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ABSTRACT: The rapid increase in perovskite solar cell efficiencies has
motivated massive experimental and theoretical efforts aimed at
understanding and enhancing the performance. We apply machine
learning to nonadiabatic molecular dynamics simulation of nonradiative
charge recombination in MAPbI3 and discover that the I−I−I angle is the
key structural parameter governing nonadiabatic electron−phonon
coupling and the bandgap. Surprisingly, the structure of MAPbI3 is
much more important that the motions of MAPbI3, even though the
coupling depends explicitly on nuclear velocity. Also surprisingly,
rotational and center-of-mass motions of MA influence charge
recombination, even though MA does not contribute to electron or
hole wave functions. The findings rationalize the unusual temperature dependence of carrier lifetimes in halide perovskites
and emphasize inorganic lattice deformation and MA rotation during polaron formation. By detecting nontrivial correlations
within complex data and providing accurate quantitative measures, machine learning surpasses traditional analyses and
suggests that perovskite performance can be controlled by chemical changes that alter perovskite geometric structure.

Hybrid organic−inorganic perovskite solar cells
(PSCs) have attracted significant attention over the
past decade because of their extraordinary properties,

such as a high power conversion efficiency and the ease and
low cost of production.1−6 Halide perovskites are promising
materials for next-generation photovoltaic devices due to long
electron and hole lifetimes, large charge diffusion lengths, low
defect densities, and high absorption coefficients.6−8 Applica-
tions of perovskites extend beyond solar energy into light-
emitting diodes.9−14 The efficiency of PSCs has exceeded
23%.1,15 Tremendous efforts continue to be dedicated to
enhancing their efficiency, improving their stability, and
reducing their environmental impact, by employing different
synthesis methods,16−18 adapting new device architectures,19,20

and trying various stoichiometries.10,21,22 Multiple experiments
have been dedicated to understanding the unique combination
of properties that make PSCs so efficient.6,23−26 The unusual
charge carrier dynamics and their response to nuclear motions
are among the main factors determining the performance of
PSCs. Multiple theoretical efforts have focused on elucidating
the geometric and electronic structure of perovskites, focusing
on different stoichiometries, dimensionalities (three-dimen-
sional vs two-dimensional vs quantum dots), and defects
(vacancies, interstitials, dopants, grain boundaries, and
interfaces).7,21,27−30 Theoretical studies of the quantum

dynamics of coupled electronic and nuclear degrees of freedom
are still rare, because they require advanced computational
techniques.31−34 Analysis and interpretation of simulation
results constitute an additional challenge, in particular, due to
the complex landscape of perovskite compositions, structures,
and length and time scales involved.
Machine learning (ML) has emerged as a useful tool for

analyzing both large and limited amounts of data available
from either experiment or modeling, with applications in an
extremely diverge range of fields, including high-energy
physics, chemistry and materials science, social sciences,
politics, etc.35−38 Often, ML allows scientists to uncover
trends and correlations that are hard to anticipate a priori.
Quantum dynamics of charge carrier trapping and recombina-
tion in perovskites is an excellent candidate for ML analysis,
because of the multitude of factors influencing carrier lifetimes,
including the perovskite composition, thermodynamic phase,
defects, geometric and electronic structure, temperature,
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atomic motions, electron−phonon coupling, quantum coher-
ence, etc. Generally, ML techniques can be categorized into
supervised and unsupervised learning.38 Computational studies
of nanoscale materials, and perovskites in particular, can
benefit from both approaches. For example, supervised
learning can be used to obtain efficient neural-network force
fields trained to ab initio density functional theory (DFT),39,40

while unsupervised learning can uncover complex reaction
paths.41 ML techniques help resolve the complex dependence
problem and have attracted a great deal of attention from
material scientists, because they provide analysis and modeling
tools that outperform the traditional methods in terms of
accuracy and efficiency.
Nonadiabatic molecular dynamics (MD) simulation com-

bined with time-dependent DFT (TDDFT) has recently
established itself as a tool of choice for modeling the complex
highly non-equilibrium evolution of coupled electronic and
nuclear degrees of freedom in molecular, nanoscale, and
condensed matter systems.32,33,42−45 Nonadiabatic MD treats
all particles and interactions explicitly and at the atomistic level
and avoids approximations used in phenomenological theories,
such as harmonic phonons, weak system−bath interaction,
few-level models, and adjustable parameters. By generating a
time-domain description of excited state quantum dynamics,
nonadiabatic MD combined with TDDFT mimics directly
multiple time-resolved pump−probe spectroscopies while at
the same time taking explicit account of the realistic aspects of
material structure, including the chemical composition, defects,
dopants, surfaces, interfaces, grain boundaries, etc.46 The ab

initio time-domain simulations can be easily transferred to new
types of materials. Because such simulations produce large
amounts of data, it is natural to consider ML as a data analysis
tool.
In this Letter, we apply unsupervised ML to ab initio

nonadiabatic MD and demonstrate that nonradiative charge
carrier losses in MAPbI3 are governed primarily by a material’s
structural properties rather than particular phonon motions.
This fact is unexpected because the nonadiabatic electron−
phonon coupling depends explicitly on nuclear velocity. Also
unexpectedly, we find that MA motions have a strong influence
on the nonradiative relaxation, even though MA does not
contribute to the electron or hole wave functions. The main
influence arises from the geometry of the inorganic Pb−I
sublattice, with the I−I−I angle providing a stronger measure
of electron−phonon coupling and the bandgap than the Pb−
I−Pb tilt angle. These findings rationalize the unusual
temperature dependence of charge carrier lifetimes in halide
perovskites47 and support the mechanism of polaron formation
involving Pb−I lattice distortion and MA rotation. Our study
highlights the ability of ML to uncover important correlations
that are not anticipated a priori within complex data sets and
shows that it can provide important quantitative measures with
limited amounts of data. The reported findings suggest that the
performance of PSCs can be improved by engineering of
perovskite geometric structure using site substitution, doping,
mixed stoichiometries, and related synthetic techniques.
We study pristine tetragonal MAPbI3 represented by one 48-

atom 1 × 1 × 1 supercell as shown in Figure 1a and a larger

Figure 1. Geometric and electronic structure of MAPbI3. (a) Tetragonal phase of MAPbI3 (tetragonal primitive unit cell). (b) Projected
density of states showing inorganic, Pb and I, and organic, CH3NH3 (MA), contributions. (c) HOMO and (d) LUMO charge densities,
localized primarily on I and Pb, respectively.
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384-atom 2 × 2 × 2 supercell to check the convergence of the
results. The 1 × 1 × 1 tetragonal phase is represented using a
2 2 2× × unit cell of the cubic phase. DFT and ground

state MD simulations are performed with the Vienna Ab initio
Simulation Package (VASP),48−51 employing the Perdew−
Burke−Ernzerhof (PBE) exchange-correlation functional52 and
projector-augmented wave (PAW) method.53 We use a 4 × 4
× 2 Monkhorst−Pack k-point mesh to sample the Brillouin
zone for structure optimization, static calculation, and MD
simulation. For the 2 × 2 × 2 supercell, we use only the Γ-
point due to the computational cost. The optimized structure
has a 1.63 eV bandgap and lattice constants a = 8.8 Å and c =
12.685 Å, in good agreement with the previous publications
and experimental values.54,55 Because MAPbI3 has a direct
bandgap at the Γ-point and we focus on the electron−hole
recombination across the fundamental bandgap, only the wave
function from the Γ-point is used to compute the nonadiabatic
coupling (NAC) for the ML analysis. The crystal is first
optimized and then thermalized at 300 K by velocity rescaling.
Then, a 9 ps ab initio MD trajectory is generated with a 1 fs
time step, and the NAC between HOMO and LUMO at the Γ-
point is computed using the PYthon eXtension for Ab Initio
Dynamics (PYXAID) code.32,33 The PYXAID methodology
has been used previously to model successfully excited
dynamics in a broad range of materials.42−44,56−66 The results
of the quantum dynamics calculations performed with
PYXAID on halide perovskites also show good agreement
with the experimental data.45−47,67−75 Generally, the time
scales and mechanisms of charge carrier dynamics depend on
the energy gap, NAC, and coherence time between pairs of
states. The latter can be computed from autocorrelation of the
energy gap.76 Therefore, we focus on the gap and the NAC and
apply ML to analyze how they depend on atomistic features
and motions of MAPbI3.
A total of 44 features are considered for both the 1 × 1 × 1

supercell and the 2 × 2 × 2 supercell, including 22 static and
22 dynamic features, as shown in Table SI and Figure S1. The

dynamic features are time derivatives of the static features. The
22 static features, including bond lengths, bond angles,
dihedral angles, relative orientations, and distances, are
represented by 207 specific internal coordinates in the 48-
atom system. For example, there are four C−N bonds from the
four MA molecules representing the C−N bond distance
feature. As a result, 414 static and dynamic variables are
extracted from the MD trajectory. Correspondingly, the 384-
atom systems contains 2720 internal coordinates representing
static variables and the same amount of dynamic variables. The
top 10 features are selected and discussed in detail. The ML
analysis demonstrates that the importance of the structural and
dynamic parameters drops rapidly within the set of 44 features,
with the 10th most important feature already being 1.5−1.6
times less important than the top feature. Figure 2 shows
distributions of the top three features (bond angles within the
inorganic sublattice of MAPbI3) and the target variables (NAC
and bandgap). The 414 and 5440 variables and the target
variables obtained from the MD trajectories for the 1 × 1 × 1
and 2 × 2 × 2 supercells are normalized individually to remove
bias and artificial variance introduced by the choice of units.
After that, the pairwise mutual information (MI)

I X Y x y p x y
p x y
p x p y

( , ) d d ( , ) log
( , )
( ) ( )2∬=

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑ (1)

between each feature and each target variable is estimated
using the K-nearest neighbor (KNN) algorithm.77,78 In
addition, the entropy is estimated as

H X x p x p x( ) d ( ) log ( )2∫= − [ ]
(2)

and the MI is normalized by dividing by the entropy of the
corresponding target variable. In eqs 1 and 2, p(x, y) is the
joint density distribution of continuous random variables X
and Y and p(x) and p(y) are their densities. The results of the
KNN algorithm calculations reported below use k = 3. We
have tested different values of k and observed similar results. A

Figure 2. Probability distributions of (a) the NAC between HOMO and LUMO (millielectronvolts), (b) the bandgap (electronvolts), and (c)
I−I−I, (d) I−Pb−I, and (e) Pb−I−Pb angles (degrees). These angles have the highest mutual information with the NAC and bandgap
among all considered geometric features and atomic motions.
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smaller k leads to a sharper fluctuant probability distribution
but introduces noise/variance into the estimated MI. A larger k
gives smoother densities; however, it is harder to differentiate
contributions of different variables. The computed MI values
for these 414 and 5440 individual variables are used to average
across the variables for each feature type, to obtain the final MI
values for each feature. The details of evaluating the MI are
provided in the Supporting Information.
Figure 1 characterizes the geometric and electronic structure

of MAPbI3 in its optimized geometry. The MAPbI3 bandgap
falls within the solar spectrum, which is a necessary condition
for solar energy applications. Spatial separation of electrons
and holes is one of the reasons for the fantastic performance of
PSC. The valence band edge arises mostly from atomic orbitals
of iodine atoms, while the conduction band edge from lead
atoms. The sparse structure of the inorganic Pb−I lattice,
containing sufficiently large cavities to accommodate MA and
similar molecules, ensures that the level of overlap of the
atomic orbitals supporting electrons and holes is small,
compared with those of the more conventional two-
component semiconductors, such as TiO2 and CdSe, and
pure elements, such as Si. The small level of overlap ensures a
small NAC and a short quantum coherence time, favoring
long-lived charge carriers.21,28,47

Figure 2 presents canonical distributions of the NAC and
the bandgap, as well as the three most important MAPbI3
features that share the highest MI with the NAC and the
bandgap. These distributions are broad and roughly Gaussian,
implying that thermal fluctuations of the lattice have a strong
impact on the electronic system, motivating us to search for

correlations of lattice coordinates and motions with the
electronic properties. Considering each panel in Figure 2, we
note that the NAC is indeed very small, usually less than 2
meV. However, the NAC has fairly long tails that may have a
significant influence on charge carrier recombination, because
the recombination rate depends on NAC2, for instance,
according to Fermi’s golden rule.79 The bandgap fluctuates
by ∼0.5 eV at 300 K. The fluctuation is large because the
conduction and valence band edges originate from spatially
separated and weakly interacting atomic orbitals (Figure 1).
The large bandgap fluctuation gives rise to a short quantum
coherence for electron−hole recombination.76 A short
coherence slows quantum dynamics and extends carrier
lifetimes.80 The I−I−I and I−Pb−I angles form Gaussian
distributions around 90° (Figure 2c,d), with the former
exhibiting a larger fluctuation. The Pb−I−Pb angle is notably
<180°. This octahedral tilt angle plays an important role in
polaron formation.81,82

One can attempt to establish a relationship of the NAC and
the bandgap with geometric features and motions of MAPbI3
using linear models. However, even though each individual
feature has a trivial Gaussian-like distribution, their joint
distributions are complicated, and there is no obvious linear
dependence between them. Figure 3 presents the time
evolution and joint distributions for the three coordinates
with the NAC. The NAC fluctuates faster than the coordinates,
which vary more slowly and smoothly. The largest absolute
value of the correlation coefficient between the geometric
features and the NAC is <0.32, with the majority of the
correlation coefficients being around 0.1−0.2. The fairly

Figure 3. Evolution of (a) I−I−I, (b) I−Pb−I (90°), and (c) Pb−I−Pb angles superimposed with evolution of the NAC between HOMO and
LUMO. (d−f) Joint distributions of these three angles with NAC.

Table 1. Mutual Information Values of Internal Coordinates and Motions with NAC

I−I−I angle I−Pb−I (90°) angle Pb−I−Pb angle I−Pb−I (180°) angle Pb−I−Pb motion

rank 1 2 3 4 5
MI 0.87 ± 0.05 0.73 ± 0.06 0.71 ± 0.07 0.63 ± 0.04 0.62 ± 0.06
MI/H 0.48 ± 0.03 0.39 ± 0.04 0.39 ± 0.04 0.34 ± 0.03 0.34 ± 0.04

MA−axis c angle I−Pb−I (90°) motion MA−MA angle MA−MA distance MA−a axis angle

rank 6 7 8 9 10
MI 0.61 ± 0.08 0.60 ± 0.05 0.60 ± 0.03 0.59 ± 0.02 0.59 ± 0.04
MI/H 0.33 ± 0.04 0.33 ± 0.03 0.33 ± 0.02 0.32 ± 0.01 0.32 ± 0.03
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computationally expensive 9 ps ab initio MD trajectory
provides 9000 data points, which is sufficient to evaluate the
probability distributions for individual properties (Figure 2)
and to converge nonadiabatic MD calculations. However, the
joint distributions are distorted (Figure 3d−f), making it
harder to determine the contributions from the atomic features
to the target variables.
Unsupervised learning techniques can extract hidden

complex information from limited data, providing an important
advantage over the traditional analyses. Tables 1 and 2 show
the most important internal coordinates and motions that have
the highest MI with the NAC and the bandgap, respectively.
The entropies of the NAC and the bandgap are 1.84 ± 0.04
and 1.98 ± 0.04, respectively, which are close to the value of
the standard normal distribution log2(2πe)/2 = 2.05. The MI is
used to quantify the shared information between two random
variables. The I−I−I angle shares the highest information with
the NAC and the bandgap (MI = 0.87 ± 0.05 and 2.31 ± 0.09,
respectively). The MI values are much larger than the MI of
the bivariate normal distribution [MI = −log2(1 − ρ2)/2 <
0.07], calculated using the correlation coefficient |ρ| < 0.32 in
our data set (Figure 3d). This result points to the complex and
significant interdependence of these features and demonstrates
the invalidity of the linear correlation.
The top 10 features exhibiting the highest MI with the NAC

(Table 1) include, in decreasing importance, the following: I−
I−I bond angle, I−Pb−I bond angle (∼90°), Pb−I−Pb bond
angle, I−Pb−I bond angle (∼180°), angular velocity of the
Pb−I−Pb bond angle, MA orientation relative to the lattice
vector c (Figure 1), angular velocity of the I−Pb−I bond angle
(∼90°), relative angle between two neighboring MA
molecules, center-of-mass distance between two neighboring
MA molecules, and orientation of MA relative to the lattice
vector a. These 10 most important features are selected by the
unsupervised learning from the set of 44 features, including
internal coordinates and motions of bond lengths, bond angles,
and dihedral angles in the inorganic Pb−I lattice and MA
molecules, as well as the orientations of MA and distances
between them. The bond angles within the inorganic lattice
have the highest MI among all features. Note that while the
Pb−I−Pb tilt angle, frequently used in perovskite structure
analysis,81,82 belongs to the top 10 features, the I−I−I angle
provides a better measure of the impact of lattice distortion on
charge carrier dynamics. The tilt and I−I−I angles together
describe the relative orientation of the PbI6 octahedra blocks,
and the I−Pb−I angles (90° and 180°) describe the shape of
the PbI6 octahedra. This is consistent with the data depicted in
Figure 1. The HOMO and LUMO of the system are localized
on the inorganic lattice. Therefore, the NAC between these
orbitals is mostly determined by the lattice angles. The results
presented above suggest that modifying the structure of the
PbI6 octahedra block, for instance, by strain, temperature,

chemical composition, or doping, should influence the carrier
dynamics.
Perhaps most surprisingly, the ML analysis indicates that the

MAPbI3 lattice motions are much less important than the
MAPbI3 structure. Only two motions are present among the
top 10 features in Table 1. This result is unexpected, because
the NAC depends explicitly on nuclear velocity Ṙ:

Ri
t

iNAC
d
d Ri j i jϕ ϕ ϕ ϕ= − ℏ = − ℏ |∇ | · ̇

(3)

This expression separates the influence of the velocity and
overlap contributions. The ML data demonstrate that the
overlap-type matrix element ⟨ϕi|∇R|ϕj⟩ is more important for
the charge carrier dynamics in MAPbI3 than the nuclear
velocity. This fact explains the unusual temperature depend-
ence of the charge carrier lifetimes.47,83 The velocity
dependence of the NAC suggests that charge carrier lifetimes
should decrease with an increase in temperature, because a
higher temperature implies a higher kinetic energy and faster
motions and a larger NAC, leading to faster charger carrier
relaxation. Instead, the lifetime increases with temperature,83

because thermal fluctuations induce lattice distortions and
decrease ⟨ϕi|∇R|ϕj⟩.

47

Also surprisingly, four of the top 10 features involve MA
molecules (Table 1), even though they do not contribute to
the valence or conduction band edges (Figure 1b). These
molecules influence the charge carrier dynamics in two ways.
Carrying a total positive charge and having a non-uniform
charge distribution, they interact with electrons and holes
electrostatically. Rotations of MA molecules contribute
strongly to polaron formation,81,82,84−86 screen electron−hole
interactions,87,88 and influence the ion diffusion that is
responsible for the current−voltage hysteresis.89 The screening
facilitates electron−hole separation, reduces the extent of
charge carrier recombination, and increases the carrier lifetime.
In addition to the long-range electrostatic effects, MA
molecules couple to the inorganic lattice by short-range
repulsive steric interactions and affect electron−hole dynamics
indirectly by distorting the inorganic lattice. The internal
coordinates of the MA molecules contribute little to the carrier
dynamics, and their MI with the NAC and the bandgap is
small. Internal stretching and bending MA motions have little
effect on electrostatic or steric interactions.
Table 2 presents the MI between the internal coordinates

and the bandgap. The motions of the internal coordinates are
not taken into consideration, because they do not affect the
bandgap, in particular, because the DFT energy terms do not
depend on nuclear velocities. Table 2 leads to conclusions
similar to those reached on the basis of Table 1. The I−I−I
angle shares the largest MI with the bandgap, just as with the
NAC. The orientation and shape of the PbI6 block, as well as

Table 2. Mutual Information Values of Internal Coordinates with the Bandgap

I−I−I angle I−Pb−I (90°) angle Pb−I−Pb angle MA−c axis angle I−Pb−I (180°) angle

rank 1 2 3 4 5
MI 2.31 ± 0.09 1.99 ± 0.11 1.96 ± 0.14 1.72 ± 0.16 1.69 ± 0.07
MI/H 1.17 ± 0.05 1.00 ± 0.06 0.99 ± 0.07 0.87 ± 0.08 0.85 ± 0.04

MA−MA angle MA−MA distance MA−a axis angle Pb−I distance
rank 6 7 8 9
MI 1.67 ± 0.13 1.62 ± 0.06 1.56 ± 0.12 1.47 ± 0.09
MI/H 0.84 ± 0.07 0.82 ± 0.03 0.79 ± 0.06 0.74 ± 0.05
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the orientation of MA molecules, are the most important
factors affecting the electronic properties of the system. The
last entry in Table 2 is the Pb−I bond length, which is not
included in Table 1. The MI values drop significantly after
these nine most important features, and we do not present
them here.
The top 10 features obtained from the larger 384-atom 2 × 2

× 2 supercell and the smaller 48-atom 1 × 1 × 1 supercell are
nearly identical, as shown in Tables SIII−SV. Most
importantly, the first three features are the same for the two
supercells and for the two target variables, the NAC and
bandgap. The top seven of 10 features sorted on the basis of
MI with NAC are all internal coordinates rather than motions.
The results confirm that the I−I−I angle is the more important
structural parameter governing the nonadiabatic charge
recombination in MAPbI3 and that structural deformation
has a stronger influence on the charge recombination than
particular atomic motions. A key difference between the results
of the larger and smaller simulations is in the Pb−Pb distance,
characterizing the relative distance between neighboring
octahedra. The Pb−Pb distance is not in the top 10 list for
the smaller system, but it takes the fourth place for the
correlation with NAC and bandgap in the larger system, as
shown in Tables SIII and SV. The difference arises due to the
strong correlation between the nearby Pb atoms in the 1 × 1 ×
1 system, which reduces the level of deformation of the
octahedral blocks and does not represent properly fluctuations
between the octahedra, as reflected in the Pb−Pb distance.
This results in a reduced contribution of the Pb−Pb distance
to the NAC and bandgap in the smaller system. Lahnsteiner et
al. demonstrated90 artificial correlations in small MAPbI3
simulation cells affecting both Pb−Pb deformation and MA
orientation. Proper treatment of correlations between MA
dipoles may require very large simulation cells, because the
dipoles may form ferroelectric domains. The results obtained
with the 2 × 2 × 2 supercell demonstrate that deformations of
octahedral blocks, as represented by the I−I−I, I−Pb−I, and
Pb−I−Pb angles and the Pb−Pb distance, play a key role in
the nonradiative carrier relaxation in MAPbI3.
Another traditional empirical way to evaluate the influence

of various coordinates and motions on the NAC and the

bandgap is go to the frequency domain. Figure 4 shows Fourier
transforms (FTs) of the phonon-induced fluctuations of the
NAC and the bandgap along the ab initio MD trajectory,
superimposed with the FTs of the three main angles. The
spectra overlap significantly, indicating further that the
bandgap and the NAC are correlated to these three features.
In all cases, the strongest FT signals arise in the low-frequency
region (<100 cm−1). The FT of the I−I−I angle fluctuation
matches best the higher-frequency part of the NAC and
bandgap FTs, while the I−Pb−I and Pb−I−Pb angles provide
a better match at the lower frequencies. The NAC exhibits
stronger signals at the higher frequencies compared to the
bandgap, because the NAC is a higher-order property than
energy and is sensitive to a broader range of motions.
In conclusion, we have reported a ML analysis of the NAC

and the energy gap that determine nonradiative charge carrier
lifetimes in MAPbI3. The study shows that MAPbI3 structure,
rather than its motions, governs most strongly the electron−
phonon interactions that are responsible for charge carrier
losses. This result is surprising, because the NAC depends
explicitly on nuclear velocity, and therefore, faster and larger
amplitude motions should enhance nonradiative relaxation.
This result rationalizes, in particular, the unusual temperature
dependence of charge carrier lifetimes in halide perovskites.
The losses of charge are accelerated at higher temperatures in
most materials; however, they are slowed in MAPbI3 because
of increased structural deformations. Only two motions are
present among the top 10 MAPbI3 features governing
nonradiative charge recombination. The most important
features stem from the inorganic Pb−I lattice as expected,
because electrons and holes are localized primarily on Pb and I
atoms. Unexpectedly, four of the 10 features involve rotations
and displacements of MA species, which make no contribution
to the conduction and valence band edges of MAPbI3. This
finding can be explained by direct long-range electrostatic
interactions between charge carries and the MA cation and
indirectly by short-range steric interactions between MA and
the Pb−I lattice. Internal motions of MA have little influence
on the charges.
ML provides a better tool than simple regression models for

analyzing problems with complex dependencies. ML gives

Figure 4. NAC and bandgap spectra compared with spectra of the key internal coordinates: I−I−I, I−Pb−I (90°), and Pb−I−Pb angles.
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quantitative results that are hard to generate with traditional
methods such comparing spectral densities. ML performs well
with limited amounts of data, when spectral densities and
correlations show significant noise. This is particularly valuable
with costly ab initio time-domain simulations. The noise is
partially eliminated during the calculation of MI by the
summation or integration. The results of the unsupervised
learning analysis with MI demonstrate the capability of
extracting critical factors affecting carrier losses PSC. The
fact that structural deformations of the inorganic lattice are the
most important among all of the dynamic and static features in
PSC suggests that the PSC performance can be engineered by
doping or site substitutions affecting the structure. The ML
analysis shows that the I−I−I angle provides a better measure
than the Pb−I−Pb tilt angle when studying the effects from
these modifications on charge carrier lifetimes.
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