropic
nature of the Ag/In-5s states makes the CBM wavefunction relatively insensitive to lattice
fluctuations. On the other hand, the more localized and directional nature of the Ag e,
states (4d,2_,2 and 4d,2) makes the VBM wavefunction more responsive to a breaking of
octahedral symmetry.

The uneven temperature shift of VBM and CBM leads to a band gap renormalization of
187 meV at 300 K. Combined with our self-consistent GW calculations in Table 2 (start-
ing from PBE), this result implies that our most accurate theoretical gap of Cs,InAgClg,
including both many-body electron-electron and electron-phonon interactions, should be in
the range 3.07-3.19 eV. It is worth noting that the electron-phonon coupling evaluated at
the PBE level is expected to be slightly too weak (by a few tens of percent) as a result of the
band gap underestimation.% Therefore, our calculations of the band gap renormalization
likely constitute a lower bound to the true effect, and our final band gap range is probably
overestimated by a few tens of meV.

Given that the conduction band near the CBM is relatively sharp [see Fig. 8(a)], it is
possible to extract the renormalized electron effective mass from the spectral function using
a simple parabolic fit. This procedure yields the effective mass 0.33 my at 300 K. Since
the bare mass is 0.27 mg, we conclude that phonons induce a mass enhancement of 22 %.
Assuming that the most significant contribution arises from longitudinal optical phonons as
for the related CH;NH,Pbl; and Cs,AgBiClg,'3>13¢ we can use the mass renormalization to
extract an approximate polaron coupling constant c.'3” The mass enhancement in Feynman’s

1138

mode is given by 1+ /6 + 0.025a2, yielding a coupling constant a = 1.1 for electrons in

15



Cs,InAgCly. This value indicates a weak polaron coupling regime for the electrons. We also
estimate the size of polaronic carriers using Feynman’s expression, r, = (3.4 h/m* aw)'/2.13
Using hw = 32.7 meV from Fig. 7 and m* = 0.27my, we find r, = 52 A, indicating
large electron polarons. This analysis suggests that electron carriers in Cs,InAgCl; undergo
standard diffusive transport. A similar parabolic fit for the light hole carriers (along the
['-L direction) yields a much more pronounced mass enhancement, from 0.36 mg to 1.2 my,
therefore in this case we have a = 6.9 and r, = 18 A. As expected, in this simple model the

holes form intermediate polarons, hence thermal activation may play an important role in

hole transport.

6 Conclusions

In this work we reported a detailed investigation of the quasiparticle band structure and
electron-phonon couplings in the lead-free halide double perovskite Cs,InAgCl,. We per-
formed a thorough sensitivity analysis of the GW quasiparticle corrections by considering
several DFT exchange and correlation functionals as starting point, and several strategies
for self-consistency. In addition, we computed the band gap renormalization arising from
electron-phonon interactions at room temperature via the special displacement method.
Upon including both electron-electron and electron-phonon interactions, our most accurate
estimate for the band gap is 3.07-3.19 eV. These values are well within the experimental band
gap range as determined via UV-Vis absorption spectroscopy. In comparison, we found that
both the one-shot GoW; and HSE band gaps underestimate the band gap by as much as an
eV, hence they do not provide a reliable description of the band structure of Cs,InAgCly. The
present study indicates that the luminescence of this compound around 2 eV is not related
to band-to-band recombination, which occurs at a much higher energy. Remaining options
to explain the observed PL are the formation of strongly bound polarons, defect-induced

emission, and self-trapped excitons. Regarding polarons, our simplified analysis based on
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Feynman’s model indicates that electron carriers are in the large polaron coupling regime,

while hole carriers are moderately coupled to phonons due to the d,2_,» and d.2 character

~y
of the VBM. It is likely that hole carriers in this compound form intermediate polarons,
although a precise determination of the polaron formation energies will require a separate,
detailed investigation. In summary, this work establishes clear guidelines for future ab initio

calculations of the electronic and optical properties of Cs,InAgCly, and provides a firm basis

for quantitative studies of the photophysics of this promising light-emitting material.
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Table 1: Optimized structure of cubic Cs,InAgCly with space group Fm3m. We report
the Wyckoft site and fractional coordinates of each atom in the primitive cell obtained using
the LDA, PBE, and PBEsol functionals, as well as the bond lengths and lattice constants.
For reference, the measured lattice constant is 10.47 A.26 Only data obtained by including
In semicore states are reported; the bond lengths and lattice constants calculated without
semicore states are within 0.05% (0.01 A) of the values reported below.

LDA PBE PBEsol

Cs 2c (1/4,1/4,1/4) Cl 6e (z,y,x) x 0.754 0.759 0.756

Cs 2c (3/4,3/4,3/4) Cl 6e (y,z,y) Y 0.246 0.241 0.244

In 1a (0,0,0) Cl 6e (z,y,y) In-Cl(A) 25043 25705 2.5327

Ag 1b (1/2.1/2,1/2) Cl 6e (y.z,2)  Ag-Cl(A) 25027 27609  2.6592
Cl 6e (z,z,9) a(A) 10.1933  10.6629 10.3838
Cl 6e (y,y,z)

18



Table 2: Bandgap of Cs,InAgCly calculated using DFT, GW, and HSE. (a) Calculations
perfomed using the optimized structures for each functional, as described in Table 1. (b)
Calculations performed using the experimental lattice constant and the fractional coordinates
reported in Table 1 for each functional. (¢) Difference between the values obtained in (b) and
in (a). In all cases we report results including or excluding In semicore states. The labels
on the leftmost column indicate eigenvalue-self-consistent GW (ev-scGW), self-consistent
scissor GW with a k-independent scissor (Ar-scGW), and self-consistent scissor GW with
a k-dependent scissor (Ax-scGW). HSE calculations were performed using the structure
optimized via the PBE functional.

LDA PBE PBEsol

no semicore semicore no semicore semicore 1no semicore semicore

(a) DFT 0.60 0.60 1.02 1.03 0.78 0.79
GoWy 2.03 2.39 2.30 2.60 2.12 2.45
ev-scGW 2.69 3.12 3.02 3.38 2.81 3.20
Ar-scGW 2.58 3.07 2.84 3.26 2.67 3.12
Aw-scGW 2.59 3.06 2.91 3.31 2.70 3.14
HSE - - 2.25 2.46 - -

(b) DFT 0.50 0.50 1.08 1.09 0.75 0.76
GoWy 1.90 2.23 2.37 2.68 2.09 2.41
ev-scGW 2.59 3.00 3.06 3.44 2.78 3.17
Ar-scGW 2.47 2.94 2.90 3.32 2.64 3.08
Aw-scGW 2.48 2.93 2.96 3.37 2.67 3.10
HSE - - 2.33 2.55 - -

(c) DFT (-0.10) (-0.10) (0.06) (0.06) (-0.03) (-0.03)
GoWy (-0.13) (-0.16) (0.07) (0.08) (-0.03) (-0.04)
ev-scGW (-0.10) (-0.12) (0.04) (0.06) (-0.03) (-0.03)
Ap-scGW  (-0.11) (-0.13) (0.06) (0.06) (-0.03) (-0.04)
Ag-scGW  (-0.11) (-0.13) (0.05) (0.06) (-0.03) (-0.04)
HSE - - (0.08) (0.09) - -
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(a)

Figure 1: Ball-and-stick model of (a) conventional cell, and (b) primitive unit cell of
Cs,InAgCl;. The color code is as follows, Cs: cyan; In: purple, Ag: grey, and Cl: orange.
The structure belongs to the Fm3m space group, and the experimental lattice parameter is
10.47 A.%6 The PBEsol Ag-Cl and In-Cl bond lengths are 2.659 A and 2.533 A, respectively,
see Table 1.

20



Energy window (eV)

15.6 24.1 32.4 39.8 46.0 52.7 58.7 64.2 69.8 75.1 80.7 85.7
3.3 N L L L L L N L L L

2.62

3.2 4
2.61

2.60

2.59

E, (eV)

2.58

2.57
400 450 500 550 600 650
Number of bands

100 150 200 250 300 350 400 450 500 550 600 650
Number of bands

Figure 2: Convergence test for the GW calculations. The one-shot GW band gap of
Cs,InAgCly; is calculated starting from PBE, as a function of the number of bands (energy
window) and of the kinetic energy cutoff for the dielectric matrix. The energy window
is referred to the top of the valence bands. The inset is a zoom near the region where
convergence is achieved.
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Figure 3: Band structure of Cs,InAgCly computed at various levels of theory. (a) Brillouin
zone of Cs,InAgCly and high-symmetry points used in the band structure plots. (b) Com-
parison between the PBE band structure (gray) and the Ax-scGW band structure starting
from PBE (green). The GW bands are obtained with the PBE functional and ONCVPSP
pseudopotentials including In semicore states. (¢) Comparison between the GW band struc-
tures obtained using GoWy (orange), ev-scGW (blue), Ap-scGW (red), Ax-scGW (green)
and HSE (purple) near the band edges.
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Figure 4: Convergence of eigenvalue-self-consistent (ev-scGW, blue) and scissor-self-
consistent (Ap-scGW, red, and Ax-scGW, green) calculations of the band gap of Cs,InAgClg.
At each iteration, the starting band gap on the horizontal axis is obtained from the GW gap
at the previous iteration on the vertical axis. The inset shows the change in band gap
between successive iterations.
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Figure 5: GW band gaps calculated starting from various DFT functionals. We report
the one-shot GoW, gaps (orange), the eigenvalue-self-consistent GW gaps (blue), and the
scissor-self-consistent GW gaps (Ap-scGW, red; Ax-scGW, green). For comparison we also
report the HSE gap (purple), and the experimental data (pink). All GW calculations include
In semicore states. The experimental references are as follows: a) Powder samples, Ref. 26,
b) Single crystal, Ref. 33, ¢) Single crystal, Ref. 47, d) Single crystal, Ref. 28, e) Nanocrystal,
Ref. 79, f) Nanocrystal, Ref. 80, g) Nanocrystal, Ref. 49, h) Nanocrystal, Ref. 51, i) Film,
Ref. 28, j) Film, Ref. 8.
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Figure 6: Calculated quasiparticle effective masses of Cs,InAgCly;. We provide the electron
mass (m.), light hole mass (my;,), and heavy hole mass (my;). All calculations employ the
PBE functional as a starting point. The acronyms are the same as in Fig. 5.
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Figure 7: (a) Phonon dispersion relations of Cs,InAgCly, calculated using DET/PBE. (b)
Total vibrational DOS (black line) and DOS projected on the displacements of Cs (cyan,
filled). (c) Total DOS and DOS projected on the displacements of In (purple, filled). (d)
Total DOS and DOS projected on the displacements of Ag (grey, filled). (e) Total DOS and
DOS projected on the displacements of Cl (orange, filled).
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Figure 8: (a) Electron spectral function of Cs,InAgCly including electron-phonon interac-
tions, evaluated at 300 K using the special displacement method (4 x 4 x 4 supercell, PBE).
The grey solid lines indicate the unperturbed DF'T band structure. The blue dashed lines
indicate the parabolic fits used to determine the renormalized effective masses. Inset: Con-
vergence of the renormalized band gap with supercell size. (b) Electronic DOS corresponding
to the spectral function in (a). The violet line includes electron-phonon interactions, the grey
line is the unperturbed DFT DOS.
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Figure 9: Wavefunction isosurfaces of the VBM and CBM of Cs,InAgCly in the unperturbed
structure and after introducing thermal displacements. (a),(c) Close-up view of the CBM
wavefunction (I' point) without/with thermal displacements, respectively. (b),(d) Same as
above, but for the VBM. Blue/green indicates a positive/negative sign, respectively. The
VBM is mainly derived from Ag-4d/Cl-3p states, thus, only the AgCly octahedron is shown.

References

(1) Filip, M. R.; Giustino, F. The geometric blueprint of perovskites. Proc. Natl. Acad.
Sci. 2018, 115, 5397-5402.

(2) Benedek, N. A.; Fennie, C. J. Why Are There So Few Perovskite Ferroelectrics? J.
Phys. Chem. C 2013, 117, 13339-13349.

(3) Paillard, C.; Bai, X.; Infante, I. C.; Guennou, M.; Geneste, G.; Alexe, M.; Kreisel, J.;
Dkhil, B. Photovoltaics with Ferroelectrics: Current Status and Beyond. Adv. Mater.

2016, 28, 5153-5168.

(4) Loudon, J. C.; Mathur, N. D.; Midgley, P. A. Charge-ordered ferromagnetic phase in
La, ;Cay ;MnO;. Nature 2002, 420, 797-800.

28



(5)

(6)

(10)

(11)

(12)

Tokunaga, Y.; Furukawa, N.; Sakai, H.; Taguchi, Y.; Arima, T.-h.; Tokura, Y. Com-

posite domain walls in a multiferroic perovskite ferrite. Nat. Mater. 2009, 8, 558-562.

Mundy, J. A.; Brooks, C. M.; Holtz, M. E.; Moyer, J. A.; Das, H.; Rébola, A. F.;
Heron, J. T.; Clarkson, J. D.; Disseler, S. M.; Liu, Z. et al. Atomically engineered
ferroic layers yield a room-temperature magnetoelectric multiferroic. Nature 2016,

537, 523-527.

Xing, G.; Mathews, N.; Sun, S.; Lim, S. S.; Lam, Y. M.; Gratzel, M.; Mhaisalkar, S.;
Sum, T. C. Long-Range Balanced Electron- and Hole-Transport Lengths in Organic-
Inorganic CHsNH;PblI;. Science 2013, 342, 344-347.

Lin, Y.-H.; Pattanasattayavong, P.; Anthopoulos, T. D. Metal-Halide Perovskite Tran-
sistors for Printed Electronics: Challenges and Opportunities. Adv. Mater. 2017, 29,
1702838.

Gedda, M.; Yengel, E.; Faber, H.; Paulus, F.; Kref3, J. A.; Tang, M.-C.; Zhang, S.;
Hacker, C. A.; Kumar, P.; Naphade, D. R. et al. Ruddlesden—Popper-Phase Hybrid
Halide Perovskite/Small-Molecule Organic Blend Memory Transistors. Adv. Mater.
2021, 33, 2003137.

Bednorz, J. G.; Miiller, K. A. Possible high T, superconductivity in the Ba-La-Cu-O
system. Z fur Phys. B Condensed Matter 1986, 64, 189-193.

Murphy, D. W.; Sunshine, S.; van Dover, R. B.; Cava, R. J.; Batlogg, B.; Zahu-
rak, S. M.; Schneemeyer, L. F. New superconducting cuprate perovskites. Phys. Reuv.
Lett. 1987, 58, 1888-1890.

Lee, M. M.; Teuscher, J.; Miyasaka, T.; Murakami, T. N.; Snaith, H. J. Efficient
Hybrid Solar Cells Based on Meso-Superstructured Organometal Halide Perovskites.
Science 2012, 338, 643-647.

29



(13)

(17)

(18)

(19)

(20)

(21)

Kim, H.-S.; Lee, C. R.; Im, J.-H.; Lee, K.-B.; Moehl, T.; Marchioro, A.; Moon, S.-J.;
Humphry-Baker, R.; Yum, J.-H.; Moser, J. E. et al. Lead lodide Perovskite Sensitized
All-Solid-State Submicron Thin Film Mesoscopic Solar Cell with Efficiency Exceeding

9%. Sci. Rep. 2012, 2.

Green, M. A.; Ho-Baillie, A.; Snaith, H. J. The emergence of perovskite solar cells.
Nat. Photonics 2014, 8, 506-514.

Stranks, S. D.; Snaith, H. J. Metal-halide perovskites for photovoltaic and light-

emitting devices. Nat. Nanotechnol. 2015, 10, 391-402.

Eperon, G. E.; Leijtens, T.; Bush, K. A.; Prasanna, R.; Green, T.; Wang, J. T.-W_;
McMeekin, D. P.; Volonakis, G.; Milot, R. L.; May, R. et al. Perovskite-perovskite

tandem photovoltaics with optimized band gaps. Science 2016, 354, 861-865.

Jung, E. H.; Jeon, N. J.; Park, E. Y.; Moon, C. S.; Shin, T. J.; Yang, T.-Y.;
Noh, J. H.; Seo, J. Efficient, stable and scalable perovskite solar cells using poly(3-
hexylthiophene). Nature 2019, 567, 511-515.

Best Research-Cell Efficiencies. https://www.nrel.gov/pv/cell-efficiency.html
(accessed Feb. 12, 2019).

Wang, R.; Mujahid, M.; Duan, Y.; Wang, Z.-K.; Xue, J.; Yang, Y. A Review of
Perovskites Solar Cell Stability. Adv. Funct. Mater. 2019, 29, 1808843.

Boyd, C. C.; Cheacharoen, R.; Leijtens, T.; McGehee, M. D. Understanding Degra-
dation Mechanisms and Improving Stability of Perovskite Photovoltaics. Chem. Rev.

2019, 119, 3418-3451.

Giustino, F.; Snaith, H. J. Toward Lead-Free Perovskite Solar Cells. ACS Energy Lett.
2016, 1, 1233-1240.

30



(22)

(23)

(24)

(25)

(26)

(27)

(28)

(29)

De Angelis, F. The Prospect of Lead-Free Perovskite Photovoltaics. ACS Energy Lett.
2021, 6, 1586-1587.

Slavney, A. H.; Hu, T.; Lindenberg, A. M.; Karunadasa, H. I. A Bismuth-Halide
Double Perovskite with Long Carrier Recombination Lifetime for Photovoltaic Appli-

cations. J. Am. Chem. Soc. 2016, 138, 2138-2141.

McClure, E. T.; Ball, M. R.; Windl, W.; Woodward, P. M. Cs,AgBiX; (X = Br, Cl)
- New Visible Light Absorbing, Lead-Free Halide Perovskite Semiconductors. Chem.
Mater. 2016, 28, 1348-1354.

Volonakis, G.; Filip, M. R.; Haghighirad, A. A.; Sakai, N.; Wenger, B.; Snaith, H. J.;
Giustino, F. Lead-Free Halide Double Perovskites via Heterovalent Substitution of

Noble Metals. J. Phys. Chem. Lett. 2016, 7, 1254-1259.

Volonakis, G.; Haghighirad, A. A.; Milot