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ABSTRACT: Zero-dimensional (0D) inorganic perovskites have
attracted great interest for white-light-emitting applications
because of their broad band emissions originating from self-
trapped excitons. In this work, we explore and decipher exciton
self-trapping in a series of 0D inorganic perovskites, A4PbX6 and
A4SnX6 (A = K, Rb, and Cs; X = Cl, Br, and I) at the density
functional theory level within the theoretical framework of the one-
dimensional configuration coordinate diagram. We demonstrate
that the formation of self-trapped states in A4PbX6 and A4SnX6 can
be attributed to local structural distortions of individual [PbX6]

4−

and [SnX6]
4− octahedra. Importantly, with the goal of both

potentially improving the stability of the Sn derivatives and
enhancing the emission efficiency, we further propose and design
two types of 0D perovskite heterostructures, bulk A4PbX6/A4SnX6 mixtures and A4PbX6/A4SnX6 heterojunctions. We find that these
0D heterostructures exhibit type-I energy level alignment in which energy transfer from A4PbX6 to A4SnX6 is strongly promoted.
Interestingly, these heterostructures show an increase in the transition dipole moments between the ground and self-trapped states
compared to the pristine 0D perovskites. Our findings provide a new material design strategy for boosting self-trapped emissions
with improved air stability for white-light-emitting applications.

■ INTRODUCTION
Zero-dimensional (0D) metal-halide perovskites have attracted
broad interest in the field of optoelectronic devices, including
light-emitting diodes,1,2 lasers,3 photodetectors,4,5 thermom-
etry and thermography devices,6 and solar concentrators,7

because of their remarkable optical properties, especially broad
band emissions with high quantum yield.8−11 In terms of the
crystal structure, once the dimensionality is reduced from
three-dimensional (3D) to 0D, the corner-sharing metal-halide
octahedra in the 3D framework become isolated metal-halide
octahedra. Such molecular-like 0D crystal structures give rise
to several peculiar photophysical properties that clearly
differentiate them from 3D perovskites, such as lead-ion-
related emissions,12,13 broad band absorption arising from
small localized polarons,14−16 high exciton binding energy, and
narrow visible emission (whose origin, however, is still under
debate).17−22 Moreover, upon photoexcitation, self-trapped
excitons (STEs; i.e., excitons that cause lattice distortions) are
easily generated in 0D perovskites because of the strong
interaction between excitons and lattice vibrations/distortions,
as a consequence of large electron−phonon couplings.23−25

The emissions from STEs in 0D perovskites are quite broad
and can be tuned from the UV to the entire visible spectral
range by changing the organic cations, metal ions, and/or
halides. For example, Pb-based 0D perovskite crystals
(typically Cs4PbX6, X = Cl, Br, and I) have large band gaps

and broad band emissions in the UV spectral region.26−28 On
the other hand, inorganic Sn-based 0D A4SnX6 single crystals
(A = K, Rb, and Cs; X = Cl, Br, and I) show highly tunable
self-trapped exciton emissions between 500 and 620 nm with a
photoluminescence quantum yield (PLQY) of 15 ± 5%.8,9 Sn-
based organic−inorganic hybrid perovskites were demonstra-
ted to exhibit very high PLQYs, as high as 95 ± 5% for
(C4N2H14Br)4SnBr6 and 75 ± 4% for (C4N2H14I)4SnI6.

10,11 In
this context, these Sn-based 0D perovskites appear to be very
promising candidates for achieving UV−visible emissions for
display applications. However, the pristine Sn-based 0D
inorganic perovskites suffer from environmental instability
issues related to oxidation of Sn(II) to Sn(IV) as well as phase
changes from 0D to 3D structures at room temperature.29

To address these issues, we propose two types of 0D
perovskite heterostructures, bulk A4SnX6/A4PbX6 mixtures and
A4SnX6/A4PbX6 heterojunctions. Since A4PbX6 compounds
exhibit high air and photostability, they can not only serve as
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host matrix to protect A4SnX6 from oxidation and degradation
but also act as an additional source of energy to enhance the
broadband emissions of A4SnX6 owing to energy transfer from
A4PbX6 to A4SnX6. In this work, we first rationalize the
presence of self-trapped exciton emissions in a series of pristine
A4SnX6 and A4PbX6 compounds using the one-dimensional
configuration coordinate diagram approach.30,31 Such self-
trapped states that cover most of the visible and UV spectral
regions, as observed experimentally,8 could originate from local
octahedron distortions. In the proposed bulk A4SnX6/A4PbX6
mixtures, the presence of a type-I energy level alignment and
the strong spectral overlap ensures energy transfer from the
A4PbX6 host to the A4SnX6 octahedra. In addition, there
occurs an increase in the transition dipole moments, which
contributes to enhanced broad band emissions in the bulk
A4SnX6/A4PbX6 mixtures. The proposed A4SnX6/A4PbX6
heterojunctions with an A4PbX6 shell and an A4SnX6 core
also exhibit a type-I energy level alignment that promotes
efficient energy transfer and charge recombination.

■ COMPUTATIONAL METHODS
Density Functional Theory (DFT) Calculations. We performed

DFT calculations of the 0D perovskite A4PbX6 and A4SnX6 (A = K,
Rb, and Cs; X = Cl, Br, and I) crystals and their heterostructures using
the generalized gradient approximation (GGA) with the Perdew−
Burke−Ernzerhof (PBE) functional in the Vienna Ab Initio
Simulation Package (VASP).32,33 Starting from the experimental
lattice parameters of trigonal-phase A4PbX6 and A4SnX6 (space group:
R3c), both the cell parameters and atomic positions of these crystal
structures were further relaxed until the total Hellmann−Feynman
forces on each atom were less than 0.01 eV/Å (the lattice parameters
of the primitive cells are listed in Table S1, Supporting Information).
Uniform Brillouin zone grids of a 6 × 6 × 6 k-mesh for A4PbX6 and
A4SnX6 bulk, a 2 × 2 × 2 k-mesh for A4PbX6 and A4SnX6 supercells
and A4PbX6/A4SnX6 mixtures, and a 2 × 2 × 1 k-mesh for A4PbX6/
A4SnX6 heterojunctions were used. The plane-wave basis set cutoff for
the wave functions was set at 500 eV. The optical dielectric functions
of A4PbX6 and A4SnX6 (Figures S5 and S6), including the real part
(ε1) and the imaginary part (ε2), were calculated using the random
phase approximation (RPA) method as implemented in VASP. The
absorption coefficients were then calculated following the equation
below based on ε1 and ε2:
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The ionization potentials (IPs) of A4PbX6 and A4SnX6 were calculated
using the following equation: IP = ΔV − EVB, where EVB is the
corrected valence band energy of bulk A4PbX6 and A4SnX6, and ΔV is
the average electrostatic potential obtained at the slab center with
respect to the vacuum layer (the top and bottom vacuum layers are
∼27 Å) for the A4PbX6 and A4SnX6 slabs (see Figure S14).
Phonon Mode Calculations. We calculated the Raman vibra-

tional mode positions and intensities of Cs4PbBr6 and Cs4SnBr6 by
using the Phonon code in the Quantum Espresso (QE) package.34,35

The local density approximation (LDA) exchange-correlation func-
tional with norm-conserving pseudopotentials was used. The plane-
wave basis set cutoffs were 80 Ry for the wave functions and 500 Ry
for the charge. Uniform grids of 8 × 8 × 8 for Cs4PbBr6 and Cs4SnBr6
were used for the k-point sampling together with the self-consistency
threshold of 10−14 Ry to ensure no imaginary frequency modes in our
calculations.
Dexter and Förster Energy-Transfer Rates. The Dexter

energy-transfer rates between neighboring [PbX6]
4− and [SnX6]

4−

octahedra were calculated using the following equation:

= π
ℏ

−( )k V J exp R
LDexter

2
LUMO

2 2 DA ,36 where VLUMO is the electronic

couplings between the lowest unoccupied molecular orbitals
(LUMOs), J is the normalized spectral overlap integral, RDA is the
shortest distance between the donor [PbX6]

4− and acceptor [SnX6]
4−,

and L is the average Bohr radius. The electronic couplings for the
LUMO levels between neighboring [PbX6]

4− and [SnX6]
4− octahedra

were calculated by using the Multiwfn code37 based on the electronic
wave functions and eigenenergies obtained with the CAM-B3LYP
functional and the LANL2DZ basis set for K, Rb, Cs, I, Sn, and Pb
and the 6-31G(d,p) basis set for Cl and Br, using the Gaussian 16
code (Revision b.01).

The Förster energy-transfer rates were calculated using the

equation = π
̈ ℏk V JForster

2
EET

2 ,38,39 where VEET is the electronic coupling

for excitation energy transfer between the [PbX6]
4− donor and the

[SnX6]
4− acceptor and J is the normalized spectral overlap between

the donor emission and acceptor absorption spectra. The electronic
couplings V for excitation energy transfer were calculated with the
same functional and basis set as implemented in the Gaussian 16 code
(Revision b.01).

Self-Trapped Emission Calculations. We calculated the self-
trapped emissions of 0D perovskites following the theory of
luminescence described in refs 30, 31, 40, and 41, where the
normalized luminescence line shape and intensity can be described as
G(ℏω) = Cω3A(ℏω), where C−1 = ∫ A(ℏω)ω3 d(ℏω) (C is the
normalization factor, ℏω is the photon energy, and the “3” stands for
the dipole-allowed transition); A(ℏω) is the normalized spectral
function:

∑ω χ χ δ ω ω ωℏ = |⟨ | ⟩| × + ℏ − ℏ − ℏA w T E( ) ( ) ( )
m n

m m n m n
,

e g
2

ZPL e g

where wm(T) is the excited-state thermal occupation, χgn and χem are
the ground-state and excited-state ionic wave functions, respectively,
EZPL is the energy of the zero-phonon line, and ℏωem and ℏωgn are the
excited-state and ground-state phonon energies, respectively. By
assuming that the electronic transition dipole moments are
independent of ionic coordinates, the Franck−Condon factor
(|⟨χem|χgn ⟩|) can be calculated by using the recurrence method.42

The broad band emissions were described by the one-dimensional
(1D) configuration coordinate diagrams,40,41 including the parameters
of the modal mass M, the displacement of the potential energy
minima ΔR, and the effective frequencies Ωg and Ωe. The Huang−
Rhys (HR) factors, defined as Sg = ΔEg/ℏΩg and Se = ΔEe/ℏΩe,

43 are
used to describe the average number of phonons emitted during the
optical transition and to evaluate how strongly electrons couple to
phonons.

We calculated the broad band emissions of 0D perovskites using
the following strategy: We consider the octahedral shrinkage due to
photoexcitation (i.e., the reduction of all six Pb(Sn)−X bond lengths
in the octahedra) as responsible for the generation of self-trapped
states; then the 1D configuration coordinate diagram was built by
linearly interpolating the coordinates between the neutral state and
the self-trapped state. The coordinate difference between these two

configurations is defined as Δ = ∑ −κ κ κ κQ M R R( )i i i, ,
e

,
g 2 , where M

is the modal mass of each atom and Rκ,i
g and Rκ,i

e are the atomic
coordinates for the ground and excited states, respectively. The
coordinate Q was linearly interpolated between 0 and ΔQ. The
phonon frequencies Ωg and Ωe were obtained by polynomial fitting of
the ground-state or excited-state coordinate curves. The details of the
calculations of the Franck−Condon factors and luminescence
spectrum can be found in refs 30 and 31 and the computational
codes in ref 44. Note that we have included spin−orbit coupling
(SOC) to calculate the total energies of both ground-state and self-
trapped states. The underestimated band gaps arising from SOC were
corrected according to the values obtained at the GGA/PBE level.
The fitted broadening parameters were used to reproduce the
experimental broad band emissions.
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■ RESULTS AND DISCUSSION

The A4PbX6 and A4SnX6 compounds exhibit the same crystal
structure (trigonal phase, R3c space group), where the
individual [PbX6]

4− and [SnX6]
4− octahedra are separated by

Cs+ cations (see Figure 1a). The schematic diagram of orbital
hybridization indicates that the valence band maximum
(VBM) of A4PbX6 and A4SnX6 is composed of both the
6s(5s) orbital of the Pb(Sn) atoms and p orbitals of the halide
atoms (Cl 3p, Br 4p, and I 5p). The conduction band
minimum (CBM), on the other hand, mostly comes from
Pb(Sn) 6p(5p) orbitals.
From an optimization of the crystal structures of the 0D

perovskites, the Pb−Pb and Sn−Sn distances between
neighboring octahedra are seen to vary upon tuning the A-
site cations or halide atomic radii. As expected, the crystal
lattice parameters show the same evolution, in the order
K4Pb(Sn)X6 < Rb4Pb(Sn)X6 < Cs4Pb(Sn)X6 and A4Pb(Sn)Cl6
< A4Pb(Sn)Br6 < A4Pb(Sn)I6 (Table S1). Overall, the Pb−Pb
and Sn−Sn distances between neighboring octahedra range
between 7.6 and 9.2 Å (see Figure 1b).
From the calculated band structures of A4PbX6 and A4SnX6

(Figures S1 and S2), we find that (i) the band gaps of all
A4Pb(Sn)X6 compounds are significantly larger than those of
their 3D and 2D counterparts (APb(Sn)X3 and A2Pb(Sn)X5)
because of the weak orbital couplings between the octahedra,
(ii) most of the 0D perovskites show an indirect band gap
nature except for Cs4PbBr6, Cs4PbI6, and Cs4SnI6 despite the
crystal structure similarities, (iii) the band gaps of A4PbX6
(which range between 3.4 and 4.4 eV) are larger than those of
A4SnX6 (between 3.0 and 3.8 eV), and (iv) the band gaps of
A4Pb(Sn)X6 remain close (within 0.2 eV) when tuning the A-

site cation while keeping the same halide atoms, whereas the
band gap decreases when tuning only the halide atom
[A4Pb(Sn)Cl6 > A4Pb(Sn)Br6 > A4Pb(Sn)I6]. Therefore, the
experimentally observed broad band emissions of A4PbX6 and
A4SnX6 compounds can be attributed to intraband self-trapped
states, as previously suggested rather than simple band-to-band
recombination.8,24,43

In 0D inorganic perovskites, the photogenerated charge
carriers are generally confined within one unit cell and interact
with the crystal lattice, which results in enhanced electron−
phonon couplings to form self-trapped excitons, as well as
holes or electrons.45,46 As shown in Figure 2a, upon
photoexcitation, the contraction of [PbX6]

4− and [SnX6]
4−

octahedra (i.e., the six Pb−X or Sn−X bond lengths shorten)
facilitates the stabilization of a hole trapped at the Pb or Sn
site, forming the self-trapped charged states ([PbBr6]

4− →
[PbBr6]

3− or [SnBr6]
4− → [SnBr6]

3−).47 Hence, a photo-
generated hole tends to be self-trapped in an octahedron and
then captures the surrounding electron via Coulombic
attraction to form the self-trapped exciton (STE).48,49 It is
worth noting that our proposed self-trapped state involves
octahedral contraction, which is different from the Jahn−
Teller-like model that has been reported previously.43,50 The
crystal structures for the self-trapped state were built by
manually introducing local structural distortions to mimic light
perturbation, that is, tuning the Pb(Sn)−Br bond lengths or
Pb(Sn)−Br−Pb(Sn) bond angles of central octahedra (Figure
S3). In the case of Cs4PbBr6 and Cs4SnBr6, the Pb(Sn)−Br
bond lengths reduce by 5.9% in going from the ground state to
the self-trapped state when we set the calculated band gaps of
the self-trapped state to match the experimental emission band

Figure 1. (a) Crystal structures of A4PbX6 and A4SnX6 (A = K, Rb, and Cs; X = Cl, Br, and I) together with the schematics of the orbital
hybridization between Pb(Sn) and X atoms; (b) Pb(Sn)−Pb(Sn) distances between neighboring octahedra obtained from the crystal structures of
A4PbX6 and A4SnX6 optimized at the GGA/PBE level; and (c) band gaps of A4PbX6 and A4SnX6 as calculated at the GGA/PBE level (the
electronic band structures are shown in Figures S1 and S2, and the available experimental band gaps are shown with stars for comparison).
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maxima (i.e., 3.4 eV for Cs4PbBr6 and 2.3 eV for Cs4SnBr6; see
Figure S3).
Such a photoexcitation-induced reduction in the Pb(Sn)−X

bond lengths is further supported by phonon modes
corresponding to Pb(Sn)−X stretching features (see the
displacement vectors of the phonon mode at 119.3 cm−1 for
Cs4SnBr6 and 129.8 cm

−1 for Cs4PbBr6 in Figure 2b and Figure
S4). Note that we can exclude the formation of a negatively
charged polaron state formed by two Br atoms (i.e., Br2

−), as
the band gaps are away from the emission band maxima, upon
tuning the Br−Pb(Sn)−Br angles from 90° to 65° (see Figure
S3). Hence, on the one hand, the large electron−phonon
coupling and the deformation of [PbX6]

4− and [SnX6]
4−

octahedra become the first step in the generation of self-
trapped states, which leads to broad band emissions in these
0D inorganic perovskites; on the other hand, the dominant
stretching phonon modes of A4PbX6 and A4SnX6 can assist
self-trapped exciton recombination in [PbX6]

4− and [SnX6]
4−

octahedra.51

We now turn to the one-dimensional (1D) configuration
coordinate diagram approach30,31 to describe the energetics of

self-trapped states and simulate the broad band emissions of
0D inorganic perovskites. The 1D configuration coordinate
diagrams of the ground and self-trapped excited states for the
A4PbX6 and A4SnX6 compounds are given in Figures S5−S7.
Overall, our methodology reproduces very well the exper-
imental broad band emissions (see the comparisons of
Cs4PbBr6, Cs4SnBr6, and Cs4SnI6 in Figure S8). Figure 2c,d
show the calculated self-trapped exciton emission spectra and
the corresponding CIE diagrams of A4PbX6 and A4SnX6

compounds. We find that the A4PbX6 compounds display
broad band emissions between 300 and 500 nm with a full-
width at half-maximum (fwhm) of ∼50−60 nm, whereas the
A4SnX6 compounds show broad band emissions between 400
and 800 nm with a much larger fwhm of ∼100−120 nm. For
A4SnX6, the emission color is tunable from blue to red through
halide atom substitution, and emission becomes narrower
when changing the halide atoms from I− to Br− and then Cl−.
On the other hand, replacing the Cs+ cations with K+ or Rb+

leads to a blue shift of the emission maximum, which is in
agreement with the experimental PL spectral change when the
Cs+ cations are partially substituted with K+ or Rb+.8

Figure 2. (a) One-dimensional (1D) configuration coordinate diagram of optical absorptions and self-trapped emissions of 0D perovskites together
with an illustration of octahedra transitioning from the ground state (GS) to a charged self-trapped state due to photoexcitation (i.e., [PbX6]

4− →
[PbX6]

3− or [SnX6]
4− → [SnX6]

3−, X = Cl, Br, and I); (b) calculated Raman spectra of Cs4PbBr6 and Cs4SnBr6 and illustration of selected
vibrational normal modes (the displacement vectors are indicated by green arrows); (c) self-trapped PL spectra (the available experimental PL
spectra of Cs4PbBr6, Cs4SnBr6, and Cs4SnI6 are plotted with open circles); and (d) corresponding CIE diagrams for A4PbX6 and A4SnX6 (A = K,
Rb, and Cs, and X = Cl, Br, and I), as calculated at the GGA/PBE level with consideration of spin−orbit coupling (SOC) effects.
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After having reproduced the broad band emissions of a
series of 0D A4PbX6 and A4SnX6 inorganic perovskites, we now
consider the design of bulk A4PbX6/A4SnX6 mixtures via the
replacement of one of the A4PbX6 octahedra with A4SnX6 in a
supercell model (see Figure 3a). From the calculated projected
density of states (PDOS) of such bulk A4PbX6/A4SnX6
mixtures, as shown in Figure 3b and Figure S9, we find that
the energies of the conduction band minima (CBM) of
A4PbX6 and A4SnX6 are almost aligned, whereas the valence
band maximum (VBM) of A4SnX6 is above that of A4PbX6.
Such a type-I energy level alignment is conducive to energy
transfer to the central A4SnX6 from the surrounding A4PbX6
octahedra (Figure 3c). That this energy transfer can be
efficient is also supported by the large spectral overlap between
the absorption spectra of A4SnX6 (the calculated dielectric
function is shown in Figures S10 and S11) and the emission
spectra of A4PbX6 (Figure 3d).
In addition to the spectral overlap and Förster energy

transfer, Dexter-type energy transfer could also occur due to
some degree of wave function overlap between the lowest
unoccupied molecular orbitals (LUMOs) of adjacent octahe-
dra.38,39 As shown in Figure 4, for both [PbCl6]

4−/[SnCl6]
4−

and [PbBr6]
4−/[SnBr6]

4− dimers (the distance between
octahedra is less than 10 Å), the calculated Förster energy-
transfer rates are 109−1011 s−1 (on the same order of
magnitude as those in molecular systems36) and are
significantly higher than those occurring via a Dexter
mechanism (108−109 s−1). However, in [PbI6]

4−/[SnI6]
4−,

Dexter energy transfer becomes prominent, with transfer rates
of 108−109 s−1 as compared to those via a Förster mechanism
(106−107 s−1), which is due to much larger electronic

Figure 3. (a) Proposed bulk A4PbX6/A4SnX6 mixtures (A = K, Rb, and Cs; X = Cl, Br, and I) obtained by replacing the central A4PbX6 octahedron
with A4SnX6 in 2 × 2 × 2 A4PbX6 supercells; (b) calculated projected density of states (PDOS) for A4PbX6 and A4SnX6 in A4PbX6/A4SnX6
mixtures; (c) corresponding diagram of energy transfer from A4PbX6 octahedra to the central A4SnX6 octahedron; and (d) PL spectra of the self-
trapped species; (e) calculated PL positions and full-width at half-maximum (fwhm); and (f) transition dipole moments of A4PbX6 and A4SnX6 (A
= K, Rb, and Cs; X = Cl, Br, and I), as calculated at the GGA/PBE level with SOC effects.

Figure 4. (a) Calculated electronic couplings between the lowest
unoccupied molecular orbitals (LUMOs) and for excitation energy
transfer (EET) between neighboring [PbX6]

4− and [SnX6]
4−

octahedra; and (b) calculated Dexter and Förster energy-transfer
rates from [PbX6]

4− to [SnX6]
4− octahedra. The calculations were

performed at the CAM-B3LYP level with the LANL2DZ and 6-
31G(d,p) basis sets; the calculated parameters are given in Table S2.
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couplings for LUMOs than those for EET. At longer distances,
in the range between 15 and 20 Å, the Förster energy transfer
in [PbCl6]

4−/[SnCl6]
4− and [PbBr6]

4−/[SnBr6]
4− is dominant

with transfer rates of 108−109 s−1. Thus, strong spectral
overlap and electronic coupling for excitation energy transfer
between the [PbX6]

4− and [SnX6]
4− octahedra enable efficient

resonant energy transfer, enhancing the self-trapped exciton
emissions.
Interestingly, the bulk A4PbX6/A4SnX6 mixtures show the

same broad features (Figure 3e) and even larger transition
dipole moments than those of pristine A4SnX6, especially in the
case of mixtures containing I− (Figure 3f). This result points to
an efficient radiative recombination when A4SnX6 is located in
the A4PbX6 lattice, owing to increased electronic couplings
between the ground and self-trapped states (Figure S12) and
reduced hole-trapping barriers (i.e., smaller energy differences
between the excited state and the hole self-trapped state) in 0D
heterostructures. Therefore, the combination of type-I energy
level alignment with efficient energy transfer and increased
transition dipoles enables an enhancement of the self-trapped
emissions in the bulk A4PbX6/A4SnX6 mixtures as compared to
those in pristine A4SnX6, which makes these systems promising
new photoactive materials for white-light-emission applica-
tions.
In addition to the bulk A4PbX6/A4SnX6 mixtures where

[SnX6]
4− octahedra are inserted into the [PbX6]

4− matrix, we
considered the design of A4SnX6/A4PbX6 heterojunctions
formed by an A4SnX6 core and an A4PbX6 shell. In these

structures, the emissive [SnX6]
4− centers are completely

protected by the A4PbX6 shells, which have been exper-
imentally shown to exhibit good photostability in ambient
conditions.2 This will inhibit oxidation, that is, transformation
from [SnI6]

4− to [SnX6]
2−, upon air exposure. The

heterojunction models were constructed by aligning A4SnI6
and A4PbI6 octahedra along the (001) direction (the lattice
mismatch is less than 0.3%), as shown in Figure 5a.
Optimization of the A4SnI6/A4PbI6 heterojunctions shows
that the [PbI6]

4− and [SnI6]
4− octahedra at the interfacial

region retain their bulk orientations without any rotation or
distortion. From the calculated PDOS of the A4SnI6/A4PbI6
heterojunctions (Figure S13), we find that both the VBM and
CBM of A4SnI6 are contained within the A4PbI6 gap; again,
such a type-I alignment character can promote energy transfer
from the A4PbI6 shell to the A4SnI6 core. This is further
confirmed by the energy level alignments of A4PbI6/A4SnI6
heterojunctions on the basis of the calculated band gaps,
ionization potentials, and average electrostatic potentials
(Figure S14), which show small conduction band offsets
(less than 0.1 eV) and somewhat larger valence band offsets;
see Figure 5b. Moreover, similar to the case of A4SnI6/A4PbI6
mixtures, the interfacial [PbX6]

4− and [SnX6]
4− species

(highlighted by the red area in Figure 5a) can also be
considered as octahedral dimers with efficient EET.
We also estimated the electronic charge rearrangements

upon formation of A4PbI6/A4SnI6 heterojunctions by examin-
ing the one-dimensional plane-averaged charge density differ-

Figure 5. (a) Proposed core−shell nanocrystal structure with an A4SnI6 core and an A4PbI6 shell and corresponding crystal structure of the A4SnI6/
A4PbI6 heterojunction; (b) energy level alignments based on the calculated ionization potentials (IPs) and band gaps for A4PbI6/A4SnI6
heterojunctions; and (c) one-dimensional average planar charge density differences (CDDs), defined as Δρ = ρ(A4PbI6/A4SnI6) − ρ(A4PbI6) −
ρ(A4SnI6), and corresponding electrostatic potentials for A4PbI6/A4SnI6 heterojunctions (three-dimensional CDDs are shown in Figure S15). All
calculations were performed at the GGA/PBE level of theory.
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ences along the z-direction (black lines in Figure 5c); these are
defined as Δρ = ρ(A4PbI6/A4SnI6) − ρ(A4PbI6) − ρ(A4SnI6).
The A4PbI6/A4SnI6 heterojunctions exhibit similar charge
rearrangement features at the interfaces, with the hole (Δρ < 0,
blue area) and electron (Δρ > 0, green area) accumulation
layers appearing in an alternate fashion on each A4PbI6 and
A4SnI6 side. Such a charge rearrangement leads to a large
potential barrier (0.209 eV in K4PbI6/K4SnI6, 0.177 eV in
Rb4PbI6/Rb4SnI6, and 0.154 eV in Cs4PbI6/Cs4SnI6; see red
lines in Figure 5c), which prevents charge transfer across the
interface but allows hole trapping at interfacial [PbX6]

4−/
[SnX6]

4− octahedra; subsequent structural deformations result
in the formation of self-trapped excitons.

■ CONCLUSIONS
A characterization of their parent 0D perovskite compounds
has led to the design of two types of A4PbX6/A4SnX6 0D
inorganic perovskite heterostructures, bulk mixtures, and
heterojunctions. We systematically explored the electronic
structures and optical properties of these heterostructures by
means of DFT calculations.
On the basis of the 1D configuration coordinate diagram

approach, we determined the presence of self-trapped
emissions in both the pristine 0D perovskites and A4PbX6/
A4SnX6 heterostructures. We found that the A4PbX6/A4SnX6
bulk mixtures and heterojunctions show type-I energy level
alignment and large spectral overlap, which results in efficient
energy transfer and increased transition dipole moments. Our
work points to new promising low-dimensional systems for
highly efficient white-light-emission applications.
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