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New concepts
Owing to strong quantum and dielectric confinement, two-dimensional (2D) Ruddlesden-Popper
perovskites (RPPs) offer a valuable playground for studying excitonic properties in particular
considering that the organic spacer cations can largely complicate the nature of band-edge carriers.
While exciton fine structure was recently assigned by theoretical atomistic simulations with ab-initio
many-body electronic structure approaches, the organic spacer cations were replaced by Cs species,
leading the effects of organic spacer cations on excitons in 2D RPPs to be excluded. In this study, the
density functional theory and a newly developed time-dependent density functional theory
approaches are adopted to investigate excitonic characteristics of 2D RPPs. Strikingly, the out-of-
plane quadrupolar characteristic of excitons is demonstrated in the inorganic sublattice which is
attributed to the hydrogen bonding between organic spacer cations and apical I ions of inorganic
octahedron. Besides, the correlation between the quadrupole of exciton and dipoles of organic
species is unveiled, providing for the first time a complete picture for the roles of organic spacer
cations on exciton states in 2D RPPs. The existence of the quadrupolar excitons in 2D RPPs provides
a new strategy to produce the quadrupolar excitons without the needs of the multilayered structures

like transition metal dichalcogenide heterotrilayers.
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Abstract
Two-dimensional (2D) Ruddlesden-Popper perovskites (RPPs), a kind of semiconductor materials
with strong quantum and dielectric confinement, offer a valuable platform for studying excitonic
properties. However, the effects of organic spacer cations on excitons in 2D RPPs have not been
elucidated to date, impeding the understanding for the nature of excitons and relevant physics behind
the excitons in 2D RPPs. Herein, the excitonic properties in 2D RPPs which consist of organic and
inorganic sublattices are assessed by adopting density functional theory and time-dependent density
functional theory approaches. Strikingly, the out-of-plane (OP) quadrupolar characteristic of excitons
is demonstrated in the inorganic sublattice — wherein the electron densities are confined in equatorial
Pb-I layers sandwiched by the top and bottom apical I layers in presence of partial hole densities. Given
that the oscillator strength of in-plane exciton is one order of magnitude larger than that of OP exciton,
the OP quadrupolar charge distribution is mainly contributed by the in-plane exciton. The origin of the
quadrupolar polarization of excitons is attributed to the hydrogen bonding between organic spacer
cations and apical I ions of inorganic octahedron, which are sensitively determined by the dipolar
nature of the organic spacer cations. Finally, the differences of the quadrupolar excitons between 2D

RPPs and transition metal dichalcogenide trilayer heterostructures are discussed in this work.
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1. Introduction

Hybrid organic-inorganic perovskites have garnered significant attention in recent years due to
their wild synthetic condition and unique optoelectronic properties.! The combination of factors makes
them as promising semiconducting materials for optoelectronic applications, including solar cells,?
light-emitting diodes, lasers* and photodetectors.®> Relative to three-dimensional counterparts, two-
dimensional (2D) hybrid perovskites represent a fascinating alternative thanks to their enhanced
moisture stability and larger degrees of structural freedom.® 2D Ruddlesden-Popper perovskites (RPPs)
possess atomically thin inorganic quantum well layers sandwiched between electronically inert organic
spacer cations which are linked to inorganic octahedra through hydrogen bonding between ammonium
groups and halogen anions.” Such 2D layered structures produce strong quantum and dielectric
confinement, leading their optical properties to be often driven by excitons — a quasi-particle composed
of a photogenerated electron and hole pair bound by Coulomb attraction.® Thereby, 2D RPPs offer a
valuable playground for studying excitonic properties in particular considering that the organic spacer
cations, which are absent in inorganic single-layer systems such as transition metal dichalcogenides
(TMDs) and their inorganic analogous, can largely complicate the nature of band-edge carriers.’ 1

In an exciton, spins of electron and hole can be either parallel or antiparallel. The optical transition
is spin-forbidden for the exciton with an antiparallel spin arrangement, which is termed a dark exciton
(Xp). By contrast, the electron-hole (e-h) recombination by emitting light is optically active for the
exciton with a parallel spin arrangement, which is referred to as a bright exciton (Xg). In 2D RPPs
with low lattice symmetry, enhanced exchange interactions between electron and hole carriers
completely lift degeneracy of Xp states.!! This gives rise to two bright excitonic states with the

transition dipole moment confining in the plane of inorganic flake and one bright excitonic state with

3
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the transition dipole polarization oriented along the out-of-plane direction of the inorganic sheet,!?
which is defined as in-plane (IP) and out-of-plane (OP) excitonic states, respectively. Considering that
the OP excitonic states are often missing in “classical” inorganic single-layer materials, such as TMDs
which sustain excitons with intrinsic IP electric dipole polarization,'3-!3 the presence of excitons with
OP electric dipole polarization in 2D RPPs, like the archetypal (PEA),Pbl, with PEA standing for
phenylethylammonium,!® is even more intriguing.!> 7> 18 This is because the OP excitons can
potentially enable 2D RPPs for the emerging applications in integrated photonic chips with the needs
of OP electric dipole orientation.'% ' Unfortunately, the physics behind the formation of the OP
excitons has yet been clarified to date.

Very recently, experimental studies reached a consensus for low-energy exciton states: (i) the
dark state is positioned below the bright states;** 2! (ii) the energy of OP excitonic state is higher than
those of IP excitonic states.'!> 122223 The excitonic-level assignment was subsequently corroborated
by theoretical atomistic simulations with ab-initio many-body electronic structure approaches,’* but
the organic space cations were substituted by Cs species, leading the effects of organic spacer cations
on excitons in 2D RPPs to be excluded. As a matter of fact, the choice of organic spacer cations was
demonstrated to impact dielectric environment, bandgap energy and distortion of inorganic octahedral
units.?>-28 More importantly, the single-particle energy levels of organic species, which are expected
to be deeply buried below the valence band edge (VBE) contributed by the inorganic framework when
organic and inorganic sublattices are isolated,?® are promoted to the VBE of 2D RPPs owing to the
interplays between inorganic networks and organic spacer layers.?% 3! Resultantly, the dark-bright
excitonic-level splitting and the nature of exciton states in 2D RPPs might be nontrivially affected by

the choice of organic spacer cations.3? 33
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Here, by means of density functional theory (DFT) and time-dependent density functional theory
(TDDFT) approaches, we address the effects of organic spacer cations on the exciton states by focusing
on (PEA),(MA),.1Pb,I5,+; RPPs (MA = CH3;NHj3;) with different n values. It is strikingly found that (i)
both IP and OP excitons display similar quadrupolar charge distribution in the inorganic sublattice —
wherein the electron densities are confined in equatorial Pb-I layers sandwiched by the top and bottom
apical I layers while partial hole densities are situated in the two apical I layers; (ii) due to the
quadrupolar characteristic, both IP and OP excitons have the OP electric dipole polarization when the
structural symmetry is broken due to the thermal fluctuation. Considering that the oscillator strength
of IP exciton is one order of magnitude larger than that of OP exciton, the OP electric dipole
polarization in 2D RPPs is predominantly contributed by the IP excitons. When projecting these
exciton states onto the single-particle energy levels, the OP quadrupolar characteristic of excitons is
unambiguously ascribed to the interplays between organic spacer cations and apical I ions at the
outermost of inorganic sublattices. Besides, the correlation between the quadrupole of exciton and
dipoles of organic species is unveiled. This study provides for the first time a complete picture for the

roles of organic spacer cations on the exciton states in 2D RPPs.

2. Computational details

In this study, two crystalline phases of (PEA),(MA),.Pb,l5,+; RPPs are chosen with their
structures shown in the following section. Specifically, one phase exhibits the primitive cell with the
incorporation of a quantum well layer** and the other phase holds two inorganic layers in the primitive
cell with Pb species in a sheet centered on the inorganic cavities of the neighboring sheet.? 3¢ For

convenience below, the former phase and the latter phase is defined as (PEA),(MA),.1Pb,l3,+1-(1) and
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(PEA),(MA),.1Pb,l3,41-(2), respectively.

According to the experimentally resolved lattice parameters, the ground-state geometries are
optimized by using the DFT method, which could be implemented with the Vienna ab initio simulation
package.’” The projected-augmented wave pseudopotential and Perdew—Burke—Ernzerhof functional
is employed to treat electron-nucleus interactions and exchange-correlation effect, respectively.’®: 3
For Pb, I, C, N, and H species, the number of considered valence electrons is 4, 7, 4, 5, and 1,
respectively. The electron wavefunctions are described by using the plane-wave basis set with the
cutoff energy of 400 eV. The convergence criterion of Hellman—Feynman forces and total energy is
set as 102 eV/A and 105 eV, respectively. The Brillouin zone is sampled by adopting a 5¢5¢ 1
Monkhorst-Pack k-point mesh. Moreover, the semiempirical DFT-D2 method is adopted to deal with
the van der Waals interactions in the 2D RPPs.* The high-frequency dielectric constant is evaluated
with the aid of the approach by Gajdos et al *' and the DOS is calculated by adopting HSE06 (0=0.43)
functional with SOC corrections. Subsequently, the supercells are generated by considering a 2 x 2 x
1 periodicity for each crystalline phase. Owing to the large size of the supercells, the geometric
relaxation is performed by sampling the Brillouin zone at I' point. Then the ab initio molecular
dynamics simulation is carried out by increasing the temperature to 300 K with repeated velocity
scaling. Subsequently, the ab initio molecular dynamics run with a time-step of 1 fs at 300 K is
performed by keeping the canonical ensemble with the Nosé-Hoover thermostat. The geometric
structures after 2 ps (Figure S1) are selected to investigate excitonic states. Notably, excitonic
characteristics including excitonic levels, oscillator strengths and photoexcited e-h densities are
assessed by applying a newly developed TDDFT approach which is in the framework of linear

response theory.*? This TDDFT scheme is implemented in conjunction with an optimally tuned,
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screened and range-separated hybrid (OT-SRSH) functional,*3-* which can also treat the SOC effect

when formulating with spinor wavefunction.*® More details for the TDDFT formalism included in an

in-house code are provided in the Supplementary Information.

3. Results and discussion
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Figure 1. Excitonic properties of (PEA),Pbl4-(1) phase in DFT-relaxed ground-state geometries. (a)

Structure of (PEA),Pbl,-(1) phase with the denotion of I species at apical and equatorial positions. (b)
Exciton oscillator strength (f) with orange bars representing excitonic energy levels of dark state (Xp)
and bright states (Xp; and Xp, for IP exciton states as well as Xg; for OP exciton state). (c-f) The

oscillator strength of Xp, Xg1, Xp; and Xpj3 exciton states as a function of transition dipole polarization

direction, respectively.

We start our discussion by analyzing exciton fine structure according to the relaxed ground-state
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geometries of the (PEA),Pbl;-(1) phase (Figure la). Based on the excitonic energy levels and
associated oscillator strengths (Figure 1b), it is found that (i) the Xp, state (Figure 1c) locates ~22 meV
below the IP Xp states, which is comparable to the values reported by experiments at cryogenic
temperature;?> 47-48 (ii) The energy splitting is ~2 meV between the two IP Xy states with their dipole
polarizations to be orthogonally oriented (Figures 1d and le), fully in line with the experimental
results;!'>4%-30 (iii) Compared to IP excitonic states, the OP bright excitonic state exhibits much weaker

oscillator strength (Figure 1f), which matches the weak signals of OP excitonic states in experiments.'®:
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Figure 2. Exciton distributions in (PEA),Pbl4-(1) phase. (a) Exciton distributions for one of the studied
exciton states in DFT-relaxed 3D lattice. (b) Light-triggered electron and hole densities (shaded
regions) as well as the corresponding exciton densities along the OP direction (dotted line) according
to the geometries in (a). (c) Exciton distributions for one of the studied exciton states in 3D lattice at
one snapshot during dynamical simulation at 300 K. (d) Photoexcited electron and hole densities
(shaded regions) as well as the corresponding exciton densities with quadrupolar characteristic along
the OP direction (dotted line) according to the geometries in (c). The positive (negative) values in

horizontal coordinate of (b) and (d) denote electron (hole) densities in (a) and (c) with the iso-surface
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value being 1.0x10-3 e/A3.

Charge densities of these exciton states are then scrutinized. Very surprisingly, all the studied
exciton states exhibit similar charge distributions (Figure S2), one of which is shown in Figure 2a.
When decomposing the exciton into hole and electron (Figure 2b), it is found that both hole and
electron densities are symmetrically located with respect to the Pb-I layers with most of electron and
hole densities being confined in the inorganic sheet. When the temperature effect is taken into account,
the symmetric charge distributions with respect to the Pb-I layers turn to be asymmetric due to the
breaking of the structural symmetry (Figure 2c), leading a fraction of hole to reside asymmetrically on
the top and bottom apical I layers sandwiching the Pb-I layers (Figure 2d). In other word, an
asymmetric quadrupolar characteristic of exciton along the OP direction is formed in the inorganic
sublattice, resulting in the OP electric dipole polarization. Similar to the case in relaxed ground-state
structure (Figure 1), the oscillator strengths of IP excitonic states are one order of magnitude larger
than that of OP excitonic state (Figure S3) for the geometries at the selected snapshot. This means that
the OP electric dipole polarization should predominantly stem from the IP excitons when all the bright
exciton states are optically accessible. This is in sharp contrast to the postulation in literature that the
OP electric dipole polarization only originates from the OP excitons.!? 18

The transition amplitude analysis from occupied single-particle orbitals to unoccupied single-
particle orbitals is critical towards correlating the exciton states with the single-particle DOS.
According to the transition amplitudes (Figure S2), the optical excitation of studied exciton states
mainly results from electron transition from VBE and VBE — 1 levels to conduction band edge (CBE)

and CBE + 1 levels. Note that it is energetically degenerate for VBE and VBE — 1 levels as well as for

9
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CBM and CBM + 1 levels, the optical excitation is overwhelmingly determined by the single-particle
orbitals at band edges. Since the OT-SRSH functionals adopted in this work do not impact the relative
magnitude of the DOS from different compositions of (PEA),Pbl,-(1) material (Figure S4), the partial
DOS calculated at HSE06+SOC level of theory is shown in Figure 3. In line with other theoretical
calculations,*? the CBE is largely composed of Pb species and the VBE is predominantly made up of
Pb and I species (Figure 3a). Herein, it is worth stressing that (i) the CBE is dominantly contributed
by the py and py orbitals of Pb species (Figures 3b and S5) which confine the electron to the in-plane
of inorganic sheet; (i1) In addition to the s orbitals of Pb species, the VBE is also contributed by the py
and py orbitals of I species at equatorial site (Figures 3¢ and S6) and the p, orbitals of I species at apical
position (Figures 3d and S6), thereby driving the hole to be confined on Pb ions as well as I ions at
both equatorial and apical sites. Thus, the hole densities distribute on all the three layers (namely one
Pb-I layer sandwiched by two sheets consisting of the I ions at the apical site) of the inorganic flake,
which causes the OP quadrupolar characteristic of excitons. It is concluded that the existence of OP
quadrupole in 2D RPPs is due to the fact that the VBE originates from both the equatorial and apical I
species with their IP (py and py) and OP (p,) orbitals, respectively. Such conclusion is demonstrated to
be little affected by the sizes of the adopted models even if the Brillouin zone is sampled with different

k-point meshes (Figure S7).

10
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Figure 3. DOS of (PEA),Pbl;-(1) phase calculated at HSE06+SOC level of theory. (a) DOS for Pb
ions, equatorial I ions (I-IP), apical I ions (I-OP) and PEA cations. (b) Partial DOS resulting from s,
Px Py and p, orbitals of Pb species. (c¢) Partial DOS for py, py and p, orbitals of I species at the equatorial

site. (d) Partial DOS for py, py and p, orbitals of apical I species.

Next, we examine the dependence of OP quadrupole on the thickness of inorganic sublattice. It
is found that the OP exciton gets weakened with the increase of n values (Figures 2b, S8b and S8h).
This is rationalized by analyzing the DOS of equatorial and apical I species for (PEA),(MA)Pb,I;-(1)
and (PEA),(MA),Pbsl;o-(1) which are shown in Figure S8. By comparing the VBEs of the
(PEA);(MA),.1Pb,l3,+1-(1) as a function of n (n = 1, 2 and 3), it is noticed that the DOS of the apical I
ions locating at the outermost of inorganic sublattice diminishes monotonically with »n values (Figure

4a). Here, we use 1 to quantify the strength of OP quadrupole, which is defined as the ratio of OP
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exciton charge densities over the total exciton charge densities. It is found that n) reduces with » values
(Figure 4a). These results suggest that the OP quadrupole is positively correlated with the DOS of the
apical I species at the outermost of inorganic sublattice. Given the fact that excitons are embedded in
a background consisting of 2D inorganic layers with a relatively high dielectric surrounded by organic
layers with a lower dielectric,> the trends with n values in Figure 4a are plausibly associated to the
change of dielectric screening with n values (Figure 4b). Specifically, the dielectric screening is

weakened particularly along OP direction as the inorganic layer thickness reduces (Figure 4b).
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Figure 4. Electronic and excitonic properties as a function of dielectric screening in (PEA),(MA),.
1Pbulsn1-(1) (n = 1, 2 and 3) RPPs. (a) DOS at VBE for apical I ions at the outermost of inorganic

sublattice and 1. (b) High-frequency dielectric constant (&) along IP (x and y) and OP (z) directions.

Considering the interplays between inorganic and organic sublattices,’% 3* 33 it is reasonably
proposed that the decrease of the p, orbitals at VBEs with n values (Figure 4a) is due to the weakening
of the electronic interactions at the organic/inorganic interfaces of (PEA),(MA),.Pb,l5,+; RPPs. To

corroborate this hypothesis, the adopted (PEA),Pbl4-(1) structure (Figure 1a) is stretched along the OP

12
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direction by moving the organic layers 1 A away from the inorganic framework (Figure 5a), which has

been demonstrated to effectively reduce the interactions between inorganic and organic sublattices.?!

Indeed, the DOS at VBE for the apical I ions in the stretched (PEA),Pbl4-(1) (Figure 5b) decrease 19.0%

with respect to the unstretched case (Figure 3a), resulting in the ratio of OP exciton densities to

decrease 19.7% (Figure 5c) although the oscillator strengths of each of the bright exciton states are

slightly changed (Figure S9). Thereby, it can be concluded that the interactions between inorganic and

organic sublattices trigger the p, orbital of apical I ions in (PEA),Pbl4-(1) to be involved into the VBE.

Interestingly, the electron-vibration interactions were found to be dominated by the movement of the

iodine ions at the apical site,>® which might be related to the electronic coupling at the

organic/inorganic interfaces. The increased thickness of inorganic framework results in larger

dielectric screening and thus reduced organic/inorganic electronic interactions, leading to the decrease

of OP quadrupole.
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Figure 5. Electronic and excitonic properties for the stretched (PEA),Pbl4-(1) structure. (a) Schematics

for stretching the (PEA),Pbl4-(1) structure. (b) Partial DOS for Pb species, equatorial I species, apical

I species and organic spacer species. (c) Photogenerated electron and hole densities (shaded regions)
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as well as exciton densities along the OP direction (dotted line) for any one of the studied exciton

states.
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Figure 6. The change of lattice parameters of (PEA),Pbl;-(2) phase for the influence of electronic and
excitonic properties. (a) Structure of (PEA),Pbl4-(2) phase. (b) Lattice expansion along ¢ axis for the
experimentally reported primitive cells with temperature. The change of the region 1-3 defined in (a)
and the calculated dipole moments of PEA cations are also presented. (c) DOS(I-OP)/DOS(]) (ratios
of DOS of apical I species over DOS of all the I species at VBE) and n as a function of the
experimentally reported lattices at different temperatures. (d) Effective e-h distance along the OP
direction as a function of the experimentally reported lattices at different temperatures. (e) Ratios of

oscillator strengths of OP and IP bright states over all the bright exciton states.

Lastly, we find that the oscillator strength of IP/OP bright excitons and the quadrupolar

polarization sensitively depend on the temperature. Experiments show that the lattice parameters of

14
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the (PEA),Pbl4-(2) phase (Figure 6a) increase considerably along the ¢ axis with respect to the
negligible lattice expansion in a-b plane with temperature (Figures S10 and 6b).3¢ Interestingly, the
contribution of apical I species for the VBE, which is quantified by calculating the ratios of DOS of
apical I species over DOS of all the I species, increases monotonically with lattice expansion (Figure
6¢). Besides, the contribution of apical I ions for the VBE is always positively related to the strength
of OP quadrupole (Figure 6¢). Following the definition of electron (or hole) position d =

(Zl- zZp; (z))/ (Z i pi(z)) with p(z) representing the electron (or hole) densities at a specific coordinate
z along the OP direction, the effective distance between the electron in the Pb-I layer and the hole in
the top (or bottom) apical I layer is found to increase monotonically with the lattice expansion (Figure
6d). To understand these variations in Figures 6¢ and 6d, we decompose the primitive cell along ¢ axis
into three regions (Figure 6a). It is found that the region 2, which represents the length of PEA cations
along c axis, exhibits the most prominent expansion along c axis for the lattices at various temperatures
(Figure 6b). Resultantly, the dipole moment of PEA cations increases with the expansion of region 2
(Figure 6b). Since the contributions of apical I species for the DOS at VBE have been ascribed to the
organic/inorganic electronic interactions, it is anticipated that such interactions at organic/inorganic
interfaces are proportionally relied on the dipole moment of PEA cations. Such anticipation is further
supported by the ground-state energy differences between the unstretched and stretched structures
which increase monotonically with lattice expansion along c¢ axis (Figure S11). This is because the
organic/inorganic interactions, if stronger, are expected to decay increasingly faster with interfacial
distance, given that organic spacer cations interplay with inorganic octahedra through hydrogen
bonding.” Correspondingly, the DOS of apical I species at VBE decreases increasingly with lattice

expansion along the ¢ axis (Figure S11). This implies that the incorporation of fluorine species into

15
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the organic spacers which could increase the dipoles of organic species could be feasible to manipulate
the OP exciton fraction.’” Besides, it is worth noting that the oscillator strengths of the IP (OP) bright
states are inversely (positively) proportional to the organic/inorganic interactions in (PEA),Pbly
material (Figure 6e). These provides an unprecedented opportunity to modulate the magnitude of IP
and OP transition dipole polarization by changing the structures of organic spacers.

Recently, the quadrupolar excitons have been experimentally observed in TMD heterotrilayers.®-
60 Herein, it is worth stressing that the mechanism of the formation of the quadrupolar excitons in TMD
heterotrilayers is different from the case in 2D RPPs. In TMD heterotrilayers, the emergence of the
quadrupolar excitons is a consequence of the assembled monolayers by the van der Waal force.
According to the chemical compositions of the TMD monolayers, the electron (hole) can manageably
reside in the middle (top and bottom) sheet of TMD heterotrilayers and vice versa. By contrast, despite
the 2D RPPs have a trilayer heterostructure with the inorganic layer sandwiched by the top and bottom
organic spacer layers (Figure 1a), the quadrupolar excitons are confined within the inorganic layer
displaying the partial hole occupation on the apical I layers which sandwich the inorganic Pb-I layer
with the electron occupation. In addition, the formation of the quadrupolar excitons in 2D RPPs is
triggered by the hydrogen bonding between the inorganic framework and the organic spacer layers,
which is affected by the electrostatic interaction between the dipoles of the organic spacer cations and
I p, orbitals. The existence of the quadrupolar excitons in 2D RPPs provides a new strategy to produce
the quadrupolar excitons without the needs of the multilayered structures like the TMD heterotrilayers.

More interestingly, the quadrupolar excitons can be tuned by the thickness of inorganic flake.

4. Conclusions

16
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In conclusion, this work combines DFT and TDDFT approaches to provide theoretical insights
for the effects of organic spacer cations on excitonic properties of the (PEA),(MA),_1Pb,l3,+; materials.
Compared to the recent assignment of the exciton fine structure reported by experiments and
theoretical calculations, the organic species are found to have marginal influence for the exciton fine
structure. Nevertheless, it is surprisingly found that the IP exciton states predominantly contribute OP
quadrupolar characteristic which consistently displays electron densities residing in the Pb-I layers
sandwiched by the top and bottom apical I layers with the location of partial hole densities. The reason
is unambiguously attributed to the interplays between organic spacer cations and I ions at the apical
site of inorganic octahedron, which is a consequence of weak electrostatic screening along the OP
direction. Besides, the dipole moments of the organic species are found to sensitively determine the
electronic interactions between inorganic and organic sublattices, which in turn affect the strength of
OP quadrupole. Our demonstration identifies the effects of organic spacer cations on the excitons,
paving the way towards rational design of 2D RPPs with tailored properties of OP quadrupolar excitons

and beyond.
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