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ABSTRACT Layered hybrid organic-inorganic lead halide perovskites have intriguing
optoelectronic properties, but some of the most interesting perovskite systems, such as defective,
disordered, or mixed perovskites, require multiple unit cells to describe and are not accessible
within state-of-the-art ab initio theoretical approaches for computing excited states. The
principal bottleneck is the calculation of the dielectric matrix, which scales formally as O(N).
We develop here a fully ab initio approximation for the dielectric matrix, known as IPSA-2C, in
which we separate the polarizability of the organic/inorganic layers into minimal building
blocks, thus circumventing the undesirable power-law scaling. The IPSA-2C method reproduces
the quasiparticle band structures and absorption spectra for a series of Ruddlesden-Popper
perovskites to high accuracy, by including critical non-local effects neglected in simpler models,
and sheds light on the complicated interplay of screening between the organic and inorganic

sublattices.

Layered hybrid organic-inorganic perovskites are an emerging class of quasi-low dimensional
optoelectronic materials that have attracted widespread interest due to their highly tunable

structures, relative stability, and facile synthesis in bulk, monolayer, and heterostructure forms.!"



31 A prototypical class of these perovskites is the Ruddlesden-Popper (RP) phase, with the
generic formula A’ ;A,B,X;,.1, (A and A’ = monovalent cations, B = divalent metal cation, and
X = halogen or oxygen ion) that alternates n layers of BX, octahedra with a layer of organic

cations A = RNH,.*!

The interest in RP perovskites has generated a comprehensive body of work on their electronic
and optical properties.'® "' Excitons localized within the inorganic metal-halide layers experience
strong dielectric and quantum confinement effects, giving rise to large exciton binding energies,™®
'%"and the self-trapping of excitons on the soft inorganic lattice is a widely proposed mechanism
for the highly Stokes-shifted luminescence observed in many RP perovskites.!'!! The choice of
organic species can also significantly affect the dielectric and optical properties of hybrid
perovskites.* ' For instance, some molecules with extended conjugated systems have singlet or

triplet levels that excitons can decay to, opening new possible emission pathways.!"*!

The excitonic properties of layered hybrid perovskites exhibit a complex dependence on
dielectric screening, defects, lattice distortions, and coupling between organic and inorganic
layers. Understanding these relationships requires a predictive, ab initio description of the
excited-state properties that considers dynamic and local-field effects at a level beyond density
functional theory (DFT). Ab initio many-body perturbation theory (MBPT) is a state-of-the-art
approach for understanding excited-state properties, including single-quasiparticle (QP)
excitations within the GW approximation'* ! and optical excitations within the GW plus Bethe-

Salpeter Equation (GW-BSE) approach!'® ', However, there have only been a small number of



GW and GW-BSE calculations on layered perovskites,* * ! largely due to the computational
cost of such techniques and the relatively large unit cells of layered perovskites (often hundreds
of atoms). Moreover, some of the most interesting perovskite systems, such as defective,
disordered, or mixed perovskites, require multiple unit cells to describe and are not currently
accessible within conventional ab initio MBPT approaches. To overcome this barrier, theoretical
calculations frequently apply MBPT within simplified models. For instance, Ref. *” makes use
of a classical electrostatic model for the screening, and Ref. "” treats a model lead-halide
perovskite structure where the usual organic spacer molecules are replaced by Cs atoms.*! %!
These approaches provide qualitative understanding of certain perovskite optical properties, but
without a more complete treatment of the organic-lattice degrees of freedom, significant areas of
the excited-state landscape remain challenging to explore. Examples include the dielectric
screening of the cations,!"® as well as the thermal motion of cation molecules, which is known to
affect excited-state properties® **! such as photoluminescence lifetimes®! and lead to significant

distortions of the inorganic lattice.*®

In GW and GW-BSE calculations, the main bottleneck is typically the calculation of the
frequency-dependent and non-local inverse dielectric matrix, gil(:q , |, within the random phase
approximation (RPA),'?" %I which scales as O(N*) or O(N?log N) with the number of electrons N
in conventional plane-wave approaches and is essential for including non-local and dynamical
screening effects beyond the standard capabilities of DFT or hybrid DFT.!"*! The dielectric matrix
is obtained from the non-interacting polarizability matrix, x°(q, ), by

£oclq,0=8,.—vIq+Gl x> . |q, 0]
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where X?;Gv(q,wi is calculated in the RPA from a sum over valence/conduction state pairs;

v(q+G| is the bare Coulomb potential in reciprocal space; q is a wavevector describing the
momentum transfer; and G is a reciprocal lattice vector.”””?*! As the noninteracting polarizability
is linear for independent components of a chemical system, a variety of approaches have been
developed to integrate screening from environmental subsystems by summing the
polarizabilities.!"* ?% This technique is well-justified when wavefunction hybridization between
the constituents is small, as is the case when the subsystems interact through weak van der Waals
interactions. In layered perovskites, bandedge states come from the sublattice of inorganic
octahedra, with molecular cations contributing to less dispersive bands about 1eV from the
bandedge, suggesting that the main role of the organic cations in the electronic and optical
response is through dielectric screening."® However, despite their energetic separation, the
organic and inorganic subspaces, are connected with a strong ionic bond, involving significant
charge transfer between the sublattices (see SI), precluding a straightforward application of

established polarizability separation schemes.

Here, we develop a generalized scheme, which we refer to as the ionic polarizability separation
approximation with charge compensation (IPSA-2C), that allows us to separate the polarizability
of an ionically bonded system and apply it to understand the role of the cations in the screening
of layered hybrid organic/inorganic perovskites. This is done by separately calculating the
polarizability of the anion and cation, while compensating for the broken bond using a formal
charge approach to divide electrons in the bond over constituent subsystems. In layered
perovskites, a further simplification is possible since each unit cell consists of four ionically-

bonded molecular cations with different spatial orientations. We show that the minimal



polarizability building block in calculations on perovskites can be reduced to a single organic
cation, allowing us to calculate the QP bandstructure and optical absorption spectra at as low as
one seventh the computational cost of the direct calculation, while introducing insignificant error
in the band gap and exciton binding energy and reducing memory requirements by a factor of 1/2
in our implementation. We derive an effective 2D dielectric function and show that non-local
screening from the molecular cations, which is included in our scheme but cannot be trivially
captured by model dielectric functions, is essential for describing the screening environment.
Moreover, our method scales to supercells composed of multiple perovskite unit cells at virtually
no additional computational cost and allows for improved reusability of computed dielectric

matrices across different perovskite systems.

We start by performing full one-shot GW-BSE calculations, as implemented in the BerkeleyGW
software package, on top of DFT calculations in the Perdew-Burke-Ernzerhof (PBE)
parametrization of the generalized gradient approximation!*”’; as implemented in the Quantum
Espresso software package.”" *! We use this framework to obtain QP bandstructures and
absorption spectra of a series of n=1 RP perovskites, A,PbBr, (A = ethylammonium (EA),
butylammonium (BA), phenylmethylammonium (PMA), and naphthalenemethylammonium
(NMA)). All computations are performed using optimized norm-conserving Vanderbilt
pseudopotentials** 4 and a fully-relativistic spinor formalism due to the strong spin-orbit effects
in lead halide perovskites.***”! Frequency-dependence of the screening is incorporated through
the Godby-Needs plasmon pole model.®! Calculation parameters may be found in the SI. Then,
another set of calculations is performed using the IPSA-2C approach. In IPSA-2C, we perform

separate mean field calculations on the system’s organic and inorganic subsystems using



appropriate background charge compensation, significantly reducing the time to obtain ¢! by
dividing up the total number of bands summed over between the subsystems without sacrificing
convergence (see SI). In the A,PbBr, case, consideration of formal charges confirms that
approximately one electron from each -NHj;-bearing molecule is transferred into the inorganic

sublattice (see SI) so that the full non-interacting polarizability is approximated as

X(;uu” X pbBros2ésy, .00 Where PbBr, +2 e ““ describes the inorganic sublattice with two added
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electrons per PbBr, formula unit and A,—2e ¢ describes the organic sublattice with two
removed electrons per A, formula unit. The noninteracting polarizabilities of the two subsystems
are summed to construct the noninteracting dielectric matrix, which is then inverted. The direct
GW-BSE calculations and the IPSA-2C calculations are compared to calculations on model
structures in which the A-site cations are replaced with Cs atoms, referred to as Cs*,PbBr,. The
Cs* calculations provide a comparison to a fully inorganic system of quantum wells separated by

vacuum, showing both the relative performance of the IPSA-2C method and giving insight into

the importance of molecular screening and local-field effects.

Figs. 1a-b show the QP bandstructures of (EA),PbBr, and (NMA),PbBr, calculated using the
three different approaches (see SI for (BA),PbBr, and (PMA),PbBr,), and Fig. 1c presents a
numerical comparison of the QP bandgaps of all species. The IPSA-2C approach replicates the
QP bandstructure accurately for all structures, especially in the vicinity of the PbBr4-centered
valence and conduction band edges, validating the base assumption that screening effects can be
partitioned between organic and inorganic constituents. In contrast to the Cs substitution scheme,
the IPSA-2C method gives more accurate results in the large interlayer distance/aromatic cation

cases, which are relevant to chromophores of interest in many experiments. -



The Cs substitution method is relatively accurate for structures with smaller interlayer distances,
where screening from inorganic layers dominates and the energy levels of the small
hydrocarbons lie far from the bandedge. However, for the larger molecules, Cs"™*,PbBr, and
Cs"™A,PbBr,, the Cs substitution method fails to predict accurate QP energies because the
screening of the aromatic cations is neglected, as noted in our earlier work.'” It is also
noteworthy that bands associated with the highest occupied molecular orbitals (HOMOs) and
lowest unoccupied molecular orbitals (LUMOSs) of the aromatic molecules appear in both the full
and IPSA-2C calculations as flat bands lying 1-2 eV away from the band edge, while the Cs
substitution method only reproduces bands with the character of the inorganic lattice. These flat
bands have the largest relative QP energy errors for the IPSA-2C method, suggesting that

organic-inorganic hybridization shifts the molecular orbital energies up to ~100 meV.

Fig. 2 shows the GW-BSE optical absorption spectra for the perovskites with the smallest and
largest interlayer distance, (EA),PbBr, and (NMA),PbBr, Again, we see that IPSA-2C
reproduces the full calculation almost exactly, including the exciton binding energies, giving 242
meV compared to 251 meV in the direct calculation of (EA),PbBrs and 342 meV compared to
311 meV in the direct calculation of (NMA),PbBr.. Cs substitution, on the other hand, deviates
considerably from the full spectrum in oscillator strengths, exciton binding energies, and higher
energy spectral features. In particular, the overestimation of the exciton binding energy (434
meV for Cs* and 741 meV for Cs"™*) results in an unphysically enhanced oscillator strength.
Even in the short interlayer distance limit, significant features in the absorption spectra are only
captured when the organic molecules are considered explicitly. One unusual feature is the large
peak in the out-of-plane absorption of Cs**;PbBr, near 4.5 eV and Cs"™*,PbBr, near 5.5 eV,

characteristic of plasmon-like features typically found in the optical response of low-dimensional



systems along a confined direction.”® Thus, when the organic molecule is neglected, the
perovskite behaves more like a purely 2D material, leading to the appearance of unphysical

optoelectronic features.

To develop a picture of how the screening effects captured in the IPSA-2C method compare to
full and Cs*PbBr, calculations, we define an effective 2D dielectric function, €, D(q), describing
the screening seen by two point charges sitting in the center of the inorganic plane and separated
by a distance g in reciprocal space, following Ref. **. Fig. 3 shows the effective 2D dielectric

function for the small and large interlayer distance limits.

We note substantially different small-q behaviors for the (EA),PbBr4 2D dielectric functions. At
distances on the scale of the thickness of the PbBr, layer (gray dashed line in Fig. 3a), the Cs**
calculation underestimates the screening due to the absence of molecular screening. Conversely,
the IPSA-2C method tracks closely with the full calculation in the small q limit, but it is more
similar to the Cs** case in the large-q (or small distance) limit, when nearly all screening is
within a single inorganic layer and molecular screening is minimally important.

The differences become much more pronounced in the (NMA),PbBr, case due to more
significant screening by the large aromatic cations. In the small-q limit, €,, is enormously
different for the Cs"™* calculation vs. the IPSA-2C and full calculations because the molecular
screening becomes significant. In fact, the Cs"™"* dielectric function almost resembles that of a
2D material,’™ in which €,,(q) dips downwards for small q’s corresponding to screening lengths
larger than the thickness of the 2D material, and eventually drops to 1 in the long wavelength (or

strictly 2D) limit where q — 0. In the Cs™? case, as g — 0, €,,|q] has an oscillatory behavior—

swinging back up after dipping down. This increase in screening occurs at a screening length



comparable to the interlayer distance when the charges become screened by the neighboring lead
halide layers. On the other hand, the IPSA-2C ¢, b|q| tracks qualitatively with the full calculation
while slightly underestimating the total screening, suggesting that interfacial effects increase the
total system’s screening. The three methods again perform more similarly in the large-q limit,
with the full calculation capturing a minor increase in screening due to the interfacial bonding
compared to the more approximate treatments.

While the comparison between the Cs" model and IPSA-2C reveals the important role of the
molecular screening, this raises the question of whether the molecular screening can be captured
by some simpler model, such as the introduction of an effective molecular dielectric constant or
dielectric function. To explore this, we further compare ¢, D(q) from the fully non-local and ab
initio IPSA-2C calculation with one where local field effects are neglected and the molecular
screening is assumed to be homogeneous (yellow line in Fig. 3). The resulting effective 2D
screening is hugely overestimated in the NMA case because the true dielectric effects of the
NMA molecules are localized between inorganic layers, resulting in a highly inhomogeneous
screening environment that cannot be fully captured without local field effects.

We have shown that the IPSA-2C method successfully incorporates molecular contributions to
system screening. Here, the reduction in computational cost comes from the reduced number of
electrons in each calculation of the polarizability, circumventing the high power-law scaling of
GW-BSE. We can reduce the computational cost even further by applying the polarizability
separation approximation to the smallest possible subsystems—separately treating each molecule
in a perovskite unit cell. This is justified because the overlap between molecular orbitals on
separate molecules is very small (see Fig. S1 in the SI), and thus, cross terms in the sum-over-

bands in y° for bands centered on different molecules will be negligible.
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In the discussion thus far, the organic sublattice consists of four identical molecular cations of
different orientations, suggesting a further possible simplification. A series of real-space
rotations and translations applied to y° of one molecule is in principle sufficient to reproduce the
total molecular screening by all molecules in the unit cell. Since y° is stored in a plane-wave
basis with elements labeled by pairs (q+G,q+G’), we can make use of Fourier transform
properties for translations and rotations: a translation by r in real space corresponds to a phase
shift /66" in k-space, and a rotation in real space corresponds to an identical rotation in k-
space. In practice, one property of the two-point function x° requires special treatment; the
domain of y° |k , k') is restricted due to the periodicity of the crystal from all of k/k’-space to only
k/k’ pairs where k=q+G and k' =g+G . Starting from a discrete uniform g-grid, rotations of k
and k ’ by an arbitrary angle will not necessarily satisfy this condition. To avoid this, we rotate
the vectors G/G’ by the determined angle while leaving the q vectors fixed—this corresponds
approximately to rotating the images of the molecule in all unit cells in the crystal while leaving

unit cell boundaries fixed, a physically-motivated procedure.

We use this single-molecule IPSA-2C approach to obtain GW bandstructures for (PMA),PbBr,
and (NMA),PbBr,, the two most computationally demanding structures in the conventional
approach, and absorption spectra and €, »1q calculations of (NMA),PbBr,, as a proof of principle
(Fig. 4). We find that the single molecular cation method closely captures the results of the
IPSA-2C approach with all molecules together. As y° scales as N, X N, where N, is the number
of occupied and N. the number of unoccupied bands, our single cation calculation achieves
equivalent convergence to a calculation on four cations with % the number of valence states and
Y4 the number of conduction states in the limit of zero molecular hybridization, leading to a

theoretical maximum speedup of a factor of 16 in the sum over states. The actual computational
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speedup for the calculation of the full dielectric matrix changes from a factor of roughly 2x for
IPSA-2C with all cations to a factor of roughly 7x with a single cation (Fig. 4c). In the
(NMA),PbBr, case, the single cation calculation introduces an erroneous molecular energy band
at around -0.8 eV, but the band edge is very well-described, suggesting that while care must be
exercised, this picture is sufficient to capture low energy behaviors near the electronic and
optical bandedge. The absorption spectra of (NMA),PbBr, are qualitatively similar (Figs. 4d-e),
with the single molecule calculation giving an exciton binding energy of 315 meV compared to

311 meV in the direct calculation.

Finally, we show how the single molecule polarizability approximation changes the effective 2D
dielectric function in Fig. 4f. We note that the ¢, D( q) determined by the single-molecule and
four-molecule IPSA-2C approaches are nearly identical in the large-q limit, but deviate as q — 0
for screening lengths larger than the octahedral layer thickness by 4.9%. In return for this slight
increase in error, this technique opens a route for studying the impact of orientationally

disordered cations in halide perovskite systems.

We have developed a generalized technique, IPSA-2C, for accelerating ab initio MBPT
calculations on layered perovskites, which relies on separating the polarizability of the full
system into smaller polarizability building blocks defined to include a redistributed charge. We
show that IPSA-2C can reproduce both the QP bandstructures and absorption spectra of a
number of RP perovskites to high fidelity and that the minimal polarizability building block is a
single organic molecule, resulting in a seven-fold speed-up for calculations of a single unit cell
of an RP perovskite. We anticipate this method will generalize well to the wider class of
ionically-bonded hybrid systems and will generalize at negligible cost to large, low-symmetry

supercells of perovskites that are of great interest to the materials community but are otherwise
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intractable at the GW level. Furthermore, our calculations clearly reveal the importance of non-

local screening effects from the molecular cations, which cannot be trivially captured by a model

dielectric function.

FIGURES.
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Figure 1. G,W, QP bandstructures of (EA),PbBr, (a) and (NMA),PbBr, (b) in the direct
calculation (red solid line), in the IPSA-2C method (blue dotted line), and with Cs* cation
substitution (green dashed line). G,W, QP band gaps (c) for the four RP perovskite structures are
labeled by their cation and the distance between stacked inorganic layers. Results shown as
obtained from direct calculation (red), from the IPSA-2C approximation (blue), and with Cs#

cation substitution (green). Results from DFT @PBE shown in black.
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Figure 2. Comparison of G,W,-BSE optical absorption spectra of (EA),PbBr, and (NMA),PbBr,
from direct calculation (solid red), with the IPSA-2C method (dashed blue), and with Cs* cation
substitution (dashed green). Plots are shown for light polarized along the in-plane (a, b) and out-

of-plane (c, d) directions.
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Figure 3. Effective 2D dielectric function €,,(qbetween two point charges within a single
inorganic layer of (EA),PbBr,4 (a) and (NMA),PbBr, (b). Results shown for €, »|qlas obtained by
direct calculation (red), with the IPSA-2C method (blue), with Cs* cation substitution (green),
and within a partial IPSA-2C approach neglecting cation local fields, equivalent to treating the
cations as a uniform dielectric medium (yellow). The dotted vertical line in each of (a) and (b)
represents the inverse interlayer distance, and the dashed vertical line represents the inverse
height of the PbBr4 octahedra. In the inset in (b), a pictorial representation of the electric field

lines screened by €, »|q/is shown for large q (left) and small q (right).
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Figure 4. Comparison of results for the direct calculations (red), the IPSA-2C method with all
four molecules per cell treated explicitly (blue), and the IPSA-2C single-molecule method
(black), for GW quasiparticle bandstructures of (PMA),PbBr, (a) and (NMA),PbBr, (b), node
hours to calculate ¢! of (PMA),PbBr, and (NMA),PbBr, (see SI for benchmarking details) (c),
in-plane (d) and out-of-plane (e) GW-BSE absorption spectra of (NMA),PbBr;,, and &,5!q) of

(NMA),PbBr, (f).
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