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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 using two different hallogens. Excited-state optoelectronic properties of the
perovskite models are examined using excited-state dynamics treated by reduced density matrix method. Nonadiabatic cou-
plings were computed based on the on-the-fly approach along a molecular dynamics trajectory at ambient temperatures. The
density matrix-based equation of motion for electronic degrees of freedom was used to determine the dynamics of electronic
degrees of freedom. We observe that the thickness of the perovskite layer shows a redshift in the absorption spectra with
increasing thickness but has minimal effect on the photoluminescence quantum yield of the material.

Introduction

A popular candidate for next generation optoelectronic
devices are thin film CsPbX; (X =Cl, Br, I) lead halide per-
ovskites (LHPs) due to their increased stability when com-
pared to the bulk LHPs [1] and favorable optoelectronic
properties [2—-5]. The stability of the two-dimensional (2D)
perovskites is dictated by their confinement regime [6]. Vari-
ation of layer thickness, while yet being away from the three-
dimensional (3D) bulk regime is expected to have quali-
tatively similar degree of stability. Thin film perovskites
structures possess natural quantum-well structures due to the
insulating qualities of the organic molecules in the structure
[7]. These quantum wells induce both dielectric and quan-
tum confinement effects [8], with the strong confinements
leading to large exciton binding energies [9]. 2D LHPs are
categorized by the relative stacking of the perovskite layers
with Ruddlesden-Popper (RP) phase [10] and Dion-Jacob-
son (DJ) phase [11, 12] being the most common structures
for < 100> . The DJ perovskites exhibit an offset of (0, 0)
between perovskite layers due to the divalent organic spac-
ers, while the RP perovskites show an offset of (1/2, 1/2).
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The formula for thin film LHPs is A,'A,_M,X;,,,
(A’=monovalent or divalent organic cation; n'=2 or 1;
A=Cs", methylammonium (MA), formadamidinium (FA);
M=Pb**, Sn**, etc.; X=CI", Br_, ["). Thin film LHPs are
classified based on the thickness of the inorganic layer as
indicated in the formula by n (n=1, 2, 3, etc.) [13]. Adjust-
ing the thickness of the thin film LHPs can be used to
tune the emission properties of the material. Further, it is
observed that thin film perovskites often form in a structures
with varying thicknesses rather than a structure with a single
thickness due to the similar formation energies of the differ-
ent thickness thin film perovskites [14]. The mix of differ-
ent thickness thin film perovskites results in heterostructures
that offer the possibilities of manipulation of the recombina-
tion, transport, and generation of charge carriers due to the
change in band gap energies at the heterojunction [15].

Here we report the effects that changing the thickness
of the inorganic layer of the thin film LHPs provides for
the photoluminescence (PL) of the materials. The models
examined in this paper are DJ perovskites withn=1, 2, 3,
or 4, Cs™ for A, butyl diammonium (BdA) molecules as A’,
and Br™ or I" for X. Figure 1 and Figure S1 show the lead
iodide and lead bromide models, respectively. Increasing
the thickness of the inorganic layer is expected to cause
a redshift in the emission and absorption of the mate-
rial, while changing the halide from bromide to iodide is
expected to give a further redshift. Excited-state dynamics
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Fig.1 a Atomistic models of lead iodide organic—inorganic hybrid
perovskite with n=1, 2, 3, and 4. White, cyan, blue, brown, purple,
and pink spheres represent hydrogen, carbon, nitrogen, lead, iodine,
and cesium atoms, respectively. Atomistic models of lead bromide
hybrid perovskite can be seen in Figure S1. Density of states for b
lead bromide (solid) and ¢ lead iodide (dot-dash) hybrid perovskites

and are used to characterize the PL properties and are cal-
culated from the computed nonadiabatic couplings (NACs)
between nuclear and electronic degrees of freedom from
adiabatic molecular dynamics trajectories. The reduced
density matrix formalism within Redfield theory is used
to compute nonradiative relaxation rates from the NACs
[16, 17]. Nonradiative and radiative recombination rates,
computed from Einstein coefficients, are then used to cal-
culate the PL quantum yield (PLQY) [18].
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with n=1 (purple), n=2 (green), n=3 (blue), and n=4 (orange).
Choice of which states to focus on for the n=3 and n=4 models
is responsible for the decrease in the density of states in the region
below — 1.5 eV. d Computed absorptions spectra for lead bromide
and lead iodide hybrid perovskites

Methods
Computational details

The ground state electronic structure was calculated using
density functional theory (DFT) with the generalized gra-
dient approximation (GGA) Perdew-Burke-Ernzerhof
(PBE) functional [19] in a plane-wave basis set along
with projector augmented-wave (PAW) pseudopoten-
tials [20, 21] in Vienna Ab initio Simulation Package
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(VASP) [22]. Subsequent single point calculations were
performed using noncollinear spin DFT including the
spin—orbit coupling (SOC) interaction and used to com-
pute observables for the systems. The model has a struc-
ture of BAdA,Csy,_)Pby,X 5,14, Where X is either Bror L.
All calculations were performed at the I point.

Theory

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

Results and discussion

Figure 1 panels (b, c) show the ground state density of states
(DOS) for the lead Bromide and lead iodide models, respec-
tively, and (d) shows the computed absorption spectra. The
shape of the DOS and absorptions show good qualitative
agreement between the different thicknesses and halides.
The redshift of the absorption and band gap energy for the
lead iodide models when compared to the lead bromide
models is expected. Increasing the thickness of the layers
redshifts the initial absorption spectra in agreement with the
expectations of quantum confinement, with the exception of
the n=3 and n=4 lead bromide models. This is attributed
to geometry distortions for these models which can lead to
charge transfer states leading to a reduced oscillator strength
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Fig.2 Nonradiative relaxation for the (a—d) lead bromide models and
(e-h) lead iodide models with (a, e) n=1, (b, f) n=2, (¢, g) n=3,
and (d, h) n=4. The green color indicates background reference
charge density. The yellow 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 7, and 7, represent time of

for these transitions. The total energy of the models and its
relationship to the number of atoms, number of electrons,
and volume of the simulation cell is shown in Table S1. We
see that for both halides that the total energy increases with
increasing perovskite thickness when considering the num-
ber of atoms, number of electrons, or volume of simulation
cell, with the lead bromide models showing a lower energy
than the lead iodide models of the same thickness. The
spinor Kohn—Sham orbitals (SKSO) for the frontier orbit-
als, Figure S2 and S3, show a spatial separation between
the highest occupied and lowest unoccupied SKSO into
different regions of the perovskite layer for the n=3 and
n=4 lead bromide models. For each of other models occu-
pied and unoccupied frontier orbitals share the same spatial
localization.

The Redfield tensors, illustrated in Figure S4, represent
the rates of state-to-state transitions in units of ps~' and
are used to calculate the nonradiative dissipation. Figure 2
shows trajectories of nonradiative dissipation from the initial
nonequilibrium excited-state to the lowest excited-state. The
initial excited-state is chosen to be the interband transition
with the largest oscillator strength that does not include one
of the frontier orbitals or their near-degenerate states. The
SKSOs for the initial conditions are shown in Figure S2 and
S3. A mismatch between the frequency of available normal
modes and electronic transition energy is resulting in long
lived excited-states. This causes the relaxation lifetime for
the hole (7,) and electron (z,) to appear later in the figure

-3 2 1 0 1 3 2 1 0 1

time, log1°(t/1 ps) time, Iog1 0(t/1 ps)

relaxation from HO — x and LU + y, respectively. The energy expec-
tation value for the hole and electron is represented by the horizon-
tal solid and dashed lines, respectively. The initial conditions for all
models represent the highest oscillator strength excitation that does
not involve one of the near-degenerate principal band gap orbitals
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than the energy expectation values appear to indicate. Fig-
ure S5 examines the relationship between 7, and 7, and the
excitation energy for the hole and electron, respectively. The
lifetimes are qualitatively group together and follow the gen-
eral trend of increased lifetime for larger initial excitation,
according to gap law. The n=4 lead bromide model is an
outlier from this trend for the hole relaxation, where it exhib-
its a shorter lifetime than the other models. While for the
electron relaxation, the n=3 and n =4 lead bromide models
appear as outliers with both exhibiting longer lifetimes and
a decrease in lifetime for larger excitations.

Radiative recombination, resulting in the emitted pho-
tons, is a mechanism competing with nonradiative dissipa-
tion, resulted in emitted phonons. Figure 3 shows the time-
resolved emission, Eq. S21 and time-integrated emission,
Eq. S22, for the models monitored along the excited-state
trajectory. The initial conditions are the same as those for
Fig. 2. The initial earlier emission event is at the initial exci-
tation energy and occurs before cooling to the band gap.
Emissions from the HO-LU transitions occur once the
hot-carriers cool to the lowest excitation at the bandgap.
Next, one compares intensities of the emission peaks of the
interband (e.g., LU — HO) and intraband (e.g., LU+2 —
LU) nature. It is observed that the emission at the LU —
HO transition is the most intense for all the models among
all interband transitions. The intensity of the interband LU
— HO transition is comparable to the intensities of intra-
band transitions for all models except the n=3 and n=4
lead bromide and n=1 lead iodide models. These specific
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Fig. 3 Radiative relaxation along the excited-state electronic dynam-
ics trajectory for the (a—d) lead bromide models and (e-h) lead iodide
models with (a, e) n=1, (b, f) n=2, (¢, g) n=3, and (d, h) n=4.
The left graph in each panel shows the time-resolved PL, while the
right graph shows the time-integrated PL. The initial conditions for
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models show approximately two orders of magnitude greater
intensity for the LU — HO interband transition than any of
the intraband transitions. A hypothetic explanation of this
feature is based on specific confinement regime that tunes
the electronic subgaps to vibrational frequencies in these
models, yielding the quickest cascading down to the low-
est excitation, which decreases the intraband transitions at
larger time values. This decreases the time-integrated PL
intensity for these intraband transitions.

We compute PLQY, Eq. S24, to determine the efficiency
of PL using radiative relaxation rate (k) and nonradiative
relaxation rate (k,..) The Redfield tensor element Ry 1y is
used for k,,, Eq. S16 and the Einstein coefficient for spon-
taneous emission in terms of oscillator strength is used to

Table 1 Oscillator strength f;;, radiative recombination rate k., nonra-
diative recombination rate k,,, Resultant PLQY's for each model stud-
ied

Model fi k. [1/fs] Ky, [1/fs] PLQY
Lead bromiden=1 0.83 1.70x107% 243x10° 0.3514
Lead bromide n=2  0.79 1.77x10° 1.65x10°  0.4671
Lead bromide n=3  0.70  1.32x10° 3.68x107  0.5041
Lead bromide n=4 022 2.76x107 797x107  0.2211
Lead iodide n=1 1.82  1.76x10%  6.87x107  0.5995
Lead iodide 039 4.69x107  540x107  0.4220
n=2

Lead iodide n=3 1.08  8.60x107  246x107  0.6657
Lead iodide n=4 0.17 2.84x107 834x10°  0.7707
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this figure correspond to those in 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 increasing intensity of the time-
resolved PL. For each model, it is observed that the LU — HO transi-
tion is the most intense non-intraband transition
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calculate k, Eq. S23. Table 1 shows the k, k,, and PLQY
for the lead bromide and lead iodide models. The oscilla-
tor strength shown here is for the LU — HO transition but
the radiative and nonradiative rates of relaxation and PLQY
shown factor in all four transitions between the near-degen-
erate LU and HO states. The values for the each unique near-
degenerate transition can be seen in Table S2. The effect that
thickness of the perovskite layer and halide identity shows
on the PLQY is largely due to the decreasing values of the
Redfield tensor elements with size and when bromide is
replaced with iodide. The oscillator strength values do not
vary based on the thickness of the perovskite or halogen
used except for the n=4 lead bromide model, which has
lower oscillator strength values due to the distorted geom-
etry of the model. This results in the k, to vary with minimal
influence on the specific model studied.

Conclusion

Here we use density functional theory and nonadiabatic
excited-state dynamics calculations to explore the photo-
physical properties of two-dimensional hybrid lead halide
perovskites. We observed a decrease in intensity of intra-
band photoluminescence for lead halide perovskites that
show an increased population in excited-states for longer
periods of time. This effect appears to be unaffected by the
thickness of the perovskite layer or the halogen studied. The
observed increase of the PLQY is an interesting feature that
may provide benefits for the applications. The effort of this
work was focused on identifying trends and rational reasons
for the trends. A control over such features of this class of
material as bandgap and PLQY by tuning layer thickness
is an important fundamental knowledge. Knowledge of the
trends can be used for applications: it is not necessarily
needed that increase or decrease of thickness give specific
influence over the observables—it is more important to have
a record of correlation between size and PLQY that can be
used for applications. The PLQY varies in relation to the
relative values of oscillator strength, which do not appear to
be dependent on thickness of perovskite or halogen studied,
and the Redfield tensor elements. This causes the PLQY
to have only a minimal dependence on the thickness of the
model. It is observed that the values of the band gap and first
absorption peak do vary with the thickness of the perovs-
kite layer, with thicker layers showing redshifted energy, and
with the choice of halogen used in the model, with the larger
iodide being more redshifted than the bromide. Additionally,
we observe that the lead iodide models act as intuitively
expected, but the lead bromide models challenge the intui-
tive expectations. Further calculations are needed to deter-
mine if the geometry distortions are an intrinsic feature of
the lead bromide perovskite materials.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1557/s43580-023-00641-y.
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