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whether moiré excitons and flat bands can be formed in such heterostructures. Here, we predict from
first principles that twisted homobilayers of RP perovskite, MA,Pbl,, can host moiré excitons and yield
flat energy bands. The moiré excitons exhibit unique and hybridized characteristics with electrons
confined in a single layer of a striped distribution while holes localized in both layers. Nearly flat valence
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Introduction

Moiré superlattices have emerged as a fascinating platform to
pursue fundamental science and novel applications in two-
dimensional (2D) van der Waals (vdW) materials."® The
energy bands in the moiré superlattices can be folded into mini-
Brillouin zones and nearly “flat” energy bands may be
formed,”® which enhances the role of electron-electron corre-
lations and gives rise to exotic physical phenomena, such as
unconventional superconductivity,"'®* novel Mott and Wigner
crystals,»" fractal quantum Hall effect,”* etc. In particular,
moiré excitons have been observed in vdW heterostructures of
stacked 2D layers of transition metal dichalcogenides
(TMDs).**® These long-lived, localized and valley-polarized
moiré excitons are envisioned as single-photon emitters in
quantum information and optoelectronic devices'?® and as
a means to realizing Bose-Einstein condensation.*

Moireé superlattices can emerge in vdW heterostructures with
a small angular or lattice mismatch, and controlling the twist
angle (#) of 2D layers could lead to enhancement of electron
interactions and localization of excitonic states.”**>* For
example, recent theoretical and experiment studies have re-
ported the formation of flat energy bands**® and localized
moiré excitons'*>'” in TMD bilayers with small twist angles. An
important but unanswered question is whether moiré excitons
and flat bands can also be formed in heterostructures of 2D
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semiconductors other than TMDs. If yes, can they be formed
with a larger twist angle and a broader tunability? Do these
moiré excitons exhibit distinct characteristics? Answering these
questions would certainly expand and advance the research
frontiers in this burgeoning field and more importantly could
open doors to unprecedented applications.

Here, we predict that vdW heterostructures of 2D Ruddlesden-
Popper (RP) halide perovskites could host moiré excitons with flat
energy bands. The RP halide perovskites have a general chemical
formula of (LA),A,_1Pb,X3,:1, Wwhere LA is a long-chain alky-
lammonium cation, A is a small cation, such as methyl-
ammonium (MA), X is a halide anion and 7 is an integer. Like
TMDs, the RP perovskites possess large exciton binding energies
in the range of 0.1-0.5 eV,”** depending on n value and the
dielectric environment (e.g., LA cations). Compared to TMDs, the
RP perovskites exhibit a unique and broader tunability in their
molecular structures and chemical compositions. As a result, the
RP perovskites have shown tremendous potentials in diverse
optoelectronic applications, such as photovoltaics,* light-
emitting diodes,* lasers,® photodetectors,*® etc. Recently,
a breakthrough was made in deterministic fabrication of arbitrary
vertical heterostructures of 2D RP perovskites,*” which promises
an access to an expanding library of 2D perovskite building blocks
and enables unprecedented control of their heterostructures.
Furthermore, impressive progress has been made to fold vdW
materials at a defined position and direction using microfluidic
forces;*® this technique could potentially be used to form 2D
perovskite bilayers with precise twist angles. However, despite the
synthetical triumphs, it is not clear whether moiré excitons and
flat bands can be formed in 2D RP perovskite heterostructures to
enable the envisioned quantum and optoelectronic applications.
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In this work, we aim to fill this knowledge gap and explore
optoelectronic properties of 2D perovskite heterostructures
from first principles. More specifically, both non-twisted (6 =
0°) and twisted (6 = 8.1° and § = 11.3°) homobilayers of 2D RP
perovskite (MA,Pbl,) are examined. MA,Pbl, is one of the
simplest 2D RP perovskites with superior stability thanks to
hydrogen (H) bonds at its surface.**** Based on first-principles
calculations, we predict that localized moiré excitons can be
formed in twisted MA,Pbl, homobilayers. Computational
methods and details are included in the ESL{ These moiré
excitons exhibit unique characteristics with localized holes in
both layers and a quasi-one-dimensional (1D) distribution of
electrons in a single layer. Nearly flat valence bands can be
formed at larger twist angles as compared to TMD bilayers, with
the top valence bandwidth approaching zero for the bilayer of 6
= 8.1°. The relative ease in the flat band formation is attributed
to the interlayer H bonds, which enhance the interlayer
coupling and deepen the moiré potential. External pressures
can further increase the interlayer coupling and yield more
localized moiré excitons and flatter valence bands. Lastly, we
predict that electrostatic gating can tune the degree of hybrid-
ization, energy, position and localization of the moiré excitons
in the twisted bilayers.

Results and discussion

We first examine non-twisted MA,Pbl, homobilayers (6§ = 0°),
setting the stage for ensuing discussions. Although there is no
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relative twist between the monolayers, diverse stacking config-
urations can nonetheless appear in the homobilayers.*>*> Here,
we consider four representative stacking configurations (termed
as A, B, C, and D), whose atomic structures are displayed in
Fig. 1; these configurations could also exist as local motifs in
twisted MA,PbI, bilayers. We have calculated the binding
energies of the four homobilayers and found them to be ener-
getically stable (Table S1 in the ESI{). Among the four config-
urations, A is energetically most stable while B is least stable. A
unique feature of the 2D RP perovskite MA,Pbl, is the presence
of interlayer H bonds. These H bonds can be characterized by
their bond lengths, i.e., the shortest distances between H in NH;
group of the interfacial MA cation and I ions in the top or
bottom layer, shown schematically in Fig. 2a. As summarized in
Table S1,T the most stable configuration A has the shortest H
bond lengths whereas the least stable configuration B has the
longest H bond lengths. The combination of vdW interaction
and H bonds is expected to strengthen the interlayer coupling in
the RP perovskite heterostructures, compared to TMD bilayers
which do not have such H bonds.

The charge density of the lowest energy exciton in the non-
twisted MA,Pbl, bilayers is displayed in Fig. 1e-h. The exciton
is delocalized in the 2D layer, irrespective of the stacking
configurations; similar observations are also found for higher
energy excitons. Thus, there is no apparent moiré potential in
the non-twisted MA,Pbl, bilayers. The exciton in the A stacking
exhibits a strong intralayer characteristic, with both its electron
and hole (and the dipole moment) confined in the top layer. The
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(a—d) The unit cells of the four stacking configurations (not all atoms are displayed for visual clarity). (e—h) The charge density of the lowest

energy exciton for the stacking configuration A, B, C, D, respectively, ina 4 x 4 x 1 supercell. The hole and electron densities (iso-surface value
set at 0.0001 e A~3) are shown in cyan and yellow color, respectively. (i) The band alignment of A, B, C, and D stacking configurations with VBM

set to zero.
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Fig. 2 (a) Schematic diagram showing interfacial ions and their
shortest distances (d, dtn and dgn). dry (dgn) represents the distance
between | and H (in NH3z group) at the top (bottom) layer. (b) Definition
of the interlayer displacement vector (S) in the primitive unit cell of the
non-twisted MA,Pbl, bilayer. (c) The band gap variation (AEg) as
a function of the interlayer displacement vector S (S, and S, are the
projections of Sin a and b axis). The approximate locations of the four
stacking configurations are also indicated.

exciton in the D stacking, on the other hand, shows an inter-
layer characteristic, with its electron and hole separated in the
different layers and presence of a large vertical dipole moment
(Table S1t). The stacking B and C yet yield hybridized excitons
with both intralayer and interlayer characteristics. The exis-
tence of diverse exciton species in the same homobilayers has
also been observed in TMDs.**** As shown in Fig. 1i, the
formation of the intralayer exciton in the stacking A arises from
its type-I band alignment, whereas the formation of the inter-
layer exciton in the stacking D results from its type-II band
alignment. The small band offsets in the stacking B and C, on
the other hand, yield the hybridized excitons. Hence, the exci-
tonic properties of perovskite heterostructures can be tuned by
the interlayer translations and rotations, and particularly in
twisted bilayers where a variety of local stacking configurations
can co-exist. The exciton binding energy is estimated as 0.20,
0.20, 0.20 and 0.16 eV for the A, B, C, and D stacking configu-
ration, respectively, which is close to the value (0.17 eV) reported
in bulk MA,PbI,.**

Moiré potentials play a crucial role in the formation of flat
energy bands and localization of moiré excitons in vdwW

© 2021 The Author(s). Published by the Royal Society of Chemistry
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heterostructures. We subsequently estimate the moiré potential
in MA,Pbl, bilayers by the spatial variation of the bandgap as
a function of relative displacements of the two layers.">* As
displayed in Fig. 2b, the relative displacement between the two
layers is represented by a vector S defined in the primitive unit
cell of the non-twisted MA,Pbl, bilayer. As S spans across the
entire unit cell, all possible stacking configurations may be
obtained. Fig. 2c shows the bandgap variation, AE,(S) = E(S) —
(Eg), as a function of the displacement S. E, is the energy
difference between the conduction band minimum (CBM) and
the valence band maximum (VBM) of the non-twisted MA,PbI,
bilayer and (E,) is the average value of E,. The moiré potential
well (—136 meV) is found at the center of the unit cell, corre-
sponding to the stacking D, while the moiré potential crest (97
meV) is close to the stacking A. The amplitude of the moiré
potential (233 meV) in MA,Pbl, bilayers is slightly smaller than
that in Mo0S,/WS, bilayers.** However, the extrema of the moiré
potential in MA,Pbl, bilayers are not as clearly defined as those
in MoS,/WS, bilayers, probably due to “lattice softness” of the
RP perovskites. In particular, the organic cations (MA) in
MA,PbI, present as additional degrees of freedom and their
rotations could modulate the moiré potential significantly.

In the following, we focus on two twisted MA,Pbl, homo-
bilayers with twist angle § = 11.3° and 6 = 8.1°, whose molec-
ular structures are shown in Fig. S1.f The supercell of the
periodic moiré superlattice contains 1050 and 2058 atoms for ¢
= 11.3° and 8.1°, respectively (Fig. 3a and b). The single-particle
band structures for both twisted bilayers are displayed in Fig. 3¢
and d. For both twisted bilayers, the valence bands are narrower
than the conduction bands, and the bandwidths in § = 8.1° are
smaller than the corresponding ones in § = 11.3°; these general
trends are the same as in twisted TMD bilayers.'”” Nearly flat
valence bands are formed in both moiré superlattices, with
a vanishing VBM bandwidth (~0 meV) in § = 8.1° twisted
bilayer. The VBM bandwidth in ¢ = 11.3° bilayer is slightly
larger (9-11 meV in Table S21). Compared to MoS,/WS, bilayers
(6 < 3.48°)," the formation of flat VBM bands in MA,Pbl, bila-
yers occurs at a much larger twist angle (§ = 8.1°). As a refer-
ence, the VBM bandwidth in non-twisted MA,Pbl, bilayer (A
stacking) is 321 meV (Fig. 3g).

We next analyze the compositions of CBM and VBM. The
projected density of states in Fig. S21 indicates that CBM
consists primarily of Pb 6p orbitals while VBM of I 5p orbitals.
Furthermore, we find that CBM mainly originates from the
bottom layer (Fig. 3e and f) while VBM shares contributions
from both layers (Fig. 3c and d). Thus, I ions in both layers are
responsible for the formation of the flat VBM band while Pb
ions in the bottom layer contribute to more dispersive CBM. In
other words, the interlayer I-I coupling, via both vdW interac-
tion and H bonds, leads to the formation of the flat valence
bands. In contrast, since CBM arises from the bottom layer, it
exhibits a larger bandwidth due to the lack of interlayer Pb-Pb
coupling.

The charge densities of the lowest energy exciton in both
twisted MA,Pbl, bilayers are shown in Fig. 3a and b. It is found
that the exciton becomes localized, in stark contrast to the non-
twisted bilayers. Specifically, the hole is localized at the corner
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Fig. 3 The charge density of the lowest energy exciton in twisted MA,Pbl, bilayer with § = 11.3° (a) and 6 = 8.1° (b). The hole and electron
densities (iso-surface value set at 0.0001 e A~3) are shown in cyan and yellow color, respectively. The single-particle band structure of twisted
MA,Pbly bilayer with § = 11.3° (c) and § = 8.1° (d) with the Fermi level set to zero. The relative contribution from the top layer is indicated by the
size of pink dots in each band (the absence of the dots suggests no contribution from the top layer). The high-symmetry points in the Brillouin
zone are labeled by T" (0, 0, 0), X (0.5, 0, 0), Y (0, 0.5, 0), and R (0.5, 0.5, 0). (e and f) A blown-up view of the dashed box in (c) and (d). (g) The single-

particle band structure of the non-twisted bilayer in the A stacking.

of the moiré supercell whereas the electron exhibits a striped
distribution along b axis. The localized hole is shared by both
layers while the electron is confined in the bottom layer; these
features are consistent with the fact that VBM has contributions
from both layers while CBM is primarily from the bottom layer.
Hence, the lowest moiré excitons in the perovskite bilayers are
of hybridized nature with a combination of intra- and inter-layer

6076 | Chem. Sci, 2021, 12, 6073-6080

characteristics. Inspection of Fig. 3b reveals that the hole
resides at the locations where the interlayer separation,
measured by I-I distance, is quite small (Fig. S31). This obser-
vation affirms the conclusion that the interlayer I-I interaction
is responsible for the formation of flat VBM bands and the
localization of the hole. The striped electron distribution can be
rationalized from the band structure in Fig. 3c and d where the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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lowest conduction band is found to be nearly flat from I" to X
along a axis. Thus, the electron is localized in a direction with
a striped distribution along b axis. Similar flat bands and charge
density stripes were also observed in twisted germanium sele-
nide bilayers.** However, no moiré exciton was reported in the
previous work. Lastly, we note that both the electron and hole
are more localized in § = 8.1° than in § = 11.3° twisted bilayer,
in line with the narrower bands in the former.

Previous first-principles study® and experiments'*'” have
reported the formation of localized moiré excitons in twisted
TMD bilayers, such as MoS,/WS,. The interlayer Pb-Pb distance
in MA,Pbl, bilayers is 9.1-10.4 A, which is much larger than the
interlayer Mo-W distance (6.1-6.7 A) in MoS,/WS, bilayers.
Thus, the interlayer Pb-Pb coupling in MA,Pbl, bilayer is ex-
pected to be weaker than the interlayer Mo-W coupling in
MoS,/WS, bilayer. As a result, the electron distribution is less
localized in MA,PbI, bilayers than in MoS,/WS, bilayers.”* On
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the other hand, the shortest interlayer I-I distance in MA,Pbl,
bilayer is ~2.7 A, which is less than the shortest interlayer S-S
distance (3.1 A) in MoS,/WS, bilayer, thanks to the formation of
I-H hydrogen bonds. The stronger interlayer I-I coupling yields
more localized hole density in twisted MA,Pbl, bilayers as
compared to the twisted MoS,/WS, bilayers.”* Furthermore, in
contrast to TMDs, MA,Pbl, contains organic cations (MA) which
can rotate freely*”~* and can thus modulate the moiré potential
and moiré excitons. To illustrate this effect, we re-calculate the
band structure and the exciton charge density of the twisted
MA,Pbl, bilayer (¢ = 11.3°) with a different orientation of MA
cations (Fig. S41). In this case, the MA cations in the top and
bottom layers are perpendicular to each other, in contrast with
the previous case (Fig. 3a) where the MA cations are parallel to
each other (the previous case is energetically more stable). As
shown in Fig. S4,1 both the bandwidths and the exciton charge
density change considerably as a result of the MA rotation. We
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Fig. 4 The charge density of the lowest energy exciton in the twisted MA,Pbl, bilayer with § = 11.3° (a) and 6 = 8.1° (b) under the pressure. The
charge densities of the hole and electron (iso-surface value set at 0.0001 e A=) are displayed in cyan and yellow color, respectively. The single-
particle band structure of the twisted MA,Pbl, bilayer with # = 11.3° (c) and 6 = 8.1° (d) under the pressure. The Fermi level is set to zero.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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thus demonstrated that the rotation of MA cations can indeed
provide additional means in tuning moiré excitons.

Since the interlayer distance plays a crucial role on the
formation of the flat bands and localization of moiré excitons in
twisted MA,Pbl, bilayers, one would expect that external pres-
sures could be effective in tuning the optoelectronic properties
of twisted perovskite bilayers. To examine the pressure effect,
we reduce the interlayer distances in the twisted MA,Pbl, bila-
yers by 0.3 A while keeping their in-plane lattice parameters the
same. The charge density of the lowest energy exciton as well as
the single-particle band structure in the presence of the pres-
sure are shown in Fig. 4. For § = 11.3°, the VBM bandwidth is
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reduced from 9 meV in the absence of the pressure to 0 meV in
the presence of the pressure and concomitantly, the hole
becomes more localized (Fig. 4a). There is negligible change on
the VBM bandwidth in § = 8.1° bilayer because its bandwidth
was already ~0 meV in the absence of pressure. Furthermore,
additional flat valence bands are formed in both bilayers under
the pressure. The electron density, on the other hand, is only
slightly affected by the pressure owing to the much larger
interlayer Pb-Pb distances. We also examine the effects of the
pressure on the non-twisted MA,Pbl, bilayer (in the stacking A).
As shown in Fig. S5,f the lowest energy exciton remains delo-
calized at the top layer, as in the pressure-free case. The
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Fig. 5
bilayer with § = 11.3° (left) and 6 = 8.1° (right) under an electric field of —

(a) Schematic diagram of band alignment under a negative electric field E. (b) The single-particle band structure of the twisted MA,Pbl,

6V nm™L. The Fermi level is set to zero. The relative contribution from the

top layer is indicated by the size of pink dots in each band. The charge density of the lowest energy exciton in the twisted MA,Pbl4 bilayer with § =
11.3° (c) and 6 = 8.1° (d) under the electric field of —6 V nm™%. The charge densities of the hole and the electron (iso-surface value set at 0.0001 e

A~3) are shown in cyan and yellow color, respectively.
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pressure has a negligible effect on the bandwidths of CBM and
VBM in the non-twisted bilayer. In other words, the pressure is
only effective in twisted bilayers where moiré potentials are
present; by deepening the moiré potentials, the pressures can
localize moiré excitons and flatten energy bands.

Interlayer excitons are often more desirable in optoelectronic
applications owing to their much longer lifetimes compared to
intralayer excitons.* The lowest moiré excitons in the twisted
MA,PbI, bilayers are a mixture of interlayer and intralayer
characteristics with the electrons in the bottom layer and the
holes spread in both layers. Next, we show that these hybridized
excitons can be turned into interlayer excitons with a negative
electric field normal to the layers. As illustrated in Fig. 5a,
a negative electric field is predicted to lift the energy levels of the
top layer and to lower the energy levels of the bottom layer. As
a result, the type-II band alignment and thus interlayer excitons
can be formed under appropriate negative fields. Fig. 5b
displays the single-particle band structures of both twisted
bilayers under an electric field of —6 V nm™". In this case, VBM
is attributed primarily to the top layer (with larger pink symbols)
as opposed to both layers in the absence of the electric field.
Thus, the hole is expected to be confined in the top layer while
the electron remains in the bottom layer, forming an interlayer
exciton. This is indeed what the exciton charge densities in
Fig. 5c and d indicate. In addition to tuning the hybridization of
the excitons, the electric field also affects the position and
localization of the moiré excitons, illustrated in Fig. 5¢ and d.
We also note that both the fundamental and optical bandgaps
of the twisted bilayers can be lowered by the negative electric
field, but the exciton binding energy remains roughly the same
(Table S3t). Thus, electrostatic gating can be an effective means
in tuning the optoelectronic properties of twisted perovskite
bilayers.

Conclusions

In this work, we predict that twisted homobilayers of 2D RP
perovskite MA,PbI, can host moiré excitons and yield flat
valence bands. Although the moiré potential in MA,Pbl, bila-
yers has the similar amplitude as TMD bilayers, the moiré
excitons in MA,Pbl, bilayers exhibits unique and intriguing
properties. Specifically, in twisted MA,Pbl, bilayers, the holes
are localized in both layers, but the electrons exhibit a 1D stri-
ped distribution in a single layer. Moreover, nearly flat valence
bands can be formed in twisted MA,Pbl, bilayers at larger twist
angles than TMD bilayers. The relative ease in the flat band
formation is attributed to the interlayer H bonds in MA,Pbl,,
which enhances the interlayer I-I coupling and deepens the
moiré potential. External pressures can further increase the
interlayer coupling and lead to more localized moiré excitons
and flatter valence bands. Finally, we predict that the electro-
static gating can tune the degree of hybridization, energy,
position and localization of moiré excitons in twisted MA,Pbl,
bilayers. Our work lays the theoretical foundation for potential
quantum optoelectronic applications
heterostructures.

of 2D perovskite

© 2021 The Author(s). Published by the Royal Society of Chemistry
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