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1 | INTRODUCTION
Over the last years, organic-inorganic lead halide perovskites have
attracted great attention because of their impressive photovoltaic per-
formance and their superb photoluminescence properties, which also
render them a suitable choice for making perovskite light-emitting
diodes (LEDs).}~° Despite the rapid progress in device fabrication, a
thorough understanding of the fundamental nature of the excited
states of this class of materials is still missing.1*"*” Such characteriza-
tion is an important ingredient for further optimization, as excited-
state processes can crucially affect the optoelectronic performance.
Among the different lead halide perovskites,2">” CsPbBrs is espe-
cially suited for investigations of the excited state dynamics via transient
absorption spectroscopy experiments due to its higher photostability
compared to other organic-inorganic lead halide perovskites.118-2¢ The
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Transient absorption spectra (TAS) of lead halide perovskites can provide important
insights into the nature of the photoexcited state dynamics of this prototypical class
of materials. Here, we perform ground and excited state molecular dynamics
(MD) simulations within a restricted open shell Kohn-Sham (ROKS) approach in order
to interpret the characteristic features of the TAS of CsPbBrs. Our results reveal that
properties such as the finite temperature band gap, the Stokes shift, and therefore,
also the TAS are strongly size-dependent. Our TAS simulations show an early positive
red-shifted feature on the fs scale that can be explained by geometric relaxation
in the excited state. As excited-state processes can crucially affect the electronic
properties of this class of photoactive materials, our observations are an important

ingredient for further optimization of lead halide based optoelectronic devices.

absorption spectra, CsPbBr3, excited state dynamics, molecular dynamics, ROKS, Stokes
shifts, transient absorption spectra

large band gap of CsPbBrj that lies within the range of 2.25-2.36 eV

22,27

according to measurements performed by different groups, prevents

direct photovoltaic application, but CsPbBr3 is instead a promising mate-
rial for LEDs and laser applications.”10-2827

Although several femtosecond transient absorption spectroscopy
measurements have been conducted for MAPbI;, MAPbBr3;, and
CsPbBrg,141517:23.24.30-32 {ha interpretation of the mechanistic origin
of the observed features is still under debate. More specifically, ultrafast
transient absorption studies of cubic CsPbBr; nanocrystals as a function
of size showed that for small nanocrystals of ~4 nm edge length, strong
quantum confinement effects are manifested in the excited-state
dynamics that differ from the ones observed for the bulk material.>® In
addition to the size-dependent TAS, size-dependent absorption spectra
and size-dependent Stokes shifts were revealed when photo-
measurements of CsPbBrs

luminescence nanocrystals  were
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performed.1333% |n order to understand the origin of the Stokes shift
in CsPbBr; nanocrystals, Brennan et al.2> performed static density
functional theory (DFT) calculations of the band structure, suggesting
that for particles between 2 and 5 nm size, the observed shift is due to
the existence of an intrinsic confined hole state 70-260 meV above the
valence band edge which is relatively dark in absorption due to its low
density of states, but bright in emission.

The time-dependent transient absorption measurements of

.17 revealed an early (0.4 ps) evolu-

CsPbBr; performed by Yarita et a
tion of a positive transient absorption signal at 509 nm and a negative
one at 528 nm. The latter signal disappeared at later time delays
(27.5 ps) giving rise to a unique positive feature. Ultrafast transient
absorption spectroscopy that was used to investigate the origin of the
exceptionally high photoluminescence quantum yield of CsPbBrs
quantum dots, 2% showed an exciton bleaching feature at ~480 nm at
early time delays (0.2-0.5 ps) and an exciton absorption feature at
~495 nm at the same delay, which the authors assigned to state-fill-
ing-induced bleach and hot-exciton-induced red-shift, respectively.
After the hot-exciton relaxation (>2 ps), the exciton-induced shift dis-
appeared and the TAS was solely dominated by the exciton bleaching
feature.?® According to the authors, the high photoluminescence
qguantum yield of CsPbBr; quantum dots is a result of the negligible
electron- and hole-trapping pathways.

On the other hand, Wei et al.?* observed three features in the
0.1 ps time delay time-dependent TAS of CsPbBr; quantum dots with
average edge length of 11.4 nm. A band of photoinduced bleach at
510 nm and two bands of photoinduced absorptions; the first one
being very well-resolved and centered at 521 nm, while the second
was subtle, with a small amplitude and very wide spectrum through-
out the visible region.?* At later time delays, after 2-5 ps, although
there were still some contributions from the two bands of photoin-
duced absorptions, the TAS was dominated by the band of photoin-
duced bleach. The authors attributed the 0.1 ps time delay TAS
mostly to a carrier-induced Stark effect, and they also correlated the
red-shift of the energies with two-body recombination possibly due
to a strong coupling between excitons.?*

The debate between the various interpretations regarding the
features of the TAS of CsPbBrs, calls for further studies to shed light
on the mechanistic origin, and on fundamental issues related to the
excited state of organic-inorganic lead halide perovskites in general.
In this work, we perform transient absorption simulations of CsPbBr3
at early time delays using Car-Parrinello MD coupled with ROKS. For
the simulations we use two different cell sizes, probing the size-
dependent nature of the finite temperature band gap, the Stokes shift
and the TAS. To the best of our knowledge, so far all theoretical inter-
pretations of the TAS were based on static calculations, while here we
employ a dynamic approach for simulating the TAS of CsPbBrs.

2 | RESULTS AND DISCUSSION

For the simulation of TAS, we considered an approach similar to the

one followed in transient absorption experiments. More specifically,

transient absorption spectroscopy is a time-resolved technique that
allows monitoring the absorption spectrum of a sample after photoex-
citation through a probe laser pulse at different delay times with
respect to the pump pulse. In detail, when a sample is photoexcited,
its absorption spectrum is modified due to the different distribution of
the photoinduced charge carriers.®® The transient absorption signal
AA at a certain delay time 7 is defined as the difference between the
pumped A(E,z) and unpumped A(E) signals, as described by

Equation 1.3¢

AA(E,7) =A(E,7) —A(E,r=0). (1)

The result of a transient absorption spectroscopy measurement is
thus a differential absorption signal that is a function of both probe
photon energy and time delay.

As a first test of the computational scheme, we checked if we can
Stokes  shift of
CsPbBr3.t13334 For this purpose, we exploited the more expedient
ROKS approach, a DFT-based method that describes the first non-

degenerate excited singlet state of a system.3” The absorption and

reproduce the experimentally observed

emission energies at O K were calculated using the real-space equiva-
lent of the fully k-point sampled system of the most stable phase of
CsPbBr; at room temperature,®® the orthorhombic phase. The experi-
mental structure of CsPbBr3 is shown in Figure 1. Benchmark calcula-
tions showed that such an appropriate real-space analog can be found
with a supercell containing 160 atoms. The O K band gap of this sys-
tem is 2.08 eV compared to the fully converged value of 2.13 eV. The
energy differences between the ground state and the first excited
state for the ground state optimized structure and the first excited
state optimized counterpart, that is, the Stokes shift are calculated for

FIGURE 1

Experimental crystal structure of CsPbBrs. Cs™ (green
balls), Br~ (brown balls), Pb%" (silver balls)
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the 160 atom system. ROKS predicts a Stokes shift of 0.02 eV fully
consistent with experimental results for bulk CsPbBr; of roughly
0.02 eV indicating the adequacy of the ROKS method for describing
the excited state dynamics in this system.3”

In order to calculate the TAS, we exploited Equation (1) and com-
puted the difference between the excited state absorption spectra
and its ground state counterpart at different time delays. For this, we
first calculated the steady state absorption spectrum by performing
Car-Parrinello MD simulations of the ground state at 300 K for the
super cell containing 160 atoms. For the estimation of the finite tem-
perature band gap, 166 configurations were sampled from the equili-
brated trajectory of 9.5 ps and the probability distribution of the
Kohn-Sham band gaps are shown in Figure 2.

Since spin-orbit coupling is known to be strong in lead halide
perovskites, we also determined the analogous spectrum for triplet
state.®? The triplet state is determined by performing single point cal-
culations for the same configurations that have been used in the cal-
culation of the Kohn-Sham band gaps but using different spin
multiplicity. As shown in Figure 2, the probability distributions overlap
with each other suggesting that both singlet and triplet states can
contribute to the absorption spectrum of CsPbBrs in similar ways.
Furthermore, the maximum of the peak for both singlet and triplet
transitions is 2.11-2.12 eV showing that the band gap experiences a
slight (0.04 eV) blue-shift at finite temperatures. This observation is at
variance with the behavior of classical semiconductors,**~#? but is
consistent with previous work on lead halide perovskites, where typi-
cal blue-shifts of the order of 0.01-0.03 eV have been observed,*
and can be rationalized in terms of the decrease in antibonding orbital
overlap of the divalent cation and anion orbitals that make up the
band edges (vide supra) due to thermal fluctuations. To further sup-
port the argument that the probability distribution of the Kohn-Sham

band gaps of CsPbBr; can represent its steady state absorption
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FIGURE 2 Probability distribution of the Kohn-Sham band gaps
(for both singlet and triplet states) of CsPbBrs, at 300 K for a
simulation box containing 160 atoms. For the estimation of the finite
temperature band gap, 166 configurations were sampled from the
equilibrated ground-state trajectory. The maximum of the peak for
singlet and triplet states is nearly identical (2.11 and 2.12 eV,
respectively). The data have been fitted to a Gaussian function for
better visibility
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spectrum, we calculated the absorption spectrum using TDDFT. In
Figure S1, the absorption spectrum of CsPbBr3, including only the first
excited state is shown. The maximum of the peaks of both spectra
(Figure 1 and Figure S1) are the same supporting that the probability
distribution of the Kohn-Sham band gaps can be safely used in the
simulation of the TAS.

For the simulations of the TAS, because of the high computa-
tional cost for excited state simulations and the necessity to perform
a sufficient number of independent trajectories, we performed the
excited state dynamics with a smaller system containing a single unit
cell of the orthorhombic structure with 20 atoms. Furthermore, com-
paring the electronic properties of this smaller size system with the
results obtained for the 160 atom super cell, we could also gain infor-
mation about possible size effects on the steady-state absorption
spectrum and the Stokes shift.1%*3-3> Following the approach
described above to calculate the Stokes shift and finite temperature
band gap (Figure 3), we find that for this smaller size system the
Stokes shift is 0.24 eV, that is, larger than in the case of the simulation
box with 160 atoms. A similar increase in the Stokes shift from ~30
to 100 meV with decreasing crystal size (from 11.7 to 4.1 nm), has
been reported in experiments of CsPbBr; perovskite nanocrystals.3®

In addition, we find that for this smaller size system temperature
effects lead to a more pronounced blue-shift of the steady-state spec-
trum. In fact, the maximum of the band for the lowest singlet and trip-
let Kohn-Sham single-particle excitations (Figure 3) lies at 2.75 and
2.68 eV, respectively. This is fully consistent with the blue-shifted
absorption spectrum of previously reported experiments of CsPbBr3
perovskite quantum dots and nanocrystals upon decrease of the sys-
tem size 1133

As mentioned above, for the calculation of the TAS, we exploited
Equation (1) and subtracted the simulated steady-state absorption

spectrum from the probability distribution of the first excited-state
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FIGURE 3 Probability distribution of the Kohn-Sham band gaps

(for both singlet and triplet states) of CsPbBr; when a simulation box
of 20 atoms is employed. For the estimation of the finite temperature
band gap, 560 configurations were sampled from the equilibrated
ground-state trajectory. The maximum of the peak for singlet and
triplet states is 2.75 and 2.68 eV, respectively. The data have been
fitted to a Gaussian function for better visibility



Journal of

% | WILEY—

BOZIKI T AL.

CHEMISTRY

\
\
N

'
=
|
L

(Arbitrary units)

'
N
|
L

1
1 1.5 2 2.5 3 3.5 4
Energy (eV)
60 fs

Density of conformation

'
w

840 fs
960 fs
10 ps

48 fs
120 fs
240 fs

480 fs
600 fs

FIGURE 4 TAS for a simulation box of 20 atoms of CsPbBr5 at
300 K, simulated with ROKS. The data have been fitted to Gaussian
functions for better visibility. All oscillator strengths were assumed to
be the same given that they involve transitions into the same state at
very similar geometries

excitations at different time delays. For this reason, we performed
100 ROKS excited state dynamics simulations for the system of
20 atoms. In Figure 4, the simulated TAS are shown. After 120 fs the
spectra experiences a red-shift indicated by the appearance of a posi-
tive peak at 2.42 eV, which can be attributed to the excited state geo-
metric relaxation and whose magnitude is equal to the Stokes shift,
accompanied by a negative feature at 2.79 eV due to ground state
bleaching. These features have also been previously reported in tran-
sient absorption experiments of CsPbBr; nanocrystals and quantum
dots for short time delays.t”?>2* For larger time delays, the main
qualitative features are similar to the absorption spectrum in the gro-
und state and the excited spectra are basically identical with the con-
tributions to the TAS due to geometric changes being negligible. For
an easier analysis of the spectra, we are also plotting them for differ-
ent time delay ranges (Figure 5). It is worth mentioning that calcula-
tions that aimed at interpreting the TAS of MAPbI; exploiting the
contribution of different conduction and valence band pairs to the
optical properties and not taking into account the excited-state geo-
metric relaxation could not reproduce the early positive red-shifted
feature.®2 The absence of this feature following this approach further
supports our suggestion that the early red-shifted feature is due to
excited-state geometric relaxation. To further support our suggestion
we examined the geometric distortions by comparing the Pb-Br dis-
tances of the ground-state trajectory at 300 K with the ones of the
excited-state trajectories. We notice that the ground-state trajectory
has only one set of similar Pb-Br distances, which average is 3.05 A.
On the other hand, the Pb-Br distances extracted from the excited-
state dynamics trajectory can be classified into two different sets,
which averages are 3.23 and 2.99 A, accordingly.

We also simulated TAS performing two ROKS excited state dynam-
ics simulations using the 160 atoms system. Our simulations (Figure S2
in Supporting Information) showed that the main qualitative features of
the spectra are similar to the ones of the cell of 20 atoms but again
showing a strong size effect in the band positions confirming the size-
dependent nature of TAS. However, we were not able to perform a
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FIGURE 5 TAS for a simulation box of 20 atoms of CsPbBr; at
300 K, simulated with ROKS plotted for different time delay ranges.
The data have been fitted to Gaussian functions for better visibility

sufficient number of simulations with the 160 atoms cell to fully con-
verge the spectrum with respect to sampled configurations due to the
high computational cost. Furthermore, we performed simulations of the
Stokes shift, the steady-state absorption spectrum as well as the TAS
employing linear-response time-dependent density functional theory
(LR-TDDFT). These calculations also showed strong size-dependent
behavior (Figures S3 and S4 in Supporting Information).

3 | CONCLUSIONS

Although several transient absorption spectroscopy measurements
have been conducted for CsPbBrs,'7?3?* the debate between the
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various interpretations regarding the features of the TAS, calls for fur-
ther studies to shed light on the mechanistic origin related to the
excited state of this material. Here, we propose a theoretical protocol
to study and interpret the early-time features of the TAS in order to
study the TAS of CsPbBr; and lead halide perovskites in general.

The computational approach is able to reproduce also the finite
temperature band gap and Stokes shift of CsPbBr;. We observe that
properties such as the finite temperature band gap and the Stokes
shift are strongly size-dependent. In analogy to these size-dependent
properties, the TAS is also size-dependent. The simulated features of
TAS agree well with experimental measurements. More specifically,
an early positive red-shifted feature in the fs scale dynamics that can
be explained by geometric relaxation in the excited-state has been
revealed. For larger time delays, the main qualitative features are simi-
lar to the absorption spectrum in the ground state and the excited
state spectra are basically identical with the contributions to the TAS
due to geometric changes being negligible.

Our approach includes the differences between the excited and
ground state geometries as factors that could contribute to the tran-
sient absorption measurements exploiting the relaxation of the struc-
ture in excited states. Other effects such as band gap renormalization,
many-body effects and excitonic effects cannot be captured with this
approach. However, the existence of a Stokes shift is the first indica-
tion of the importance of geometric relaxations for the excited state
dynamics. In any case, there are claims that the impact of some of the
effects that our approach cannot capture is not so significant. For
example, the small exciton binding energy is a characteristic of three-
dimensional halide perovskites.*4~# To the best of our knowledge, a
dynamical approach for the simulation of the TAS of lead halide
perovskites has not been employed so far. Our results allow us to
understand the mechanistic origin of the excited state of this material,
paving the way for further optimization of this special class of

materials.

4 | COMPUTATIONAL DETAILS
DFT#78 static calculations have been performed using the Quantum
Espresso suite of codes,*>*° while the CPMD code was used for
dynamics.>* The generalized gradient approximation to DFT in the
PBE formulation has been used.>? Scalar relativistic effects have been
included via the pseudopotentials while explicit spin-orbit couplings
have not been taken into account in view of the well-known fortu-
itous error cancellation between spin orbit coupling and many-body
effects described e.g. by means of GW-self energy correction.3>%>%
Quantum Espresso was chosen for the band gap calculations at O K,
with a sampling of the Brillouin zone with a 7 x 7 x 7 Monkhorst-Pack
shifted k-point grid.>® To calculate the corresponding gap of the real-
space sample, the CPMD code was used instead. In Quantum Espresso
calculations, the interactions between valence electrons, core electrons
and nuclei are described by ultrasoft pseudopotentials.’® The Kohn-
Sham orbitals are expanded in a plane wave basis set with a kinetic
energy cutoff of 40 Ry and a density cutoff of 240 Ry. The above

CHEMISTRY

values have been chosen after having performed convergence tests for
the total energy, the band gap, the pressure, the stresses and the
atomic forces. For the calculations with CPMD, the wavefunction cut-
off was set to 90 Ry and Goedecker normconserving pseudopotentials
were employed.”” >’

Car-Parrinello MD simulations for the ground state in the NVT
ensemble were performed using the CPMD code.>? A time step of 5 a.
u. was used with a fictitious mass parameter of 800 a.u. The tempera-
ture in the simulations was set to 300 K and was controlled by three
Nosé-Hoover thermostats, (one for each species) with a coupling fre-
quency of 1500 cm~1.6%7%2 For the excited-state dynamics, the LR-
TDDFT and ROKS methods were coupled with BO MD and Car-
Parrinello MD, respectively. In both LR-TDDFT/BO MD and ROKS/
Car-Parrinello MD, a time step of 5 a.u. was employed. For ROKS/Car-
Parrinello MD, a fictitious mass parameter of 800 a.u. was used. Espe-
cially, for the simulation of the TAS with ROKS, 100 simulations were
performed for the system that contains only the unit cell. The size of
the unit cell is a = 8.24 A, b = 11.74 A, and ¢ = 8.20 A, (orthorhombic
phase). For the cell of 160 atoms, two simulations were performed,
instead. Finally, the convolution of the spectra was done by applying

Gaussian functions, employing the comp_chem_py package.®®
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