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ABSTRACT: Using unsupervised machine learning on the trajectories from a nonadiabatic
molecular dynamics simulation with time-dependent Kohn—Sham density functional theory,
we elucidated the structural parameters with the largest influence on nonradiative

recombination of charge carriers in CsPbl;, which forms the basis for solar energy and )%

optoelectronic applications. The I-I—I angles between Pbly octahedra, followed by the Cs—I
distance, have the strongest impact on the bandgap and the nonadiabatic coupling. The
importance of the Cs—I distance is unexpected, because Cs does not contribute to electron
and hole wave functions. The nonadiabatic coupling is most influenced by static properties,
which is also surprising, given its explicit dependence on atomic velocities.

Inorganic halide perovskites are a promising class of
electronic materials with many potential applications,
including photovoltaics, electronic displays, nanocrystals, and
light-emitting devices." Compared to hybrid organic—inorganic
perovskites, they exhibit better material stability and charge
carrier behavior more amenable to devices.” Metal halide
perovskites in general have been a popular topic of research
over the past decade with an extremely diverse set of potential
applications.”™® However, the charge carrier dynamics which
govern the performance of perovskites in electronic devices are
quite complicated and not fully understood.” While many
studies have focused on the geometric and electronic structures
of the perovskite crystals, theoretical investigations of their
charge carrier dynamics are rare because of the high
computational cost of simulation and the difficulty of
computing properties such as the nonadiabatic coupling
(NAC).""""® Despite these limitations, simulation remains a
promising method for understanding the quantum dynamics of
perovskite solar cells. Analysis of the quantum dynamics
simulations requires an understanding of the correlations of the
key electronic properties, such as excitation energies and
NAGCs, with the material’'s geometric features.

Nonadiabatic molecular dynamics (NA-MD) for atomic
motions combined with time-dependent density functional
theory (TD-DFT) for electronic evolution is the gold standard
for modeling systems with coupled electronic and nuclear
degrees of freedom.'"'*"*~'" It requires no a priori knowledge
of the mechanism of the process simulated and avoids the
approximations inherent to phenomenological theories. TD-
DEFET allows for the relatively low-cost calculation of excited-
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state energies and NACs compared to other methodologies,
enabling the large-scale application of NA-MD toward
materials simulation.'® The resulting information from
combining NA-MD with TD-DFT is similar to what would
result from time-resolved pump—probe spectroscopy measure-
ments."”

Machine learning (ML) has found many scientific
applications in recent years; it can be an extremely powerful
tool in data analysis and has been used to great effect in many
research fields.”~>* ML can be especially useful when dealing
with noisy data because of its ability to find correlations that
are otherwise difficult to predict, such as those which are
nonlinear. Careful application of ML can be used on systems
such as lead halide perovskites in order to extract information
that is otherwise nearly impossible to predict and can even cut
through noise.”*

ML can be either supervised or unsupervised. In supervised
learning a labeled output is used to learn or approximate
relationships between input and observed output.”> Unsuper-
vised learning has no labeled output and is used to infer hidden
structures and similarities in a data set. As demonstrated in
previous work,”* unsupervised ML can generate valuable
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insights into the charge carrier dynamics of halide perovskites.
The trajectories from a NA-MD simulation can be analyzed to
extract features, such as crystalline angles, atomic distances,
and the nuclear velocity, and unsupervised ML can then be
used on the features and the electronic properties to hunt for
correlations that would not otherwise be immediately legible.

In this Letter, we apply ML to analyze the Hamiltonian of
the real-time TD-DFT and NA-MD simulation of charge
carrier dynamics in CsPbl;, an inorganic halide perovskite
considered promising for solar cell applications. We demon-
strate the main influence on the charge carrier properties of the
material to be the angles of the lead—iodine backbone and the
distance between the cesium and iodine atoms. We also
demonstrate the importance of static geometry over atomic
motion. Both of these results are unexpected and could not be
guessed a priori, because the NAC is calculated from the
atomic velocity, and cesium atoms do not contribute to
electron and hole wave functions.

The study was performed on f-CsPbl,, which was
represented by a \/ 2 X \/ 2 X 2 unit cell with lattice constants
of 9.05 A X 9.05 A X 12.94 A. The simulation was performed
with the Vienna Ab Initio Simulation Package (VASP) using
the PBE exchange—correlation functional and projector-
augmented wave method. The Brillouin zone was sampled
with a 4 X 4 X 2 Monkhorst—Pack k-point mesh. The structure
was optimized and then thermalized at room temperature, and
a 7 ps microcanonical trajectory was obtained with a 1 fs time
step. The 7 ps trajectory was sufficient to sample the motions
present in the system. The NAC
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was calculated via the Python extension for ab initio dynamics
(PYXAID),'""* a methodology with a substantial track record
of agreement with experiment.'*™'***™*" The phase consis-
tency of the NAC was considered explicitly.””~** The three
most important features influencing perovskite charge carrier
dynamics are generally the bandgap, the NAC, and the
coherence time between pairs of states. The coherence time is
a function of the bandgap. Thus, our methodology extracts
information about the bandgap and the NAC to test for
correlations between charge carrier dynamics and structural
features.*

Once the simulation was complete, various geometric
features, such as bond distances and angles between atoms,
were extracted into a time series for each feature. There was a
total of 162 such geometric features in the cell. Unsupervised
ML was then used to compare the time evolution of each of
these 162 geometric features to that of the 2 electronic
properties. Both the bandgap and the NAC were correlated to
both the geometric features and their time derivatives, leading
to a total of 324 features. Visualization of the crystal structures
and features were created in part with VESTA.*

8673

Because of the highly nonlinear nature of the correlations in
play, mutual information (MI) offers an attractive way to
quantify the relationship between the structural and electronic
behaviors of the crystal. In units of information (bits, nats,
etc.), the mutual information quantifies the shared dependence
of two variables, specifically the amount of information
contained about the other variable in one. Because it describes
the correlation in terms of information instead of lines or
polynomials, it is a much better choice than methods such as
Pearson correlation. It ranges from 0 to co for no shared
information to two identical variables.

The pairwise MI, I(X, Y), between each feature and the
bandgap or the NAC was calculated via k-nearest neighbor
statistics,””*® with k = 3, which has previously been
demonstrated to give the best results with halide perovskites.”*

= x x, y)lo. 7p(x, »)
105, 7) = [ dwdyp(, ) gz[P(x)P(y)] o

where p(x, y) is the joint probability density function of the
two variables and p(x) and p(y) are the marginal probability
density functions. The individual features were then averaged
for each type for comparison and analysis. In other words, each
I-I-1 angle present in the system has its own mutual
information. The MI for all I-I-I angles was averaged to
create the MI value for I-I-I, and so on for each type of
feature.

Figure 1 displays the ideal geometric structure of CsPbl;,
along with several of the features considered in the present

[-Pb-1(180°)

[-Pb-1(90°)

Figure 1. Geometric structure of CsPbl; and the feature angles.

study. The Cs* cation occupies the A-site of the generic ABX;
structure of metal halide perovskites and is free to move within
its cage of lead and iodine atoms, and the relatively open space
in the cell allows for significant movement. The Cs® ion
exhibits a “rattling” behavior between two different sites in the
lattice.”

Figure 2 displays the time evolution of the bandgap and the
NAC of the simulated CsPbl; perovskite. The bandgap falls
within the energy range of solar photons, which makes CsPbl;
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Figure 2. Time evolution of (a) bandgap and (b) NAC between the CBM and the VBM of pristine CsPbl;, as well as Fourier transforms of the
same (c) bandgap and (d) NAC. The NAC exhibits a broader range of frequencies than the bandgap.

a promising material for solar cells.” The valence band
maximum (VBM) of lead iodide perovskites arises from
atomic orbitals of lead and iodine atoms, while the conduction
band minimum (CBM) is formed by atomic orbitals of lead.
The Fourier transforms (FTs) of the bandgap and NAC
evolutions demonstrate that the NAC fluctuates over a broader
range of frequencies, including higher frequencies, compared
to the bandgap. This is because the NAC is a more complex
electronic property than the bandgap. It is more sensitive to
spatial distribution of electron and hole wave functions and
depends explicitly on atomic velocity (eq 1).

Tables 1 and 2 present the results for the MI (eq 2) of the
five most important features with the bandgap and the NAC.

Table 1. Mutual Information with Standard Deviation (SD)
of Bandgap with Features of CsPbl; Crystal

feature MI + SD (bits)
I-I-I angle 2.71 + 0.08
Cs—1I distance 247 + 0.18
Pb—I-Pb angle 238 + 0.14
I-Pb—I (~90°) angle 2.36 £ 0.09
Cs—I motion 2.33 + 0.10

Table 2. Mutual Information with Standard Deviation (SD)
of NAC with Features of CsPbl; Crystal

feature MI + SD (bits)
I-1-I angle 2.59 + 0.04
Cs—I distance 2.39 + 0.20
I-Pb—I (~90°) angle 2.27 + 0.08
Pb—I-Pb angle 226 + 0.13
Cs—I motion 223 + 0.13

The standard deviations (SD) are computed from the
distribution of the MI values for each feature of a given type.
For example, considering the two most important features,
there are 9 distinct I-I-1 angles and 33 distinct Cs—I
distances (Table S1), and the SD are computed from the
distributions of 9 and 33 MI values, respectively. The MI for
the bandgap is slightly larger than for the NAC because the
bandgap exhibits better correlation with the features than the
NAC. The NAC is a more complex function of system
geometry, and its relationship to particular structural features
and motions is weaker than for the bandgap.

The results are quite unusual. First, both the bandgap and
the NAC share substantial mutual information with the Cs—I
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distance and its motion. Cs atoms do not contribute to either
the VBM or the CBM, and therefore, Cs atoms should not
influence the bandgap and the NAC between these states. The
influence of Cs atoms on the electronic properties of the VBM
and the CBM arises through short-range steric interactions of
Cs with iodine atoms, as well as through long-range
electrostatic interactions of the Cs* cation with the electron
and the hole.

Second, the NAC correlates much more strongly with
geometries than motions, even though the NAC depends
explicitly on the atomic velocity (eq 1). Again, surprisingly, the
Cs—I bond plays an important role. Its motion correlates with
the NAC more than, for example, the motion of the Pb—I
bond or motion of any of the angles involving I and Pb atoms.

Third, the bandgap correlates with the Cs—I motion as
much as the NAC does. This is unexpected, because the
bandgap depends only on atomic positions. The correlation of
the bandgap with the atomic velocities can be explained by the
fact that the velocity is a time-derivative of the geometry, and
thus, a geometric feature and its velocity share information. In
other words, the velocity is correlated to the geometry just as
the bandgap is, which causes the Cs—I motion to share some
information with the bandgap.

Fourth, it is unexpected that the top S features correlated
with the bandgap and the NAC are identical. The rest of the
features can be found in Tables S2 and S3 of the Supporting
Information. Although the NAC is inversely proportional to
the energy gap (eq 1), it depends strongly on localization of
the VBM and CBM wave functions. The present system
contains no defects. The VBM and the CBM are delocalized
over the whole system and change little as the system
fluctuates around its equilibrium geometry. One can expect
larger differences between the most important features
influencing the bandgap and the NAC in systems containing
defects,'” or at higher temperatures that result in increased
structural disorder and partial charge localization.>’

Fifth, the preeminent influence of the I-I—I angle on the
perovskite’s electronic properties is also somewhat surprising.
Its MI with both the bandgap and the NAC is notably larger
than that of any other feature (Tables 1 and 2). The
importance of the Pbls geometry is expected because of the
aforementioned localization of the VBM and the CBM to the
lead and iodine atoms. Therefore, the high rank of the angles
formed by the I and Pb atoms is not surprising. However,
previous literature®>* argues that the formation of polarons
and the magnitude of the bandgap are governed by the Pb—I—
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Figure 4. (a) Example of an individual feature plotted against the bandgap and (b) their Fourier transforms.

Pb angle, which is important in our analysis, but ranks notably
lower than the I-I-I angle. Both I-I-I and Pb—I—Pb angles
measure the tilt between Pbl; octahedra, a fact which
continues to support the importance of octahedral tilt in
determining charge carrier behavior. Of the other important
factors, the ~90° I-Pb—I angle describes deformation within
the octahedron.

The hybrid organic—inorganic analogue, MAPbI; with MA =
CH;NHj;, of the all inorganic CsPbl; perovskite exhibits some,
but not all of these unusual correlations.”* In particular, the
coordinates or motions of the organic MA™ cation are ranked
lower for both the bandgap and the NAC, compared to the
coordinates and motions of the Cs* cation. The much lighter
MA" species carries weaker influence on the inorganic Pb—I
lattice composed of heavy elements. One can conclude in
general that the mass mismatch decouples the organic and
inorganic components of hybrid perovskites. The stronger
influence of atomic geometry than atomic motion on the
bandgap and the NAC is seen in both all-inorganic CsPbl; and
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hybrid organic—inorganic MAPbI; perovskite. The fact that the
same features correlate most with the bandgap and the NAC
holds for both types of materials. The highest MI associated
with the I-I-I angle is independent of the nature of the A-site
cation as well.

Figure 3 gives a visualization of the distributions of the
NAC, bandgap, and several geometric features most highly
correlated to them. It is worth noting the very small magnitude
of the NAC, which is roughly three orders of magnitude
smaller than the bandgap. The NAC can be important despite
its small value: as governed by Fermi’s golden rule, the
recombination rate is proportional to the square of the NAC;
hence, its variance can have significant effects.”® The Pb—I—-Pb
angles, which have a substantial effect on polaron formation,
are distributed around roughly 165° instead of 180°.>"*

Figure 4a presents superimposed time evolutions of a single,
most significant feature and the bandgap. The feature, the I—
I-I angle, is most strongly correlated with the bandgap, with
the pairwise mutual information I(X, Y) = 2.77 bits (Table 1).

https://doi.org/10.1021/acs jpclett.1c02361
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It is hard to discern any correlation between the feature and
the bandgap from the time-series representation. After FT's are
taken (Figure 4b), the relation becomes somewhat clearer; the
large spike in the bandgap intensity is twice the frequency of
the large spike of the I-I—I intensity. This demonstrates the
benefits of using MI, because a simpler method, such as
Pearson correlation, would not be able to establish a
relationship from these graphs.

A similar methodology with MI was applied by Zhou et al. to
the MAPDI; perovskite, finding a similar role in I-I-I
distortions and static Pbls geometry, but with otherwise
divergent results that benefit from explanation.”* The main
finding of that research is corroborated by the current study,
namely, that the I-I—I is the main structural factor governing
the electronic properties in lead halide perovskites. However,
in this work, the cation’s involvement is substantially different
in both nature and degree.

The high MI between the Cs—I distance and the bandgap in
CsPbl; does not have an analogue in MAPDI; for either the
MAY cation or the individual ion’s coordinates. Given that the
VBM and CBM are localized on the Pb—1I lattice, the influence
of the Cs* and MA" cations on the electron and hole properties
can proceed either via long-range electrostatic interactions or
indirectly via cation-induced deformations of the Pblg
octahedra. Both cations carry the same charge, while MA*
has a more complex and less symmetrical charge distribution.
Therefore, one can expect that MA* should have a stronger
electrostatic influence on the properties of the charges. For
example, MA" rotations can lead to charge localization,>® while
Cs* rotations can have no such effect. Because Cs exhibits
stronger correlations with the bandgap and the NAC than
MA,** spatial repulsive interactions is the dominant effect. The
greater amount of shared information observed by our study
corroborates results that observe Cs™ ions have a stronger
distortional effect on the Pb—I backbone than do MA" or FA"
ions in the analogous perovskite crystals.”* Figure 5 displays
relevant parts of the structure for the all-inorganic and hybrid
organic—inorganic perovskites.

Figure S. Positioning of the Cs* (left) and MA* (right) cations within
the Pb—I lattice.

The other difference between the all-inorganic CsPbl; vs the
hybrid organic—inorganic MAPDbI; is in the range of the MI
values for the bandgap and the NAC (Tables 1 and 2). The
bandgap and NAC MI values are similar for CsPbl;, while they
differ by a factor of three for MAPbL,.** The bandgap MI
values are of the same order for CsPbI; and MAPbI;; however,
the NAC MI values are three times smaller for MAPDL;. It is
hard to find a straightforward rationalization for this difference,
because proper normalization of MI is not easy to achieve (see
section S3 of the Supporting Information). Likely, it is the
result of the dependence of the NAC on atomic motions. The
smaller number of atoms in the CsPbl; simulation cell,
compared to MAPDI;, leads to the higher correlation. The
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greater influence of the Cs" ions on the NAC, compared to the
MAT ions, further increases the MI between the features and
the NAC.

In summary, by applying unsupervised ML to analyze
correlations between structural and electronic properties of the
CsPbl; perovskite, we have established the key geometric
features and motions that govern charge carrier dynamics in
this popular solar cell materia. We have demonstrated a
number of unusual results that could not have been found
without the use of ML. Unexpectedly, both the location and
motion of Cs* cations play important roles, ranking number 2
and §, respectively. This is surprising, because the charges are
supported by the Pb and I atoms of the inorganic lattice, and
Cs atoms have no contribution to the electron and hole wave
functions near the band edges. The positions and motions of
the corresponding MA" cation in the hybrid organic—inorganic
MAPDI; perovskite are less important. The indirect influence
of Cs* and MA" on the charge carrier dynamics can occur
either via long-range electrostatic interaction with the charges
or by steric repulsion with the Pb—TI lattice. The fact that the
heavier and more symmetrical Cs* carries a stronger influence
than the lighter MA* with an asymmetric charge distribution
indicates that the steric interaction is more important. The
mass mismatch decouples the organic and inorganic
components in MAPbI;, while the heavy Cs* ion strongly
couples to the Pb—I lattice. Also unexpectedly, structure is
more important for the NAC than geometry, even though the
NAC is directly proportional to atomic velocity. Here, the
length and velocity of Cs—I bonds have higher ranks than the
length and velocity of Pb—I bonds. The bandgap and the NAC
correlate with the same features, including both geometries and
motions, even though the bandgap is determined solely by
geometry. The most important feature is the I-I—I angle, with
the Pb—I-Pb octahedral tilt angle having the third most
important role after the I-I-I angle and the Cs—I bond. For
those interested in engineering the properties of CsPbl; and
related materials, we confirm the high importance of the Pbl
tilt geometry. The fact that the I-I—I angle and the Cs—I bond
are the most important structural properties indicates that
changing and mixing halogen atoms can be used to control and
optimize charge carrier dynamics in metal halide perovskites.
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