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Abstract

Organic-inorganic metal-halide perovskite semiconductors have outstanding and widely tunable
optoelectronic properties suited for a broad variety of applications. First-principles numerical
modelling techniques are playing a key role in unravelling structure-property relationships of this
structurally and chemically diverse family of materials, and for predicting new materials and
properties. Herein we review first-principles calculations of the photophysics of halide perovskites
with a focus on the band structures, optical absorption spectra and excitons, and the effects of
electron- and exciton-phonon coupling and temperature on these properties. We focus on
first-principles approaches based on density functional theory and Green’s function-based
many-body perturbation theory and provide an overview of these approaches. While a large
proportion of first-principles studies have been focusing on the prototypical ABXj; single
perovskites based on Pb and Sn, recent years have witnessed significant efforts to further
functionalize halide perovskites, broadening this family of materials to include double perovskites,
quasi-low-dimensional structures, and other organic-inorganic materials, interfaces and
heterostructures. While this enormous chemical space of perovskite and perovskite-like materials
has only begun to be tapped experimentally, recent advances in theoretical and computational
methods, as well as in computing infrastructure, have led to the possibility of understanding the
photophysics of ever more complex systems. We illustrate this progress in our review by
summarizing representative studies of first-principles calculations of halide perovskites with
various degrees of complexity.

1. Introduction

Organic-inorganic metal-halide perovskites (halide perovskites in the following) have swept to the forefronts
of energy research in the past decade due to their record-breaking optoelectronic performance and unique
combination of properties, including large absorption coefficients [1], a widely tunable electronic structure
[2], mixed ionic-electronic conductivity [3], a soft lattice [4-6], and optoelectronic properties which are
largely resilient to defects [7, 8]. The chemical and structural diversity of this material class with thousands of
stable compounds has led to a wide range of applications; a non-exhaustive list of examples includes
photovoltaics [9, 10], lighting [11, 12], and detectors [13, 14] as well as electrocatalysis [15] and
next-generation space-flight [16]. While many halide perovskites are all-inorganic materials, the conception
of hybrid organic-inorganic perovskites has paved new ways for material synthesis, functionalization, and
applications. Furthermore, the field has seen an unprecedented feedback loop between materials discovery
and application. Not only have new perovskite and perovskite-inspired materials been synthesised for the
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first time in recent years, but also many materials known (and somewhat overlooked) for decades, have been
re-discovered and implemented in devices [17, 18].

First-principles calculations play a central role in unravelling fundamental structure-property
relationships of halide perovskites, as well as predicting new materials and emerging properties. Hybrid
halide perovskites pose unique challenges to numerical modelling techniques because of the intricate
dynamical interactions between their organic and inorganic sublattices and resulting multiscale
phenomenology that governs their properties. Most hybrid and all-inorganic halide perovskites of interest
exhibit strong spin—orbit interactions, electron correlation, as well as electron- and exciton-phonon
interactions. As a consequence, halide perovskites have become important testbeds for existing methods and
drivers of new first-principles method development.

The aim of this review article is to provide an overview of the most popular first-principles methods used
to study halide perovskites and review representative results emerging therefrom. This review does not aim to
provide an exhaustive survey of either the first-principles methods or the halide perovskites literature.
Instead, we wish to survey the research directions in which first-principles methods have had, in our view,
their most impactful contributions, and to provide a basic overview of these computational frameworks. Our
goal is to aid interested readers in better understanding both the challenges overcome by past studies and
identifying opportunities for future developments. All material classes relevant for this article are going to be
described in section 2. We will focus on results obtained from density functional theory (DFT) and Green’s
function-based many-body perturbation theory (MBPT). These methods will be introduced in section 3
with references to more comprehensive reviews for readers interested in more detailed discussions of the
fundamentals and recent developments in DFT and Green’s function-based MBPT. In section 4 we review
the fundamental optoelectronic properties of single perovskites with chemical formula ABXj;, including a
survey of recent calculations of electronic and optical excitations and charge-carrier transport properties. In
section 5 we will provide insights into the impact of chemical and structural heterogeneity on optoelectronic
properties. This includes calculations on both single ABX; perovskites with mixed A, B, and X sites, but also
on chemically and structurally more complex perovskite and perovskite-inspired materials, including the
quaternary double perovskites and quasi-low-dimensional materials in which optoelectronic properties are
governed by quantum and dielectric confinement. Finally in section 6, we give our perspective on the most
pressing challenges for future first-principles studies of halide perovskites and our conclusions.

2. Structural and chemical classification of perovskites

Halide perovskites are a vast class of structurally and compositionally diverse crystalline materials that have
been known since the 19th century. They consist of anionic metal-halide octahedra connected through their
corners in three, two, one or zero dimensions and charge-compensated by inorganic or organic cations.
Contrary to the structurally related oxide perovskites that have been studied intensely for decades for their
ferroelectric, superconducting, magnetic, multiferroic, and other emerging properties [19-21], halide
perovskites only recently received a surge of interest, primarily because of the outstanding photovoltaic
efficiency of the organic-inorganic halide perovskite CH;NH;Pbl;. In the following, we give an overview of
the most important perovskite (-inspired) material classes covered in this review, diverging from a strict
definition of ABX; perovskites. We focus entirely on halide perovskites, in which the X site is a halogen
anion, i.e. I7, Br~, Cl~, or more rarely F~.

2.1. Single perovskites

Single halide perovskites, schematically shown in figure 1(a), are 3D solids with chemical formula ABXj3,
where the B site is occupied by a divalent cation such as Pb?>™ or Sn?T. The cuboctahedral cavity spanned by
the corner-sharing metal-halide octahedra fits an inorganic cation such as Cs* or small molecular cations
such as methylammonium (CH;NHZ = MA) or formamidinium (CH(NH2)2+ = FA). The structural
stability of single perovskites is usually discussed in terms of Goldschmidt’s tolerance factor [22]. This is a
packing argument that allows to predict whether certain combinations of A, B, and X site ions will form a 3D
perovskite or prefer other structural motifs, and can be extended to organic-inorganic perovskites [23].
Similar to oxide perovskites, halide perovskites have a complex potential energy landscape, and typically
feature several structural phases as a function of temperature, pressure, strain, and chemical composition.
The most common energy-lowering structural distortion in halide perovskites is octahedral tilting; for
example, the typical orthorhombic structure that many lead halide perovskites arrange in at low
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Figure 1. Overview of perovskite and perovskite-like crystal structures mentioned in this article: (a) Single perovskites, (b) double
perovskites with alternating metal octahedra (left), an ordered vacancy (middle) or mixed-valence B sites (right), (c)
corner-sharing quasi-2D perovskites with Dion—Jacobson (left) or Ruddlesden—Popper (middle) layer stacking. Can be derived
from either a single perovskite or a double perovskite parent lattice. Corrugated structures (right) are also possible. (d) Quasi-0D
material with face-sharing metal-halide octahedra, (e) extended perovskite-analogue with edge-sharing octahedral dimers with
3D corner-sharing connectivity.

temperature [24] belongs to the Pnma symmetry group and corresponds to a a™b~ b~ tilt pattern (labeled in
Glazer notation [25])°.

2.2. Double perovskites

As their name suggests, double perovskites double the single perovskite formula, leading to a broad class of
materials with formula A;BB’X¢?. In our classification of these materials, we use the definition by Wolf et al
which consists of the following criteria reproduced here for convenience [27]:

(i) The structure contains cations or vacancies surrounded by six halides [BXs]"~, where B can be a cation
or a vacancy.

(ii) The [BXs]"™ units are exclusively corner-sharing in a 3D pattern.

3 In Glazer notation the tilt pattern is divided into rotations around the cartesian a, b, and ¢ axes, denoted by sets of three letters.
Superscripts +, —, and 0 refer to in-phase, out-of-phase and no rotation, respectively.

4 Metal-halide double perovskites are also called elpasolites, named after the mineral K,NaAlFg, that was discovered in the Rocky
Mountains and first described in 1883 [26].
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(iii) There are exactly two structurally distinguishable [BX¢]"~ motifs in the unit cell, such that the
chemical formula must be A,BB’Xs.

This classification also includes vacancy-ordered perovskites A;BXs, which do not feature corner-sharing
octahedra but share important similarities related to their electronic structure with double perovskites
consisting of two different metal-centered B sites (see section 5.2). The definition also includes materials with
mixed-valence B sites, such as Cs; Au(I)Au(II)I¢ (figure 1(b)).

Halide double perovskites can feature B sites with nominal oxidation states varying between +1 and +4,
allowing in principle for tens of thousands of stable elemental combinations [28, 29]. All known halide
double perovskites crystallize in a rocksalt structure with alternating [BX4]"~ and [B'Xs]"™ octahedra
favored by electrostatics. For a more complete review of the structures and chemical composition of halide
double perovskites, we refer the reader to [27, 30, 31].

2.3. Quasi-2D perovskites

Quasi-2D perovskites are common derivatives of the 3D perovskites which maintain the corner-sharing
octahedral building blocks, but only in two, rather than three dimensions, yielding alternating layers of
octahedral networks and non-bonding cations [32, 33]. In organic-inorganic halide perovskites,
incorporation of large organic cations gives rise to a great degree of control over the shape, alignment and
thickness of the metal-halide layers (see for example figure 1(c)), and consequently to a significant
broadening of this materials family [34]. For example, depending on the structure and valence of the organic
cation, the metal-halide layers may be misaligned, fully aligned (or anywhere in between) [35], or the layers
may be corrugated instead of flat [36].

In this review, we will mainly discuss the Ruddlesden—Popper series with chemical formula,
A,_1A,B,X5,41, where A is an inorganic or organic monovalent cation, and A’ usually is a large bulky
organic molecule, such as butylammonium or phenethylammonium, but can also be an inorganic cation
such as Cs™ [37]. In the chemical formula above, n refers to the number of perovskite layers per unit cell,
where n = 0o would correspond to a 3D ABX; single perovskite. Furthermore, similar to the 3D single
perovskites, quasi-2D perovskite structures can be extended to allow for double perovskite stoichiometries
with alternating B and BB’ sites [38] (see section 2.2).

2.4. Other quasi-low-dimensional and Perovskite-like materials

A number of structural motifs exist that do not fall into any of the above categories, but are often classified as
perovskites or perovskite-like in the literature, either because they feature [BX¢]"~ octahedra or because
their electronic structure is reminiscent of that of traditional halide perovskites. One example is given by
structures with corner-sharing connectivity in one dimension, which have recently been reported [39, 40].
Another example are materials with formula A; B, Xy, where B is a trivalent cation such as Bi** which is
isoelectronic to Pb?T with a 6s* lone pair. In A;Bi, Xy with A = Cs™ or MA, two [BiXs]>~ octahedra arrange
in pairs of face-sharing connectivity, but do not form bonds with neighboring units (figure 1(d)) [41-44].
Similarly, edge-sharing octahedra can serve as the basic building blocks, e.g. in the so-called expanded
perovskite analogues. These feature corner-connected [B,X;0]®~ dimers (B = Sn**, Pb?") and allow for the
incorporation of significantly larger aromatic A site molecules like dimethylpyrazinium and
aminomethylpyridinium (figure 1(e)) [45-49].

3. Overview of first-principles methods

In this article, we concentrate on two frameworks for calculating ground and excited-state properties of
materials: DFT and Green’s function-based MBPT using the GW Bethe—Salpeter equation (BSE) approaches.
In the following, we will sketch the basics of these methods with a focus on the calculation of optoelectronic
properties of solids such as bandstructures, optical absorption spectra and electron—phonon coupling. We
adapt a spin-unpolarized notation for clarity of the presentation, while fully acknowledging that spin—orbit
coupling strongly affects the optoelectronic properties of many halide perovskites. A fully relativistic
treatment of spin—orbit interactions is available in most DFT and GW+BSE computational packages
including some of the codes most popularly used in the study of perovskites, such as QUANTUM ESPRESSO [50],
VASP [51-53], BERKELEYGW [54, 55], and YAMBO [56]. In the following, we will use Hartree atomic units
throughout.
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3.1. DFT

3.1.1. Foundations of DFT

DFT is based on the Hohenberg—Kohn theorem which states that all quantum-mechanical ground-state
observables can in principle be obtained as functionals of the ground-state density n(r). The Hamiltonian of
a system of N interacting electrons is H = T+ Ve + W in the Born—-Oppenheimer approximation, where T
is the kinetic energy operator, Vey = Zf\rzl Vext(r;) the interaction between each electron and the total
external potential of the nuclei, vex (r;), and W is the total electron—electron interaction [57, 58].

The Hohenberg—Kohn theorem [59] states that there is a one-to-one mapping between the external
potential vey, the ground-state wavefunction |¥) and the ground-state density n(r). Thus, |¥), which is
obtained by solving H|W,) = Ey|¥y), is a unique functional of the density, and so are all ground-state
observables including the ground-state energy. Furthermore, the Hohenberg-Kohn theorem implies that the
exact ground-state density and energy, can in principle be obtained by minimizing the total-energy
functional

E[n] = Fln] + / B rve (1)1 (1) (1)

where F[n] = (U[n]|T+ W|¥[n]) is a universal functional, independent of v (r) and the notation ¥[#]
denotes that the wavefunction W is a unique functional of the ground-state density.

The Kohn—Sham equations [60] can be derived by first reformulating the energy functional of a system of
N interacting electrons as below, and minimizing this functional with respect to n:

E[n] = T;[n] + Ex [n] + Eext [1] + Exc [1], (2)

where T is the kinetic energy of a system of N non-interacting electrons (to be distinguished from T, the
kinetic energy of the interacting electrons), Ex[n] is the classical electrostatic Hartree energy, and Eex[n] is the
energy associated with the interaction between the electrons and nuclei. Ex[n], the exchange-correlation
functional, is thus defined as those energy terms not included in Ey and T, Exc = T — Ts + W — Ep.

A key result of this derivation is the formulation of an effective local potential,

VS (1) = v (1) + Vet (1) + 15 (1) (3)

in which vy is the Hartree potential and vy = dEx.[1]/dn is the exchange-correlation potential. The
ground-state density n(r) of the interacting N electron system is obtained by solving the one-particle
equations [61]

[—;Vz + 58 (1‘):| Ok (T) = €k Prk (r) ) (4)

where the KS states are labeled with band index n and wave vector k, and summing over all occupied orbitals
Pk (r)

n(e) =3 oue (o) - 5)
n,k

In practical calculations, vy (r) and vex (r) have well defined analytical expressions, while vy needs to be
approximated, as discussed in section 3.1.3.

3.1.2. Generalized KS equations

The generalized KS approach is an important and practically useful extension of KS-DFT that allows for the
mapping of the real interacting many-electron problem to all possible solutions that can be expressed as a
single Slater determinant [62—64]. In this approach, F[n] (equation (1)) is partitioned as F[n] = Fs[n] + Rs[n],
where Fs is obtained by minimization of a Slater-determinant-dependent functional S[®] = S[{©,k }], where
the Slater determinant ® is constructed from the set of orbitals {¢,k}. Rs[#] is the ‘remainder’ density
functional that depends on the choice of S. The total energy is then

E[”{@nk}] = S[{@nk}] + RS[”[{@nk}] + Eext[”{gpnk}]a (6)

and the corresponding generalized KS equations
(OS [{(pnk}} + Vvrs + Vext) Pk’ = En'k’ Pu'k’ (7)

5
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in which Os[{,}] is a non-local operator defined as

N [{@nk}]

= n n’'k’ 8
= Os [{pu}] onx (8)

and v, (r) = dRg[n]/dn(r). The ground-state density is obtained from equation (5) by summing over all
occupied orbital densities calculated self-consistently.

Note that if S is chosen as the kinetic energy of the Slater determinant @, S[®] = (P |T|® ), equation (6)
reduces to the regular KS total energy with Os[{ i }] = —V?/2 and Rg[n] = Eg[n] + Ex[n]. Conversely,
when S[®] = (®|T+ W|®) and Rg[n] = 0, the generalized KS equations take the form of the Hartree—Fock
equations:

1 n
—EVZ + VH (I') + Vext( ):| Son’k \/d3 /Z Sonk SD k Son’k/ (I‘) = Enrk’ Pu'k’ (I‘) . (9)

—r'|

3.1.3. Exchange-correlation approximations
This section will provide a brief overview of common exchange-correlation approximations and refer the
reader to [58, 63, 65] for comprehensive discussions. All common exchange-correlation functionals
mentioned in the following can be employed in a generalized KS framework, which reduces to the regular KS
equations whenever there is no explicit orbital dependence in the exchange-correlation energy. Conceptual
differences between the KS and generalized KS approaches arise in the interpretation of their single-particle
eigenvalues and will be discussed in section 3.1.4.

In the local density approximation (LDA), ey, the exchange-correlation energy per electron is
approximated locally to that of the homogeneous electron gas, which is exactly known [61]:

1/3
ELDA[ ] ( > /dS 4/3 (10)

The correlation energy is obtained through parametrizations of Quantum Monte Carlo calculations [66],
such as the ones by Vosko et al [67], Perdew and Zunger [68], and Perdew and Wang [69].

Generalized gradient approximations (GGAs) are analytical expressions for the exchange-correlation
energy that include gradients of the electron density and usually result in energies and forces that are more
accurate than those obtained with the LDA [58]:

ESSA [1] / Erf(n(r), Va(r)). ()

The function f{n(r), Va(r)) can be constructed by satisfying exact constraints, e.g. the expression derived by
Perdew, Burke and Ernzerhof (PBE) [70], by fitting to thermochemical or other empirical data [71] or a
combination thereof [72, 73].

The LDA and GGAs are used routinely for the calculation of ground-state properties, high-throughput
applications [74-78], and the training of machine-learning models [28, 79-85] due to their reasonable
accuracy and computational cost. However, they suffer from well-known shortcomings such as a failure to
predict fundamental band gaps of solids (see section 3.1.4), and an inaccurate description of charge
localization and distribution between subsystems [86], and charge transfer [87, 88] in molecular systems.

These shortcomings can be alleviated to some extent by constructing hybrid functionals which combine
(semi)local exchange and correlation with fractions of exact exchange (EXX) of the form [89]:

N
1 O (@) @ (1) Qe (1) o (1)
EXX _ 3.13..7 k k
E; =-3 E d’rd’r’ L 1 o] . (12)
)

Global hybrid functionals consist of a fixed fraction of EXX « and semilocal exchange and correlation. In the
generalized KS framework, these functionals have the form [90]:

S[®] = (®|T+aW|®) (13)

Rs[n] = (1 — ) (Eu [n] + E [n]) + EY (14)

where E¥ and E¥ are semilocal expressions for exchange and correlation energies. The parameter v of
popular hybrid functionals has been determined by fitting to extensive molecular data sets [91] or by using
the adiabatic connection formula [92]. For example, o = 0.25 for the global hybrid functional PBEO [89, 93].

6
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The premise of range-separated hybrid (RSH) functionals is that EXX and semilocal exchange dominate
the total exchange-correlation energy at different electron-electron distances r [94, 95], and can therefore be
constructed by separating the Coulomb interaction W into a long-range and a short-range term via

1 _a+ Berf (~r) N 1 — [+ Berf (vr)]

r r r

; (15)

where « is the fraction of short-range EXX, e 4 3 the fraction of long-range EXX, and 7 is the
range-separation parameter [96—101]. Assuming range-independent semilocal correlation, this amounts to
the following expression in a generalized KS framework:

S[®] = (®|T|®) + aEY + (o + B) E ik (16)
Rs[n] = Ex[n] + (1 — a) By gy [n] + (1 — o — B) Ey gk + 2 [n]. (17)

In atoms, molecules and clusters, the correct asymptotic behavior of the exchange-correlation potential is
ensured by requiring o + 8 = 1, while in solids, an on-average correct description of long-range dielectric
screening effects is taken into account by ensuring that o + 8 = 1/e€+,, where € is the
orientationally-averaged high-frequency dielectric constant. The parameter o mixes semilocal exchange and
correlation and EXX at short range, and is often set to & = 0.25, similar to its use in global hybrid
functionals. The parameter « can be tuned to satisfy exact criteria, such as the ionization potential theorem
of DFT (see section 3.1.4). This ‘optimally tuned (screened) RSH’ (OT-SRSH) approach has been applied
with great success to finite systems [64, 95, 102] and molecular crystals [103]. In addition, references [104,
105] tuned the parameter ~y such that band gaps match quasiparticle GW calculations, demonstrating that
these functionals can yield GW quality band structures. Most recently, reference [106] used localized
Wannier functions to enforce the ionization potential theorem and formulate an inexpensive and
non-empirical method of optimally tuning the SRSH parameters. The Wannier OT-RSH functional
(WOT-SRSH) developed in reference [106] has since been successfully used to calculate quasiparticle band
gaps for standard III-V and II-VI semiconductors and insulators [106], oxides [107] and halide
perovskites [108], as well as a starting point for MBPT calculations with improved accuracy [107, 109].
Finally, meta-GGAs such as the SCAN [110] and TASK [111] functionals, include a dependence on the
KS kinetic energy density and/or the Laplacean of the charge density, and have been constructed to satisfy
other analytical properties such as the derivative discontinuity of the exact exchange-correlation functional
than typical (semi)local approximations. Meta-GGAs have been shown to yield more accurate predictions of
total energies (SCAN) [110] and improved band gaps at a computational cost comparable to that of
semilocal xc approximations (TASK) [112].

3.1.4. Interpretation of (generalized) KS eigenvalues

Solving the KS equations (equations (3)—(5)) or the generalized KS equations (equation (7)) results in an
eigenvalue spectrum, or in the case of solids a band structure. KS eigenvalues have a well-defined meaning as
zeroth-order approximations to excitation energies [113], but are not equal to electron addition and removal
energies, with the exception of the energy of the highest occupied state, which is equivalent to the negative
ionization potential [114-116].

The fundamental band gap, Eg,p, is defined as the energy difference between the ionization energy I(N)
and the electron affinity A(N), and can in principle be calculated from the total energies of an N-electron
system, and the same system in which an electron has been removed (N — 1) and added (N + 1),
respectively [63]:

Egp (N) = I(N) = A(N) = [E(N — 1) — E(N)] - [E(N) — E(N+ 1] (18)

In practical calculations, the energy difference between the valence band maximum (VBM), eypym, and the
conduction band minimum (CBM) ecgy, is often associated with Eg,,. However, when ecgy and eypy are
calculated within KS DFT, Egasp = £cpm — €vpM 18 not equal to Eg,p, due to the so-called derivative
discontinuity, the constant by which the KS potential has to jump upon addition or removal of an

electron [117-119]. (Semi)local approximations of the exchange-correlation functional do not include a
derivative discontinuity [63].

Fundamental band gaps calculated with hybrid functionals and meta-GGAs are often in better agreement
with experiment because they are typically implemented in a generalized KS framework [120]. Equation (7)
shows that the exchange-correlation potential of generalized KS theory includes an integral operator. This
allows in principle for the equality Eg,, = Eg,(ps to hold because the derivative discontinuity is (partially)

7
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incorporated in the generalized KS band gap [120]. In practice, the accuracy of band gaps calculated with
hybrid functionals and meta-GGAs is material-dependent and can also rely on the specific tuning procedure
used to determine its parameters, for example as described in [104—-106].

3.2. MBPT

3.2.1. The GW approximation

The GW approximation is a state-of-the-art methodological framework used to understand electron
addition and removal, i.e. charged electronic excitations, in functional materials. GW band gaps and band
structures in general yield good agreement with results from photoemission experiments for a broad variety
of materials, ranging from molecules and clusters to bulk and nanostructured solids [121-127]. In this
section, we will sketch some of the basic equations which are directly relevant to practical calculations of
quasiparticle band structures in halide perovskites without attempting any derivations, and refer the reader
to comprehensive reviews of the GW method, such as [128-130] and references therein.

The premise of the GW approximation is that addition and removal of an electron is described by a
so-called ‘quasiparticle’ (QP). Intuitively, a QP is pictured as an electron (or hole) surrounded by a ‘cloud’ of
opposite charges corresponding to the response of the polarizable charge density to the addition or removal
of an electron [128]. QPs have corresponding Dyson orbitals goglf and energies Serf , which are calculated by
solving the Dyson equation,

V0 @] 0+ [l O = Lol 0, 0
where the QP state is labeled with band index n and wave vector k. X(r,r’; 53? ) is the electron self-energy,
which in the GW approximation, is computed as the frequency space convolution of the non-interacting
Green’s function, G, and the screened Coulomb potential, W. The electron self-energy is in general a
complex, energy dependent operator, and contains information about both the energy shift due to inclusion
of electron-electron interactions (real part) and the lifetime of the QPs (imaginary part) [130].

In practice, GW QP energies are often calculated as perturbative corrections to a single-particle
Hamiltonian, e.g. that of Hartree—Fock or (generalized) KS DFT [130, 131]. For an example, consider the
generalized KS equations (equation (7)) with a non-local exchange-correlation potential vy (r,r’),

1 ’
—2V2+VH<r>+vext<>} e (1) + / Erive (rr) g (1) = 5005 (1), (20)

with eigenvalues Eﬁis and corresponding eigenfunctions <piis. Assuming that <pik ~ Lpnk , QP eigenvalues

can be calculated in lowest order perturbation theory (typically referred to as GoW;) with equations (19)
and (20):

e =5+ (ARIZ (e3) = el 1)

In Gy W), the self-energy is calculated as [130]:

(1’ w) = i/dw'ei‘ﬁ“lGo (r,r"w—w )Wy (r,r",w’), (22)

" <KS <gKS (v . o .
where 6 is a small positive constant, Go(r,r’,w) =>_ %ﬁi;r) (with 7 a positive or negative
constant for occupied and unoccupied states, respectively) and Wy (r,r’,w) = [ d’r"’e ! (r,x"",w)v(r"",1’),
where ¢ is the dielectric function and v is the bare Coulomb potential. The dielectric function is calculated

within the random phase approximation (RPA) as:

e(r,r’ w)=0(r,r") — /dar”v(r,r”) Xo (r", 1", w) (23)

where the irreducible polarizability x, is constructed from (generalized) KS eigenfunctions and
eigenvalues [132, 133].

Several approaches to Gy W, calculations can be distinguished at this point, depending on the approach
used to calculate or approximate (i.e. using plasmon pole models [130, 134]) the frequency-dependent
dielectric function, or by neglecting the frequency dependence [130]. Full-frequency calculations, while
substantially more computationally demanding, allow accurate computation of the spectral function and
visualization of spectral features including QP lifetimes and satellites [135, 136]. On the other hand,
plasmon-pole model approximations for the dielectric function are popular for calculations of QP band gaps
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and band structures. The choice of plasmon-pole model can lead to differences in computed band gaps of up
to 1 eV, which are highly system dependent [137]. Larson et al [137] highlights that the plasmon-pole model
by Godby and Needs [134] yields good agreement with full-frequency calculations in a range of standard
semiconductors and insulators.

GoWp QP band gaps are generally sensitive to the single-particle starting point used to construct Gy and
W. For example, with a semi-local PBE starting point, QP band gaps for a wide variety of semiconductors
and insulators are underestimated with respect to experiment by an average of 0.4 eV, while starting from
generalized KS eigenvalues and eigenfunctions calculated with hybrid functionals such as PBEO, HSE and
WOT-SRSH yields improved mean absolute errors with respect to experiment of 0.31 eV, 0.22 eV and
0.19 eV, respectively [109]. Similar trends were also shown in the Gy W; band gaps of halide
perovskites [138—141] (see section 4.1.2). Implementation of self-consistency in the GW approximation is
another route to mitigating the starting-point dependence for QP band gaps. Eigenvalue self-consistent GW
(evGW) uses the eigenvalues obtained by solving equation (21) to re-calculate G and/or W until convergence
is reached [142]. QP self-consistent GW (QSGW) additionally includes an update in the QPs states, by
updating the generalized KS potential iteratively [143, 144]. Both evGW and QSGW generally yield QP band
gaps overestimated with respect to experiment with mean absolute errors of 0.66 eV and 0.51 eV respectively,
as discussed in [109]. This significant overestimation is in part due to the absence of vertex corrections [145].
In the context of halide perovskites, reference [146] used a vertex-corrected quasiparticle-selfconsistent GW
scheme to calculate band gaps of inorganic halide perovskites which were found to be in very good
agreement with experiment after accounting for thermal effects and spin—orbit coupling. However, the
magnitude of vertex corrections was not reported in this work.

Finally, we note that while calculated GW QP band gaps can be sensitive to different approximation and
parameter choices, distinct implementations of the GW approximation within the BERKELEYGW [54],

YAMBO [56] and ABINIT [147] computational packages yield band gaps in remarkably good agreement (within
0.1 eV) when equivalent parameters are used [127].

3.2.2. BSE

The BSE is the state-of-the-art framework for computing neutral excitations in semiconductors and
insulators [148—150], describing the interaction between correlated electrons and holes upon
photoexcitation. In the following, we will focus only on the Tamm-Dancoff approximation (which neglects
de-excitation) to the BSE, most commonly used in inorganic semiconductors and insulators. A general
discussion and derivation of this theoretical framework can be found, for example, in the seminal references
by Strinati [148] and Rohlfing and Louie [149, 150]. In the Tamm-Dancoff approximation, the BSE is
written as [150]:

(e?kf — e ) Bt 3 (ke KK K AS e = (ke —kn) A, (24)
'k’ vk’

where €.,k ,, are the QP energies of occupied (v) and unoccupied (c) single-particle states, |ckevky) is the

e(h
direct produczt of occupied and unoccupied single-particle states, Afkevkh are the coefficients of the exciton
wavefunction in the single-particle basis corresponding to the state S with energy 2 and K*" is the
electron—hole kernel. We highlight here that in the expressions above we have assumed for the sake of
completeness that excitons carry a finite momentum equal to Q = k. — ky. In most practical calculations of
linear optical absorption spectra or exciton binding energies, it is sufficient to compute zero-momentum
excitons [151], and for this reason we will limit our discussion only to the case of ke = ky,. It is however
important to note that finite momentum excitons play a key role in the physics of exciton-phonon
interactions which underpins important phenomena such as exciton dynamics, exciton diffusion and
radiative recombination [152—157].

K is typically expressed as a sum of a frequency-independent exchange and a frequency-dependent
direct component [150]. The exchange term is repulsive and its contribution corresponds to the energy
difference between singlet and triplet excitonic states in systems with negligible spin—orbit coupling [152,
158]. The direct term is attractive and carries with it the characteristics of the dielectric function, such as its
non-locality and frequency dependence [151]. Standard implementations of the BSE generally neglect the
frequency dependence of the direct kernel. This is a valid approximation for most standard semiconductors
and is justified by the large difference in energy between the poles of the dielectric function and the exciton
binding energy [149]. The frequency dependence of the dielectric function has been shown to be important
for systems with very large exciton binding energies, such as carbon nanotubes [159, 160], or when the
contribution of polar ionic vibrations to the dielectric function are significant (e.g. in some halide
perovskites) [161-164].
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The eigenvalues s and eigenvectors A3, of equation (24) are the corresponding excitation energies,
directly connected to the exciton binding energy, Eg = Egl; — €, and the exciton wave function
WS (re, 1) = > 1 AS L 0% (Th) pac(re). The latter can be used to calculate the spatial distribution of
photogenerated electron—hole pairs and for example identify charge transfer or interlayer
excitons [165-168]. In addition, from the solution of equation (24), the imaginary part of the macroscopic

transverse dielectric function can be calculated as

6 (w) = %Zk- (O[V]S)[26 (w — Q). (25)
S

where |0) and |S) correspond to the ground and excited state S, respectively, e is the light polarization vector
and v is the velocity operator. The imaginary dielectric function thus calculated can be directly compared
with experimental optical absorption spectra.

3.3. Electron—phonon interactions

The theoretical framework described up to now is not sufficient to understand phenomena in which the
vibrations of ions plays a fundamental role, because it relies on the premise that ions in materials are
clamped. The interaction between electrons and ionic vibrations (electron—phonon interactions) must
instead be computed explicitly. Electron—phonon interactions are fundamental to key optoelectronic
properties of semiconductors and insulators, including the temperature-dependence of the electronic band
structure and band gap, charge-carrier mobilities, and recombination, as well as optical absorption and
photoluminescence (PL) [169]. In this section, we will present a brief overview of some of the key theoretical
concepts necessary to compute electron—phonon interactions in functional semiconductors (and specifically
halide perovskites). As with the GW approximation, our brief summary will not include any derivations, and
instead we refer the interested reader to reference [169] for a comprehensive review of the theory of
electron—phonon interactions in the context of modern first-principles methods.

The impact of electron—phonon interactions on electronic properties of semiconductors can be
computed in an analogous way to the GW approximation, via the electron—phonon self energy X",
Consequently, electron—phonon interactions lead to renormalized energy eigenvalues, E,, related to the real
part of XP", and a finite broadening of QP eigenstates, I',, described by the imaginary part of L¢P [169]:

h .
Exx =€+ Re E,?;k (B + i)
h .
Dok =Im I3 (B + i) (26)

where ¢, are energy eigenvalues computed with fixed nuclei.

In most practical implementations of electron—phonon interactions, the electron—phonon self-energy
consists of two main terms, namely the Fan—-Migdal (FM) and the Debye—Waller (DW) terms [169]. The FM
self-energy is a dynamic and complex term that describes the effect of lattice polarization on the electronic
states of the clamped ionic system. The FM self-energy can be formulated in analogy with the GW theory as
GWyh, where Wy, is the lattice contribution to the screened Coulomb interaction [169]. In lowest-order
perturbation theory, the FM self-energy can be calculated as [169]

dq * * 1_fmk+ + nqu fmk+ + nqu
=Y [ L (k@) g (k) ey e | )
o BZ W—Emk+q— Wq +1N W—=Epk4qTWq +11

where ()7 is the Brillouin zone volume, 7 is a small positive constant, and f,x and nq, are the Fermi-Dirac
and Bose Einstein occupation factors of the electronic state |nk), with energy €, and vibrational state qu
with frequency wg,, respectively. g, (k,q) is the electron—-phonon matrix element defined as

G (k,q) = (mk 4 q|Ag, v ¥|nk), with Aq, v the derivative of the KS potential along the direction of a
phonon mode with branch index v, wave vector q and frequency wq, [169]. The DW term is a static
correction to electronic eigenstates due to ionic motion, which is proportional to the second derivative of the
KS potentials with respect to ionic displacements [169].

10



10P Publishing

Electron. Struct. 6 (2024) 033002 M R Filip and L Leppert

In addition to renormalization of the electronic band structure and band gaps mentioned above,
computing the electron—phonon self-energy from first principles also facilitates the understanding of
charge-carrier transport. In the Boltzmann theory of transport, and within the commonly used self-energy
relaxation time approximation, the electron mobility tensor can be computed as [170].

aff = — nk,aVn nk 28
Lap neggB/QBZaf Vik,aVak, 3 Tk (28)

where e is the electron charge and 7, is the electron density, {2 and (2, are the crystal and first BZ volumes,

Wnk is the electron band velocity along Cartesian direction «, and 7 is the relaxation
«

time. This is inversely proportional to the imaginary part of the FM self-energy, taking the following

respectively, vk o =

expression at finite temperature [169, 170]:

1 d
- = ZWZ/T;|gmnV (k,q) |2| (1 *fmk+q+”qu) 5(5”1‘*‘”(1” 75mk+Q)

Tnk
+ (fmk+q+”q1/) 5(5nk+wqu *5mk+q) B (29)

First-principles calculations of properties emerging from electron—phonon interactions are highly
challenging, not least because they involve calculations of electron—phonon matrix elements for a very dense
grid of points in reciprocal space, required to converge the BZ integrals in equations (27)—(29). This has been
recently addressed through the implementation of interpolation techniques using localized Wannier
functions [171-175], greatly reducing the computational effort and facilitating calculations of
electron—phonon properties for a wide range of complex functional materials [170, 176].

4. First-principles studies of electronic, optical and transport properties of halide
perovskites

The optoelectronic, transport and vibrational properties of halide perovskites have been investigated in great
detail within DFT and MBPT-based methods described in the previous section, which have both guided the
interpretation of experimental data, but also driven the development of new, and more predictive
computational methods and frameworks for the study of excited-state properties in semiconductors and
insulators. In this section we review recent computational studies of optoelectronic properties of standard
ABX; perovskites with B = Pb?", Sn?*, while in section 5 we will give an overview of how these methods
have been applied to emerging perovskite-based materials beyond the ABX; stoichiometry. We will primarily
focus on studies of the electronic band structure, optical absorption spectra as well as charge-carrier
transport and recombination.

4.1. Electronic excitations in ABX3; Halide Perovskites

4.1.1. DFT

ABX; halide perovskites are direct band gap semiconductors, with dispersive, parabolic band edges [177].
Electronic states at the conduction and valence band edges are dominated by contributions of the
metal-halide octahedral network. Both band edges have substantial halogen-p character, while the B-site s
and p orbitals contribute to the valence and conduction band respectively [177, 178]. In all Pb- and Sn-based
ABX; perovskites synthesized to date, A-site cation states can be found deep below and/or high above the
valence and conduction band edges, respectively, and therefore do not contribute electronically to the optical
absorption spectrum in the visible region [179].

Due to the presence of metal-p states at the bottom of the conduction band, the bandstructures of Pb-
and Sn-based ABX; perovskites exhibit strong spin—orbit coupling effects [180, 181]. Even et al [180] was the
first to point out the importance of relativistic effects for the electronic structure of lead-halide perovskites,
using DFT, showing that the inclusion of spin—orbit interactions reduces the band gap of CsPbl; and
MAPDbI; by approximately 1 eV. At the same time, it changes the conduction band edge topology to a doubly
degenerate, parabolic and isotropic band which mirrors the shape of the valence band [180] (see figure 2). In
the same report, it was observed that the presence of the MA cation can break the inversion symmetry of the
perovskite lattice, which in combination with strong spin orbit coupling effects leads to a
Rashba—Dresselhaus [182, 183] splitting of the band edges [180]. This observation has led to many
subsequent studies of Rashba—Dresselhaus spin-splitting in halide perovskites, not least because it presents
the attractive possibility that charge-carrier recombination may be significantly suppressed due to this
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Figure 2. Electronic band structure of MAPbI3 computed within DFT without (a) and with (b) spin—orbit coupling effects
included in the calculation. Computational details are described in the original [180]. Reprinted with permission from [180].
Copyright 2013 American Chemical Society.
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effect [184]. However, the structure of most organic-inorganic halide perovskites exhibits inversion
symmetry, indicating that this effect should either occur dynamically or under the influence of external
electric fields or strain [185—188]. Moreover, recent ab initio calculations of radiative recombination rates
conclude that the slightly indirect nature of the band gap due to the occurrence of a Rashba—Dresselhaus
effect decreases the recombination rate by less than a factor of two as compared to the direct band gap
case [189].

Band gaps calculated within DFT methods based on the LDA or semi-local GGA exchange-correlation
functionals (see section 3) are consistently underestimated with respect to experiment by more than 1 eV
across the entire range of halide perovskites. Despite these discrepancies, general trends are often consistent
with experiment and outline the main chemical intuition for band gap tunability in halide perovskites.
Starting with the prototypical MAPbI; perovskite, the band gap increases by more than 1.5 eV by
substituting I with Br or CI, decreases by up to 0.5 eV by substituting Pb with Sn, and changes over a range of
0.2-0.3 eV by substituting the MA cation with Cs, Rb or FA [179, 190, 191]. The effects of B- and X-site
substitution on the band gap can be directly linked to the composition of the band edge states [190, 191]
which participate directly in optical absorption processes. On the other hand, the tunability of the band gap
via the A-site cations is achieved indirectly, by volume effects and by subtly changing the structure of the
inorganic lead-halide cuboctahedral network via steric interactions with the A-cations [179].

There is a broad variety of computational studies of the electronic structure properties of halide
perovskites. Direct comparison between distinct studies is challenging, primarily because of the variety of
atomistic models used to describe the unit cell of prototypical halide perovskites. Taking MAPbI; as an
example, several independent x-ray diffraction (XRD) experiments have confirmed that its crystal structure
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Table 1. Band gaps calculated for different structural phases of MAPbI3 from various reports in the literature, with structures either fully
optimized (opt.) or utilizing experimental lattice parameters (exp.). All calculations include relativistic effects at DFT level. The table
also documents the pseudopotential (PP) type and, if available, electronic configuration of Pb and I, the xc functional used as starting
point for GW. PP abbreviations stand for: TM-NC = Troullier—Martins norm-conserving [204], PAW = projector augmented wave
[205], US = ultrasoft [206], nlcc = non-linear core corrections [207], ONCV = optimized norm-conserving Vanderbilt [208, 209]. QP
band gaps calculated within the GW approximation either applied in a single shot (Go Wp) or self-consistently via the QP self-consistent
GW method [143], the ‘self-consistent scissor’ GW scheme which is wave-vector resolved (SSx-GW [200]) or not (SS-GW [139]), or by
iterating self-consistently through the Green’s function only. (GW) [142].

Structure PP xc functional EgDal;,T (eV) GW type Eg,‘f,/ (eV) Reference
Pnma TM-NC (Pb"+, 177 71) LDA 0.58 GoWo 1.32 [139]
(opt.) SS-GW 1.79
Pnma PAW (Pb+, 17+) PBE 0.80 — — [198]
(opt.) HSE06 1.31 — —
PBEO 1.92 — —
Pnma US+nlce (PbM, 171) LDA 0.48 GoWo 1.20 [75]
(exp.) SS-GW 1.71
Pnma ONCV (Pb*, 12°1) PBE 0.46 GoWo 0.85 [199]
(exp.) ONCV (Pb+, 171) PBE 0.44 GoWo 1.51
ONCV (P, 1771) PBE 0.43 GoWo 0.87
ONCV (Pb'+, 1'7+) LDA 0.32 GoWo 1.41
ONCV (P!, 171) LDA 0.32 GoW, 0.98
Pnma ONCV (Pb¥+, 1) LDA 0.47 GoWo 1.15 [200]
(exp.) SS-GW 1.57
SSK-GW 1.38
14/ mem US (PbMF, 1) PBE 0.60 GoWo, 1.67 [191]
(opt.) Wo w/o SOC
14/ mem US (PbH, 1) PBE 0.53 GoWo, 1.64 [201]
(opt.) Wy w/o SOC
Pm3m not reported LDA 0.53 GoWo 1.27 [202]
QSGW 1.67
Pm3m NC PBE 0.46 GoWo 1.48 [203]
Pm3m PAW (Pb*+, 1) PBE 0.21 GoWo 0.94 [141]
(exp.) GW, 1.08
HSE06 0.82 GoWp 1.26
GWy 1.33
PBEO 1.53 GoWo 1.64
GWy 1.65

undergoes two phase transitions, from an orthorhombic (space group Pnma) to a tetragonal (space group
I4/mcm) and finally a cubic (space group Pm3m) structure, as temperature increases [24, 192, 193]. The
tetragonal and cubic structures measured in XRD experiments typically report an average structure for the
inorganic lead-halide network, while the organic cation is found to be fully orientationally disordered [24,
193, 194]. Therefore in practice, no long-range order can be found for these phases (and therefore periodic
boundary conditions can be challenging to enforce). Instead, for MAPDI; in particular, the low temperature
Pnma structure displays long-range order both for the inorganic network and for the orientation of the
organic cations [194]. Interestingly, closely related FAPbI; does not appear to display long-range ordering
even at very low temperatures [195].

First-principles computational studies of electronic structure properties rely crucially on experimental
structural information, which is used either as a starting point for structural optimizations or
‘out-of-the-box’ structural models for electronic structure calculations. In the case of MAPbI;, structural
optimizations can be highly dependent on the choice of orientation for the organic cation (especially if the
cubic or tetragonal case is studied), as well as on the choice of exchange correlation functional [196, 197].
Consequently, large differences in computed band gaps can be found across the literature owing to
differences in these choices.

To showcase the large dispersion of band gaps reported in the literature, we compiled a (non-exhaustive)
list of representative calculations of band gaps reported for MAPDI;, listed in table 1. As shown in table 1,
standard DFT band gaps can vary by 0.8 eV, a difference which is primarily attributed to the atomistic
structure used in calculations. As will be discussed in the following, these differences are further exacerbated
when calculating QP band gaps within the GW method, which uses DFT as a starting point.

In addition to standard local and semi-local DFT calculations, several hybrid density functionals have
also been employed in order to correct for the severe underestimation of the band gap, including the global
hybrid functionals PBEO [89] and HSE [210]. Recently, RSH functionals were also employed using
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parameters determined both by the dielectric response, and through a scheme enforcing Koopman’s
condition [211]. Bischoff et al [211] applied these functionals to inorganic lead-halide perovskites and found
that they are a promising approach to achieve band gaps in good agreement with (but at much reduced cost
than) reference MBPT calculations. This result is consistent with other studies employing RSH functionals
for computing QP band gaps in standard semiconductors [104, 106]. More recently, reference [108]
employed the newly developed WOT-SRSH functional to calculate band gaps of organic-inorganic halide
perovskites based on Pb and Sn, and obtained agreement with experiment with a mean absolute error of
approximately 0.1 eV. Furthermore, the meta-GGA TASK [111] was found to result in band gaps on par with
those calculated using HSE, at significantly reduced computational cost [112].

4.1.2. MBPT

As discussed in section 3.2.1, the GW approximation is the state-of-the-art method for the accurate
computation of QP band structures in semiconductors and insulators, and it has been employed in several
comprehensive studies of halide perovskites. [191] was the first to report GW QP band gaps for MAPbI; and
MASnI; (1.67 eV and 1.10 eV respectively), through an implementation of the GW method that included
spin—orbit coupling only for the Green’s function, but not for the screened Coulomb interaction, thereby
achieving excellent agreement with experiment. By contrast, [202] found that accounting for SOC in the
evaluation of both G and W reduces the QP correction in a single-shot Gy W, approximation, and leads to an
underestimated QP band gap of up to 0.5 eV. This result was connected to the severely underestimated band
gap of the DFT starting point, and originates in the sensitivity of Go W, QP energies to “overscreening” in the
mean-field [212]. Brivio et al [202] found that implementing self-consistency within the QP self-consistent
GW (QSGW) method [143, 144] resolves the band gap underestimation. [139, 213] confirmed the
importance of implementing self-consistency in the GW approximation for MAPbI; and CsPbls, using a
simple eigenvalue self-consistency scheme based on subsequent rigid corrections of the band gap. This
approach was later extended to a k-point resolved scheme, yielding largely similar corrections [200]. In
addition to self-consistency, several studies have highlighted the importance of including semicore electronic
states in the pseudopotential (PP) valence configuration for the metal and halogen components [146, 179,
199]. In fact, references [139, 141, 146, 199] found that QP band gaps are sensitive to the metal and halogen
valence electronic configurations considered in the computational setup, highlighting the need to include a
full semicore shell in order to avoid spurious error cancellations [146, 199].

As shown in table 1, there have been multiple approaches to calculate QP band gaps for lead-halide
perovskites within the GW approximation, exploring multiple starting-points, PPs [139, 141, 199], and
implementations of self-consistency [139, 202], which yield a much wider range of QP band gaps than
observed at the DFT level. While we have already ascribed this observation in part to different structural
configurations, different PPs, and different implementations of the GW approach used across these studies,
the mean field starting-point dependence of QP band gaps also plays an important role. reference [141]
reported a systematic study of several halide perovskites using a broad range of mean-field starting points
(including semi-local DFT and hybrid functionals) and found that QP band gaps of the same perovskite can
differ by up to 0.7 eV across different methodologies. The overarching conclusion of reference [141] was that
a ‘silver-bullet’ recipe that yields QP GW band gaps with consistent agreement with experiment across the
metal-halide perovskite family continues to remain elusive [141].

4.1.3. Temperature effects on the quasiparticle band gap

Standard DFT and GW+BSE implementations rely on the frozen-ion approximation. While this
approximation is highly effective for understanding a wide variety of low temperature QP band gaps of
semiconductors and insulators [214], temperature renormalization effects must be computed in order to
compare against experiments in standard device operating conditions [215]. Temperature renormalization of
the band gap in lead-halide perovskites was computed via Monte-Carlo sampling of ionic displacements,
finding a renormalization of 50 meV within the harmonic phonon approximation [216]. However,
molecular-dynamics-based studies have shown that anharmonic structural fluctuations lead to a more
significant renormalization of the band gap [146, 217-219]. Wiktor et al [146] proposed a framework to
compute the temperature renormalization of the band gap for the series of inorganic CsBX3 perovskites
using path-integral molecular dynamics and hybrid DFT calculations. According to this study, thermal
fluctuations of the metal-halide perovskite lattice at room temperature increase the QP band gap calculated
for the frozen-ion cubic structure by up to 0.7 eV, bringing calculated band gaps in close agreement with
experimental measurements [146]. This study is also consistent with the typical differences in calculated QP
band gaps found between the low temperature orthorhombic and high-temperature cubic phases [220], and
indicates that octahedral tilting is present in all structural phases of halide perovskites. Interestingly, while
dynamic structural distortions are not unique to halide perovskites, reference [217] found that halide and
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Figure 3. (a) Optical absorption spectrum of CsPbCls computed with (continuous line) and without (dashed line) including
electron-hole interactions and compared with experimental low temperature measurements (grey dots) taken from [231]. Both
computed spectra are blue-shifted so as to match the onset of the experimental spectrum, as described in the original [161]. (b)
and (c) Comparison between 1s and 2s exciton bound state energies (b) and radial probabilities (c) calculated from GW+BSE
and the Wannier—-Mott model. Reprinted figure with permission from [161], Copyright 2021 by the American Physical Society.

oxide perovskites exhibit opposite thermal effects on the band gaps, blue-shifting for halides and red-shifting
for oxides. This is in large part due to the impact of static local symmetry-breaking distortions
(polymorphism), which are found to red-shift band gaps of oxide perovskites (cancelling out the effect of
dynamic distortions) but blue-shift band gaps of halide perovskites. Indeed, including polymorphism and
anharmonic electron—phonon coupling using the special-displacement method [221, 222] was shown to
provide a computationally feasible route for calculating accurate temperature-dependent band gaps and
other optoelectronic properties for a range of inorganic oxide and halide perovskites in [223].

4.2. Optical excitations in halide perovskites

Experimental optical absorption spectra of ABXj; halide perovskites display a sharp resonance at the onset of
absorption, which is consistent with the formation of a bound exciton [224-227] (see figure 3). The
lineshape of the optical absorption spectrum of MAPbI; is described with very good accuracy by the Elliott
model for optical absorption [228]. This approximation has been successfully used to extract key quantities,
such as QP band gaps and exciton binding energies from optical absorption spectra measured on high
quality thin films [225, 227, 229]. This is largely due to the parabolic and isotropic band edges and the weak
binding energy of the excitons that characterize this halide perovskite family [230].

Excitons in halide perovskites have binding energies below 100 meV, increasing as the size of the halogen
atom decreases [161, 225, 232]. These weak binding energies are consistent with the standard Wannier—Mott
model for excitons, which relates the binding energy, Eg, the dielectric constant, ¢, and the reduced effective
mass, 4, of a semiconductor through a very simple formula, Eg = 11/ (2€?), as expressed in atomic units. The
Wannier—Mott model is frequently used to extract the exciton binding energy from raw experimental data,
for example from the energy difference between the 1s and 2s excited states, when these can be resolved in
experiments [225].

In addition to the exciton binding energies, optical measurements under high magnetic fields also allow
an accurate measurement of the exciton reduced effective mass, p. This quantity can be extracted from the
resolved Landau levels at high magnetic fields, ;1 = B/w,, where w, is the cyclotron frequency measured as
the difference between two consecutive Landau levels, and B is the magnitude of the magnetic field [225].
Interestingly, in the case of MAPDI;, applying the hydrogen model formula in conjunction with the
measured reduced effective mass (0.11 m,) and exciton binding energy (16 meV) [225], yields a
corresponding effective dielectric constant of approximately 9.5 [225], larger than the high-frequency
(electronic) dielectric constant of 5.5-6.5 and lower than the low-frequency (static) dielectric constant of
approximately 30 [230, 233]. This apparent inconsistency was associated with a possible contribution to the
dielectric screening by IR active phonons [162].

Exciton binding energies and optical absorption spectra are very challenging to calculate within
state-of-the-art GW-BSE for organic-inorganic halide perovskites, and only a handful of studies have
reported these calculations in the literature [140, 161, 162, 234]. Adding to the complexities related to
structural and starting-point dependence of QP band gaps discussed in the previous section, the dispersion
of the conduction and valence band edges in halide perovskites yields a difficult convergence for the exciton
binding energy [140, 161]. The situation is very similar to the case of GaAs, for which the exciton binding
energy of 4 meV is obtained only when the reciprocal space is sampled by more than 1 million points [150].
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Unlike GaAs, however, ABX; halide perovskites unit cells consist of more atoms, and spin—orbit coupling is
required in order to accurately resolve the conduction and valence band topology, making the k-point
convergence a challenging computational bottleneck. Refs [140, 162] overcame this technical setback by
using a model q-point dependence of the dielectric function [235] which neglects local field effects and
allows to extrapolate exciton binding energy convergence to an infinitely dense grid. Alternatively, [161] used
a similar approach as in [150], where the electron—hole interaction kernel is evaluated on a dense grid of
k-points via an interpolation scheme [149], and a patched-sampling scheme is used to selectively sample this
grid in the region of reciprocal space where the exciton is most localized [149, 236]. Regardless of the scheme
used, [140, 161, 162, 237] independently calculated exciton binding energies for ABX; halide perovskites
overestimated experimental measurements by a factor of 2 to 3, and attributed this result to the absence of
phonon effects in standard GW+BSE calculations.

Umari et al [162] proposed that the overestimation of the first-principles exciton binding energies with
respect to experiment is due to the absence of phonon-screening effects and introduced a model dielectric
function that accounts for additional screening due to IR active phonon modes. Using this model, reference
[162] showed that the exciton binding energy can be reduced by up to a factor of 2, achieving almost perfect
agreement with experiment for MAPbI;, and slightly overestimating values for other halide perovskites such
as CsPbl;. Recently, reference [161] generalized the BSE to include phonon-screening effects from first
principles, and showed that phonon-screening corrections are significant for ABX; halide perovskites, but
not as large as previously estimated, accounting for up to 20% of the difference between experimental and
standard BSE calculations. Moreover, reference [161] showed that phonon-screening effects are important
for computing exciton binding energies beyond halide perovskites, and can be significant in semiconductors
and insulators across a variety of chemistries.

While phonon-screening effects can significantly reduce the exciton binding energy [161], the remaining
missing physics in this picture resides with the nature of the individual photoexcited QPs bound by the
Coulomb interaction, approximated as bare electrons and holes in standard theory, but generally dressed via
the electron—phonon interaction into electron and hole polarons [169]. Polaronic effects have an important
contribution to the properties of excitons in semiconductors and insulators [238—240]. Several models based
on parabolic electronic bands and dispersionless single-mode polar phonons have been proposed to account
for this contribution [241-244]. Furthermore, recent theoretical advancements in the description of exciton
polarons, and particularly of self-trapped excitons, are opening the route to new capabilities to understand
polaronic effects in complex functional materials [238-240].

4.3. Electron—phonon interactions and polarons

Electron—phonon interactions and polarons underpin the majority of optoelectronic properties of
organic-inorganic halide perovskites under operating conditions. For example, the temperature dependence
of the PL broadening [245] and charge-carrier mobilities [246] have been directly linked to the nature of the
interaction between charge carriers and ionic vibrations in this family of materials. Additionally, the reduced
effective mass of excitons, measured from optical spectra under high magnetic fields has been linked to
polaronic mass-enhancement effects in lead-halide perovskites [247]. These observations are consistent with
several other experimental reports on the formation of large polarons in organic-inorganic ABX; halide
perovskites [248].

As hetero-polar materials (i.e. materials with more than one ionic species in their chemical composition),
organic-inorganic ABX; halide perovskites display long-range IR-active polar modes with characteristic
frequencies between 15 and 30 meV, depending on chemical composition [161, 233]. Temperature-
dependent measurements of the PL linewidth in comparison with direct calculations of the imaginary part of
the electron—phonon self energy, confirm that electron—phonon coupling in lead-halide perovskites (see
figure 4) is dominated by the long-range Frohlich interaction [249] between longitudinal optical (LO)
phonons and charge carriers, while scattering with acoustic phonons is effectively negligible [245]. A similar
observation can be made for the temperature dependence of charge-carrier mobilities. In [170],
first-principles calculations of electron and hole charge-carrier mobilities demonstrate that the dominant
interaction between charge carriers and ionic vibrations is that corresponding to long-range LO phonons.
Moreover, a simple model including coupling only with the highest lying LO mode appears to accurately
capture the physics of phonon-limited charge-carrier mobilities and provides physical intuition for
temperature dependent charge transport properties in halide perovskites (see figure 4) [170]. This model can
be successfully employed to also reproduce experimentally measured trends of the dependence of
charge-carrier mobility in mixed-halide perovskites, lending further validation to current interpretations of
electron—phonon interactions in halide perovskites [250].

Polarons are charged QPs which describe the deformation of the crystal lattice upon the addition or
removal of an electron [151]. Depending on the extent of this deformation across the crystal, polarons are
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Figure 4. (a) Polyhedral model of MAPbI3 with blue arrows depicting the LO vibrational mode giving rise to the PL line
broadening. (b) PL line broadening as a function of temperature obtained from Brillouin—Wigner perturbation theory (red), the
Fermi golden rule (blue), compared with experiment (black line) for MAPbI;.(a) and (b) Reproduced from [245], with
permission from Springer Nature. (c) Charge carrier mobility map as a function of the product of the effective mass (m*) and the
Frohlich electron—phonon coupling strength o for halide perovskites, calculated using the model introduced in [200]. (c)
Reprinted with permission from [200]. Copyright 2019 American Chemical Society.

typically categorized as ‘large’ (extending across several unit cells of the lattice) or ‘small’ (localized within
approximately one unit cell). Standard methodologies based on DFT for computing polaron binding
energies and estimating the sizes of polarons require modeling of very large supercells and are affected by the
self-interaction error of DFT [251]. Therefore a deterministic approach to classifying the formation of large
versus small polarons in complex systems like the halide perovskites can be challenging. A recently developed
ab initio formalism allows the calculation of polaron binding energies and polaron wave functions within a
framework similar to the BSE, and importantly by performing calculations in a single

unit-cell [252, 253].

Large polarons occur due to long-range (Frohlich) electron—phonon interactions, and are typical in the
weak or intermediate coupling regime. In halide perovskites, large polaron formation has been linked to the
phonon-limited charge-carrier mobility discussed above, and to the renormalization of the band gap and
charge-carrier effective masses [247, 248, 254]. Schlipf et al [254] report computed electronic band structures
renormalized by electron—phonon effects in MAPbI;, and find an electron and hole effective masses
enhancement of 28%. The same study used the computed mass-renormalization constant and the Feynman
model for a large polaron [255] to estimate the polaron binding energy of 19-31 meV and a polaron radius
of 6281 A (~20 Pbls octahedra) [254]. Several other computational studies using molecular-dynamics
approaches have supported the hypothesis of large polaron formation in halide perovskites [256], and have
studied the impact of polaron formation and lattice anharmonicity on the charge transport and
recombination properties of halide perovskites [257, 258].
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Formation of small polarons in halide perovskites is typically associated with disorder, or the existence of
defects. References [259, 260] studied the formation and energy of small polarons via DFT, simulating the
deformation of the lattice upon addition or removal of an electron in finite systems. Self-trapped polarons
have been linked to fast non-radiative recombination, the presence of so-called ‘color centers’ [248], as well
as to the photoinduced degradation of pristine and mixed-chemistry halide perovskites [261].

5. Beyond standard ABX; perovskites

5.1. Halide perovskites with mixed compositions

The ability to tune the band gap via total or partial chemical substitution of the A, B and X components is a
highly attractive property of the ABX; halide perovskites. Partial mixing of two, three and even four cations
has been used to improve the stability of halide perovskites against light- and moisture-driven degradation
and halide segregation [262-265]. On the other hand, mixed-metal and mixed-halide compositions have
been intensely explored as a route to optimize the efficiency of single-junction perovskite solar cells [266], as
well as develop highly efficient silicon-perovskite [267] or perovskite-perovskite tandem solar cells [268].
Partial mixing of metal and halogen atoms facilitates a fine-tuning of the band gap between the extreme
points corresponding to the pristine structures, however the trend is non-linear with respect to the mixing
concentration, exhibiting a so-called band gap ‘bowing’ effect [269, 270]. This non-linear and even
non-monotonous dependence of the band gap on the mixing concentration appears to be particularly
prominent for mixed Pb-Sn perovskites [268, 271], while it is less pronounced (although still present) for
mixed-halide perovskites [272-275].

Halide perovskites with mixed A-, B- and X- compositions pose great challenges to standard
first-principles methods relying on periodic boundary conditions, as they require, in principle, a
simultaneous treatment of both compositional and structural disorder, and involve in practice a large
number of calculations on very large supercells [276-280]. The virtual crystal approximation (VCA) [281] is
a useful alternative approach to studying crystalline systems involving mixed species, and it is particularly
suitable for applications to halide perovskites. The premise of this approximation is that chemical mixing is
uniform throughout the crystal, and that the impact of local structural distortions on the electronic structure
properties can be neglected. Halide perovskites with mixed B- and X-site compositions have been studied
within DFT [268, 282, 283], using both the VCA [281] or by simulating mixed compositions using large
supercells [284]. DFT calculations employing the VCA successfully reproduced qualitative band gap trends
for mixed-halide perovskites [282], as shown for example in figure 5(a). However calculations on mixed
Pb-Sn systems with the VCA did not capture the bowing effect reported in experiments [268]. For the latter,
the supercell approach was also used, successfully reproducing the experimental band-gap trend [268, 271],
and indicating that local structural distortions of the Pb and Sn-centered octahedra may play an important
role in the electronic structure of these mixed species, as illustrated in figures 5(b) and (c). On the other
hand, it is not yet clear whether mixed Pb/Sn perovskites exhibit any long-range order of metal components,
as it is generally assumed in computational modeling studies employing periodic boundary conditions [268].
More in-depth studies are needed to fully understand the impact of disorder in these compounds.

The problem becomes even more complicated from a theoretical point of view when mixed-cation
compositions are considered, where often both compositional and rotational disorder must be accounted for.
For example, DFT-based studies have revealed that cation mixing can decrease the activation energy of
mobile halogen ions [285], and possibly induce significant distortions in the metal-halide network,
suppressing octahedral tilting and inducing local symmetry breaking [286].

5.2. Double perovskites
The rapid rise of organic-inorganic lead-halide perovskites has been a great catalyst for theoretical and
experimental efforts in materials design and discovery studies, mostly aiming to reveal whether there are any
other halide perovskite materials that have equally impressive optoelectronic properties as the
lead-halides (7, 27]. These efforts have recently materialized in the design and (re-)discovery of
three-dimensional halide double perovskites which formally replace divalent Pb by a heterovalent pair of
B-site metal ions [28, 287-292] or by a tetravalent ion such as Sn** [293] or Pd** [294] and a vacancy (see
section 2). Developing an in-depth atomistic understanding of the optoelectronic properties of these
materials is crucial for their deployment to suitable applications, and first-principles computational
modeling techniques described in this review have been playing a fundamental role in this context.
First-principles calculations within semi-local and hybrid DFT, as well as MBPT confirm that the
electronic band structure of halide double perovskites is drastically impacted by the chemical composition at
the B and B’ atomic sites. Halide double perovskites based on pnictogen and noble metals (Cs,AgBiXs,
Cs,AgSbX¢ with X = Cl, Br) exhibit indirect band gaps in the visible range, with anisotropic valence and
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Figure 5. (a) Comparison of computed and experimental optical absorption spectra for mixed iodide-bromide perovskites, with
calculations performed within the GW+BSE framework and using the virtual crystal approximation (VCA). (a) Reprinted with
permission from [250]. Copyright 2022 American Chemical Society. (b) Measurements of the dependence of band gap and
resistivity on the Pb-Sn mixing concentration. (b) Reprinted with permission from [271]. Copyright 2014 American Chemical
Society. (c) Computed dependence of the band gap as a function of Pb-Sn mixing concentration using the VCA and ordered
supercells. (c) From [268]. Reprinted with permission from AAAS.

conduction band edges [289, 290, 296]. Cs,AgBX¢ (with B = In or T1 [291, 292]) and vacancy-ordered
double perovskites Cs;BX¢ (B = Sn, Pd [294, 297]) exhibit a direct gap with a disperse and isotropic
conduction band and a flat anisotropic valence band edge. To understand these qualitative differences in the
character of the electronic band edges, [295] developed a model based on linear combinations of atomic
orbitals (LCAO) using symmetry-adapted linear combinations (SALCs) of halide orbitals to connect the
electronic structure and symmetry of the atomic orbitals within BX, octahedral units to the character and
dispersion of the band edges. For example, as shown in figure 6, the valence band top at the X-point in
Cs,AgBiBr, is found by locating the Bloch wave which corresponds to the maximum number of
anti-bonding interactions between halide SALCs and metal Ag-d and Bi-s orbitals, while the conduction
band minima at the L-point originates from Ag-s bonding orbitals. This type of analysis successfully predicts
the character of almost all known halide double perovskites semiconductors without the need for
first-principles calculations, and can be a powerful tool for materials design, especially given that the number
of possible chemical compositions amenable for the double perovskite structure is of more than 90 000 [28,
29]. Quantitative predictions of double perovskite band gaps based on generalized Kohn—Sham DFT or
MBPT are complicated by factors similar to those discussed in sections 4.1.1 and 4.1.2 for single perovskites,
i.e. a consistent choice of structural model, the choice of PP, details of implementation, and the
starting-point dependence of the Go W, approach. References [112, 141] provide an overview of band gaps of
a range of double perovskites using hybrid DFT, Gy W, constructed from semilocal and hybrid DFT starting
points, and the meta-GGA TASK, respectively.
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Figure 6. LCAO representations of (A) the conduction band (CB) at L and I" and (B) the valence band (VB) at X and I" for
Cs,AgBiBrg, obtained using LCAO theory. Net nonbonding interactions between the halide SALCs and the metal s orbitals explain
the missing Ag 5 s° (orange arrow) and Bi 6 s* (red arrow) orbital contributions at I at the CB and VB, respectively. Colored and
empty lobes represent positive and negative phases, respectively. (C) Band structure of the double perovskite Cs, AgBiBrg
computed using DFT, showing an indirect gap from X to L. The band structure is shown in duplicate and the orbital contributions
of the B-site atoms (Ag and Bi) are given in color with the dot size proportional to the size of the orbital contribution. Bromine
contributions are present but not shown. Reproduced from [295] with permission from the Royal Society of Chemistry.
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Halide double perovskites display somewhat counter-intuitive features in their measured optical
absorption spectra to what is expected from their electronic band structure. The optical absorption spectrum
of Cs,AgBiBrg exhibits a slow rise in the absorption coefficient, consistent with an indirect band gap,
followed by a sharp peak approximately 0.5 eV above the onset [298]. Recent first-principles studies based on
GW+BSE [296, 299] confirmed that this peak is a resonant excitonic feature emerging from the direct
band-to-band transition at the X-point in the Brillouin zone, with a binding energy exceeding 170 meV [296]
(see figure 7). In addition, [296] also revealed that strongly bound excitons with binding energies of up to
400 meV are an intrinsic feature of the pnictogen-noble metal halide double perovskite family, which
originates from the anisotropy of the electronic band edges and the dielectric function [300, 301].
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Figure 8. (a) Band structure of Cs,InAgClg with the overlayed orbital contributions for individual atomic compositions. (b)
Optical matrix elements corresponding to band-to-band transitions computed and plotted along the high symmetry path.
Reprinted with permission from [303]. Copyright 2017 American Chemical Society.

The absorption spectrum of Cs,AgInClg is also atypical, in that it displays a slow rise in the optical
absorption coefficient at the onset [291, 292, 300, 302] instead of the sharp increase expected from direct
band gap semiconductors. In addition, several of the lowest lying bound excitonic states calculated from
GW+BSE are not optically active [302], and originate in parity-forbidden optical transitions from the
valence to the conduction band edges [303] (see figure 8). Reference [302] showed that by alloying Ag with
Na, the parity-forbidden symmetry of these transition can be broken, thereby allowing activation of these
excitonic states in mixed Ag/Na compounds. Notably, a similar absorption spectrum lineshape to Cs, AgInClg
has also been observed in the vacancy ordered double perovskite Cs,PdBrs [294], given the resemblance in
the band edge topology of these two systems.

Similar to the mixed B-site halide perovskites described in section 5.1, B-site alloying is a powerful tool
for material design in halide double perovskites too, and has been studied most widely for the double
perovskite Cs,AgBiBrg. Using a combination of experimental techniques and DFT calculations, it was shown
that dilute alloying of Cs, AgBiBrs with TI’* decreases the band gap of CssAgBiBrg by 0.5 eV due to the
formation of an isolated impurity band derived from T1 6s orbitals below the host lattice’s conduction band
bottom [304]. Fully replacing Bi** by TI** leads to a halide double perovskite with a band gap of less than
1 eV, as confirmed by GW calculations. Additionally, tight-binding modelling showed that the unusually
small band gaps of Cs,AgT1X; (X = Br, Cl) as compared to other bromide and chloride perovskites are due
to the symmetry- and energy-aligned B and B’ site orbitals contributing to the band edges of these
compounds [292]. Similar effects have been achieved using dilute heterovalent alloying, for example of
Cs,AgBiBrg with Sn and Cs,AgInClg with Cu [305, 306]. Another promising route for functionalizing halide
double perovskites is B-site mixing with transition metals leading to spin-polarized electronic structures and
the possibility of magnetic ordering [307-309].

An ongoing open question for the optoelectronic properties of halide double perovskites such as
CsyAgBiXs and Cs; AgInClg is the origin of the large red-shift of the PL spectrum as compared to the onset of
the optical absorption [291, 310], which exceeds 0.5 eV for Cs,AgBiBrg and 1.2 eV for Cs,AgInClg. The
GoW, QP indirect band gap of 1.9 eV computed for Cs, AgBiBrg in [290] was in very good agreement with
the peak position of the PL spectrum, prompting a tentative assignment of the broad PL peak to indirect
recombination [290]. However, given the sensitivity to the mean-field starting points of QP band gaps [141],
it is more likely that this assignment is coincidental. Instead, recent experimental studies propose that the
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red-shifted broad PL peak is due to self-trapped charge carriers diffusing to color centers [311, 312]; further
first-principles studies of electron—phonon interactions and polaronic properties of Cs, AgBiBrs may
elucidate the atomistic picture of this process. In the case of Cs,AgInClg, the QP band gap also exhibits a
strong dependence on the starting point, as shown in a recent first-principles study [313], with values
ranging from 1.9 to 3.4 eV depending on the starting point (LDA vs PBE), implementation of
self-consistency and inclusion of semicore states. Taking into account that the QP band gap is renormalized
by 0.2 eV [313] by the electron—phonon interaction and including the effect of electron—hole interactions
(with an exciton binding energy of 0.25 eV) [302], the onset of the optical absorption spectrum can be
assigned to optical absorption at the band edges. On the other hand, neither electron—phonon nor
electron-hole interactions can explain the PL peak centered at 2 eV. Alternative explanations include the
formation of strongly bound polarons and/or self trapped excitons [313], or defect-induced emission. While
neither possibilities have been investigated thus far in first-principles studies, a recent first-principles study of
self-trapped polarons in closely related Cs,ZrBrg [238] point to the possibility that new theoretical
developments for understanding exciton-polarons may provide the route to explaining the large shift
between the optical absorption onset and the PL peak in some of the members of this materials family.

5.3. Quasi-2D halide perovskites and other perovskite-like materials

Understanding optoelectronic properties of quasi-2D halide perovskites using first-principles techniques is a
challenging task, not least because of the chemical heterogeneity (inherited in part from the 3D perovskites)
and structural complexity of this family of materials [34], as introduced in section 2.3. The optoelectronic
properties of quasi-2D halide perovskites inherit the broad tunability of optoelectronic properties via the
chemistry of the inorganic layer of their 3D counterparts [17, 314], an attractive feature for design of
optoelectronic devices. Additionally, and by contrast with their 3D congeners, the organic cation in layered
halide perovskites plays a much more significant role in the photophysics of these complex materials [36,
315-321]. Quasi-2D halide perovskites are significantly more chemically versatile than their 3D counterparts.
This is largely due to the seemingly endless options for organic cations that can be incorporated between the
metal-halide layers [34, 322] which in turn leads to a large array of possible structural configurations (as
discussed in section 2.3). To a great extent, it is fair to say that more quasi-2D perovskites are synthesized
than we can develop fundamental understanding for. In this context, development of chemical intuition for
their optoelectronic properties is of great importance for guiding future materials design.

First-principles calculations of the electronic structure of layered perovskites based on DFT or
semi-empirical tight-binding modeling reveal structure property relationships which are both inherited from
3D perovskites (such as the modulation of the band gap and effective mass via octahedral tilting [323, 324])
and unique to the quasi-2D systems (for example the control of dimensional confinement within the
inorganic layer by combining face and corner-sharing octahedra [40, 325]). Furthermore, DFT calculations
reveal interesting quantum-confinement effects on the electronic band structure of layered perovskites,
depending on the metal type. While layered halide perovskites based on Pb and Sn maintain the direct nature
of the band gap regardless of the thickness of the inorganic layer [40, 323], layered double perovskites feature
indirect-to-direct and direct-to-indirect band gap transitions depending on B and B’ site orbital composition
when thinned down to the monolayer limit, bearing similarities with monolayer transition metal
dichalcogenides [38, 39]. These changes in band-gap character can be explained using an LCAO model
similar to that previously used for 3D double perovskites [295] adapted to the 2D translational symmetry of
these layered materials and are predicted to be prevalent in layered perovskites with band edges derived from
metal-d states or a VBM without metal-orbital contributions [326].

Layered organic-inorganic halide perovskites are often regarded as natural quantum-well
superstructures [327], which draws the focus on understanding the dielectric and quantum confinement
effects in these systems. Blancon et al [328] used the generalized Keldysh theory alongside key quantities
extracted from DFT calculations to develop a model to establish that the variation of the exciton binding
energy in quasi-2D halide perovskites with increasing thickness of the inorganic layers is a combined
quantum and dielectric confinement effect. In a separate study, reference [329] developed a
tight-binding-based approach to apply the BSE equation to Ruddlesden-Popper layered perovskites with
increasing inorganic layer thickness and revealed that 1s and 2s excitonic states in these complex structures
do not follow trends dictated by the 2D hydrogenic model. Following results from this work, reference [327]
further developed this methodology to compute trion and biexciton binding energies between 30 and
50 meV, which remarkably do not change significantly upon exfoliation of a single layer (unlike the exciton
binding energy which nearly doubles according to these calculations).

Only a handful of first-principles calculations of optical excitations in quasi-2D halide perovskites have
so far been reported in the literature [317, 318, 320, 330-332], owing to the complexity of these
organic-inorganic semiconductors. Molina-Sanchez [330] relied on the observation that organic cations do
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not contribute single-particle states at the band edges, and used a simplified model structure of a layered
perovskite whereby the organic cations are replaced by Cs to compute the optical absorption spectrum and
underlying excitonic states for a perovskite monolayer. The exciton binding energy reported for this
bromide-based model system is of up to 600 meV. Filip et al [331] used GW+BSE to delineate the role of the
organic cation in Ruddlesden-Popper perovskites, via a comparative study of optical excitation energies and
QP band gaps computed for both model and real experimental structures with and without (i.e. replaced by
Cs) organic cations of increasing sizes. Calculations in [331] reveal and quantify the contribution of the
organic cations to the dielectric screening of the bulk layered perovskite, which counteracts quantum
confinement effects and reduces the exciton binding energy sometimes by several hundreds of meV [331].

In addition to dielectric screening, organic cations determine the separation between inorganic
lead-halide layers in layered perovskites, which can be reduced in some cases to close enough distances that
peripheral halogen anion orbitals can interact (especially in Dion—Jacobson perovskites) [332]. Due to this
interaction, the single layer confinement of the lowest energy exciton, usually observed in the
Ruddelsden—Popper layered perovskites, can be overcome, and the exciton wavefunction becomes
delocalized across several neighboring layers [332]. These examples demonstrate, that the organic cations
can be used as an additional tuning vehicle for the dielectric properties, and implicitly the QP band gap and
exciton binding energies of quasi-2D halide perovskites. Finally, it is worth mentioning that while the
electronic states localized on the organic cation are usually assumed to have energies that are far below or
above the band edges, there have been several examples of layered perovskites demonstrated in which organic
cations feature electronic states either within the band gap or close to the band edges [318, 333, 334], and
thereby possibly facilitating charge transfer between the perovskite and organic layers.

In addition to lead-based layered perovskites of the Ruddlesden—Popper series, GW+BSE studies of
excitonic properties have also been reported for lead-free pnictogen-noble metal layered perovskites.
References [299, 335] reported on the excitonic properties of Bi/Ag based layered double perovskites, which
exhibit a strong out-of-plane optical response. Furthermore, [299] noted that instead of a decrease in the
exciton binding energy with the increase in layer thickness, as expected for standard Ruddlesden—Popper
series, such a trend does not appear to be so well defined in double perovskites. The atomistic origin of this
observation remains to be clarified.

Despite the structural complexity of organic-inorganic quasi-two dimensional perovskites, thanks to
state-of-the-art advances in the implementation of MBPT methods [336, 337] it is now possible to study
photophysical properties of ever-more complex superstructures, including complex interfaces between
perovskites and non-perovskites [338]. GW+BSE calculations of newly synthesized intergrowth
hetero-structures including inorganic lead-bromide and lead-chloride perovskites and non-perovskite layers,
reveal that chemical engineering of such hetero-interfaces may lead to yet another route to not only control
the energy but also the delocalization of excitons in these superstructures [338].

Finally, first-principles studies have also been used to explore structures in which the corner-sharing
connectivity of metal-halide octahedra is broken in more than one direction, such as the composition A3;B,Xg
with B = Bi, Sb, or has a different periodicity, such as in the extended perovskite analogues, both introduced
in section 2.4. The excitonic properties of Cs3Bi,1y, a quasi-0D material, were reported in [339] and shown to
be determined by the relatively flat, strongly spin—orbit split Bi-p-derived bands of this compound,
resembling those of other Bi-containing perovskites. Qualitatively different excited states are expected for the
extended perovskite analogues in which, contrary to other known perovskites, the conduction band is
derived from electronic states associated with the molecular A-site [45, 49]. The excitonic properties of these
complex organic-inorganic compounds are yet to be explored using first-principles techniques.

6. Summary, future work and challenges

In the previous sections we have attempted to outline the promises and challenges of first-principles
calculations for halide perovskites due to the complex coupled electronic and structural dynamics of these
materials. While a qualitative understanding can in many cases be reached based on standard approaches for
semiconducting solids such as tight-binding models, as described in section 4.1.1, a quantitative description
requires advanced first-principles numerical modelling techniques. The example of accurately predicting the
band gaps of perovskites detailed in sections 4.1.2 and 4.1.3 shows that computationally demanding methods
such as hybrid functional starting points for Go W, calculations or self-consistency in the GW procedure
combined with adequate methods for taking into account the effects of temperature are necessary to reach
agreement with experiment for the broad range of halide perovskites covered in this review.

In the preceding discussion, we have mostly avoided the important topic of first-principles calculations of
defects in halide perovskites. The study of how lattice impurities and point defects affect the electronic and
excited-state structure of solids typically requires large supercells and well-established correction methods
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for extrapolating defect formation energies and transition levels to the dilute or isolated defect limit [340].
Such techniques have been employed widely for calculating defect levels in halide perovskites and we refer
the reader to a review by Meggiolaro and De Angelis for more detailed information about the successes and
pitfalls of such calculations [341]. One clear limitation of standard computational frameworks for defect
calculations of perovskites is that they are based on static structures. Such calculations do not take into
account the temperature-dependent structural dynamics of the perovskite lattice, which have been shown to
be strongly anharmonic for some perovskites [342—345]. The impact of structural dynamics on defect
transition levels was shown in large-scale first-principles molecular dynamics calculations of CsPbBr; [346],
raising questions about the validity of static structural defect models for strongly anharmonic halide
perovskites at elevated temperatures [346]. In addition, electron—hole interactions may also play an
important role, as it was shown for example in studies of monolayer transition metal dichalcogenides [347],
gallium nitride [348], and monolayer germanium selenide [166]. For halide perovskite, these calculations
remain computationally challenging requiring the use of supercells with hundreds of atoms on top of the
challenges described in sections 4.1.2 and 4.1.3.

Further functionalization of halide perovskites has led to an extension of the perovskite family to the
materials touched upon in section 5.3 and larger and larger structures, including complex interfaces and
heterostructures. While such systems featuring hundreds of atoms were still out of reach for first-principles
calculations just a couple of years ago, recent developments have allowed for excited-states calculations of
systems of unprecedented size [336, 337]. At the same time, method development in the areas of quantum
embedding [349-351], machine-learning approaches for excited states [352, 353], density functional
development [354], and GPU-accelerated implementations of MBPT [355-357], also open up new avenues
for the accurate calculation of optoelectronic properties of structurally and chemically complex halide
perovskites at reduced computational cost. The challenge for the future will be to develop workflows which
combine state-of-the-art methodologies in order to efficiently extract photophysical properties of complex
and heterogeneous perovskites and perovskite-related materials under device operating conditions. As this
broad materials family evolves from design hypothesis to synthesis to integration in functional devices, it is
becoming evident that interweaving state-of-the-art computational modeling and experimental
characterization workflows in collaborative and inter-disciplinary studies has the highest potential to drive
future development of both practical devices and methodological advances.
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