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Abstract
Two-dimensional organic–inorganic hybrid lead halide perovskites are of interest for photovoltaic and light-emitting devices 
due to their favorable properties that can be tuned. Here, we use density functional theory to model two-dimensional lead 
halide perovskites of different thicknesses and combined into vertical heterostructures. Excited-state dynamics treated by 
reduced density matrix method is used to examine the excited-state optoelectronic properties of the perovskite models. 
Nonadiabatic couplings were computed based on the on-the-fly approach along a molecular dynamics trajectory at ambi-
ent temperatures. The dynamics of electronic degrees of freedom were calculated using density matrix-based equation of 
motion for electronic degrees of freedom. We observe that the vertical stacking of two-dimensional perovskites into hetero-
structures shows an increase in photoluminescence intensity by two orders of magnitude when compared to the individual 
two-dimensional perovskites.

Introduction

Two-dimensional (2D)  CsPbX3 (X = Cl, Br, I) organic–inor-
ganic hybrid lead halide perovskites (LHPs) have become 
popular candidates for next-generation optoelectronic 
devices due to their favorable optoelectronic properties [1, 2] 
and increased stability when compared to the bulk LHPs [3]. 
Room-temperature perovskite light-emitting diodes (LEDs) 
were first reported in 2014 [4] and have shown impressive 
progress with 2D perovskite LEDs achieving 20.2% external 
quantum efficiency (EQE) in 2020 [5]. While there has been 
an increase in EQE for perovskite LEDs, there is still a need 
to generate high efficiency perovskite LEDs for pure colors 
to meet commercial viability [6, 7].

2D perovskites structures possess natural quantum-well 
structures that induce both dielectric and quantum confine-
ment effects [8]. The strong confinements lead to large exci-
ton binding energies [9]. Further, it is observed that 2D per-
ovskites often form in a mixed-phase structures rather than a 
single phase structures due to the similar formation energies 
of the different thickness 2D perovskites [10]. The mixed-
phase 2D perovskites result in heterostructures that offer the 

possibilities of manipulation of the recombination, transport, 
and generation of charge carriers due to the change in band 
gap energies at the heterojunction [11].

2D halide perovskites are defined by a stoichiometric for-
mula, A′

n
′
An−1MnX3n+1 (A′ = monovalent or divalent cation; 

n′ = 2 or 1; A =  Cs+, methylammonium (MA), formadami-
dinium (FA); M =  Pb2+,  Sn2+, etc.; X =  Cl−,  Br−,  I−), and are 
classified based on the thickness of the inorganic layer as 
indicated in the stochiometric formula (n = 1, 2, 3, etc.) [12]. 
Different categories for the layered structures of 2D perovs-
kites are defined based on the relative stacking of the layers; 
Dion–Jacobson (DJ) phase [13, 14], Ruddlesden–Popper 
(RP) phase [15], and Aurivilius phase [16]. The DJ perovs-
kites show the ability to stack with no displacement due to 
the divalent interlayer spacers. The models examined in this 
paper are DJ perovskites with n = 1 or 4,  Cs+ for A, butyl 
diammonium (BdA) molecules as A′, and  Cl− for X. The 
heterostructure model is a vertical stacking of the separate 
n = 1 and n = 4 models into a single model preserving the 
alternating organic and perovskite layers (Fig. 1). We start 
with chlorine providing smaller unit cell, with bromine and 
iodine models to follow.

Here, we report the effects that combining 2D DJ LHPs 
into a vertical heterostructure provide for the photolumines-
cence (PL) of the materials. The combination of the different 
size layers is expected to create an insulating effect that will 
increase the photoluminescence quantum yield (PLQY) of 
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the thicker layer involved in the heterostructure. Nonadiaba-
tic couplings (NACs) between nuclear and electronic degrees 
of freedom from adiabatic molecular dynamics trajectories 
are computed to calculate the excited-state dynamics and 
are used to characterize the effect of the heterostructure on 
PL properties. The reduced density matrix formalism within 
Redfield theory is used to compute nonradiative relaxation 
rates from the NACs [17]. PLQY is then computed from the 
nonradiative and radiative recombination rates, computed 
from Einstein coefficients.

Methods

Computational details

The ground-state electronic structure was calculated 
using DFT with the generalized gradient approximation 
(GGA) Perdew–Burke–Ernzerhof (PBE) functional [18] 
in a plane-wave basis set along with projector augmented-
wave (PAW) pseudopotentials [19, 20] in Vienna Ab initio 
Simulation Package (VASP) [21]. Subsequent single-point 

Fig. 1  Atomistic models of 
lead chloride organic–inor-
ganic hybrid perovskite. Two 
models contain a single layer of 
perovskite where thickness of 
the perovskite layer is a n = 1 
and b n = 4. The third model is 
a c vertical heterostructure that 
contains both a n = 1 and n = 4 
perovskite layer. White, cyan, 
blue, brown, green, and purple 
spheres represent hydrogen, 
carbon, nitrogen, lead, chlorine, 
and cesium atoms, respectively
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calculations were performed using noncollinear spin DFT 
including the spin–orbit coupling (SOC) interaction and 
used to compute observables for the systems. The model 
has a structure of  BdA4Cs4(n−1)Pb4nCl12n + 4 with a simu-
lation cell size of 10 × 10 × (6 + 5.5n) Å. All calculations 
were performed at the Γ point. A single-point calculation 
takes approximately an hour of a walltime at 8 nodes with 
64 cpu cores each.

Theory

Details of the electronic basis and computed observables are 
provided in the supplemental information (SI).

Results and discussion

Figure S1 panels (a, b) show the ground-state density of 
states (DOS) for the three models studied here, (c) shows 
projected DOS for the heterostructure model, and (d) shows 
the computed absorption spectra. The heterostructure model 
shows a similar pattern of peaks when compared to the n = 4 
single layer model for both the DOS and absorption spectra 

but higher in energy. The trends in absorption qualitatively 
align with those reported by Fu et al. [22] The projected 
DOS for the heterostructure model shows that the first band 
for both the conduction and valence band is localized on the 
n = 4 layer of the heterostructure.

The Redfield tensors, Riijj , depend on the NACs and are 
illustrated in Fig. 2 for the (a) n = 1 single layer, (b) n = 4 sin-
gle layer, and (c) heterostructure models. The Redfield ten-
sors represent the rates of state-to-state transitions in units 
of  ps−1. A pattern of alternating high intensity transitions 
are between near-degenerate states, which result from the 
inclusion of spin–orbit coupling into the calculations. Fig-
ure 2d−f shows hot-carrier cooling along the excited-state 
trajectory (d) for n = 1 single layer, (e) n = 4 single layer, and 
(f) heterostructure models from a nonequilibrium state to 
the first excited state. The SKSOs for the initial conditions 
and frontier orbitals are shown in Fig. S2. For the single 
layer models, it is observed that there is a long lived, com-
pared to the  ke/h, population in a higher excited state than the 
first excited state. This is attributed to a mismatch between 
electronic transition energy and frequency of any available 
normal modes.

Fig. 2  Redfield tensor for a n = 1 single layer, b n = 4 single layer, and 
c heterostructure models. The Riijj axis represents the nonradiative 
state-to-state transition rates. Nonradiative relaxation for the d n = 1 
single layer, e n = 4 single layer, and f heterostructure models. The 
green color indicates background reference charge density. The yel-
low line represents the charge density of the electron, while the blue 
line represents the charge density of the hole. The vertical dashed 
lines labeled with !h and !e represent time of relaxation from HO − x 

and LU + y , respectively. The horizontal solid and dashed lines show 
the energy expectation value for the hole and electron, respectively. 
The initial conditions for the n = 1 and n = 4 single layer models rep-
resent the highest oscillator strength excitation that does not involve 
one of the near-degenerate principal bandgap orbitals. The initial con-
dition for the heterostructure model represents the highest oscillator 
strength transition that occurs on the n = 1 layer in the model
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A mechanism competing with nonradiative dissipation 
is radiative recombination in the form of emitting pho-
tons. Figure 3a–c shows the time-resolved emission, eq. 
S21, for the (a) n = 1 single layer, (b) n = 4 single layer, 
and (c) heterostructure models. Time-integrated emission, 
Eq. S22, for the models along the excited-state trajectory 
is shown in Fig. 3d. It is observed that there is an initial 
emission event at the initial excitation energy occurring 
before cooling to the bandgap. Once the hot-carriers cool 
to the bandgap we see emission arising from the transitions 
between the highest occupied (HO) and lowest unoccupied 
(LU) bands. It is observed that the emission at the HO–LU 
transition is the most intense for all the models. However, 
we observe that the intensity of the HO–LU transition for 
the heterostructure model is 2 orders of magnitude greater 
than the HO–LU transition for the n = 1 single layer model 

and 3 orders of magnitude greater than for the n = 4 single 
layer model. This increased intensity is attributed to the 
increased relative size of the spacer region of the structure 
as both the butyl diammonium layers and the n = 1 layer 
have a larger bandgap than the n = 4 layer. This isolation 
prevents hybridization of the electron and hole beyond the 
border of the slab and hypothetically confines the electron 
and hole in the same spatial region. This activity of the 
spacers is expected to increase the transition dipole, and 
by extension the oscillator strength.

The second highest intensity of emission for the hetero-
structure model occurs due to the HO-5–LU + 6 transition 
with an energy comparable to the HO–LU transition energy 
for the n = 1 single layer model. This indicates that the het-
erostructure model may not follow Kasha’s rule [23] and 
exhibits dual emission with energies that correspond to both 

Fig. 3  Radiative relaxation along the excited-state electronic dynam-
ics trajectory with a–c showing time-resolved emission for a n = 1 
single layer, b n = 4 single layer, and c heterostructure models. d  
Time-integrated radiative emission for the models. The initial condi-

tions are the same as those for Fig.  2. The blue background corre-
sponds to no PL at a given time and transition energy. Natural colors 
from blue to yellow correspond to intensity of the time-resolved PL
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Table 1  Oscillator strength fij, radiative recombination rate kr, nonra-
diative recombination rate knr, resultant PLQYs for each model stud-
ied

Model fij kr [1/fs] knr [1/fs] PLQY

n = 1 single layer 0.32 2.00 ×  10–6 1.86 ×  10–6 0.3326
n = 4 single layer 0.07 2.64 ×  10–6 2.81 ×  10–6 0.3355
Heterostructure 0.60 3.22 ×  10–6 1.21 ×  10–6 0.6667

the n = 1 and n = 4 single layer models. This dual emission 
is in an agreement to the multiple emission found experi-
mentally [22].

To determine the efficiency of PL for the single layer and 
heterostructure models, we compute PLQY, Eq. S24, from 
kr and knr. The Einstein coefficient for spontaneous emission 
in terms of oscillator strength is used to calculate kr, eq. S23, 
and the corresponding Redfield tensor element RHO–LU is used 
for knr, Eq. S16. Table 1 shows the kr, knr, and PLQY for the 
models presented here. The oscillator strength shown here is 
for the HO–LU transition but the radiative and nonradiative 
rates of relaxation and PLQY shown factor in all four transi-
tions between the near-degenerate HO–LU states. Due to this, 
we see a larger radiative recombination rate and PLQY for 
the n = 4 single layer model than would be expected looking 
just at the oscillator strength reported in Table 1. The larger 
PLQY for the heterostructure is due to the smaller nonradia-
tive recombination rate when compared to the single layer 
models and the consistent nature of the radiative recombina-
tion rate across these four transitions. The values for the each 
unique near-degenerate transition are seen in Table S1.

Conclusion

Here, we use density functional theory and nonadiabatic 
excited-state dynamics calculations to explore the photo-
physical properties of single layer and vertical heterostruc-
tures of two-dimensional hybrid lead chloride perovskites. 
The lesser degree of quantum confinement effect causes 
the n = 4 region in the heterostructure model to be the 
major component of the results over the range of interest 
for energy that we investigated. We observed an increase 
in intensity of the photoluminescence for the vertical het-
erostructure 2D lead halide perovskites rationalized by 
the increase in effective insulation between the perovskite 
layers. The computed time-integrated photoluminescence 
spectra show that for the single layer models, there is a 
smaller relative intensity of emission across the band gap 
when compared to the vertical heterostructure model. 
The smaller intensity of photoluminescence in the single 
layer models is attributed to the smaller relative size of 

the space between layers allowing for a greater overlap 
of orbitals/bands/ between layers. In the heterostructure 
model, this space between the larger n = 4 perovskite lay-
ers in adjacent periodic cells is made up of two organic 
layers and a smaller n = 1 layer of perovskite, all of which 
have a larger gap than the n = 4 perovskite layers. This 
increased separation prevents the overlap across multi-
ple layers and confines the electron and hole in the same 
spatial region.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1557/ s43580- 022- 00358-4.
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