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ABSTRACT: Lead-free double perovskites hold promise for stable and environmentally

benign solar cells; however, they exhibit low efficiencies because defects act as charge
recombination centers. Identifying trap-assisted loss mechanisms and developing defect
passivation strategies constitute an urgent goal. Applying unsupervised machine learning to
density functional theory and nonadiabatic molecular dynamics, we demonstrate that
negatively charged Br vacancies in Cs,AgBiBrg create deep hole traps through charge
redistribution between the adjacent Ag and Bi atoms. Vacancy electrons are first accepted by
Bi and then shared with Ag, as the trap transforms from shallow to deep. Subsequent charge
losses are promoted by Ag and Bi motions perpendicular to rather than along the Ag—Bi axis,
as can be expected. In contrast, charge recombination in pristine Cs,AgBiBr correlates most
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with displacements of Cs atoms and Br—Br—Br angles. Doping with In to replace Ag at the
vacancy maintains the electrons at Bi and keeps the trap shallow.

Metal halide perovskites are potential candidates for the
next-generation solar cells with excellent optoelectronic
properties,’ which have enabled the rapid increase of power
conversion efficiency (PCE) from 3.8% in 2009 to over 25%
since 2021.”~* However, the presence of toxic lead is essential
for achieving such high PCE because of its unique role in the
perovskite lattice.”® Replacing lead with the same group
element tin is a feasible approach to eliminate the toxicity, but
the produced Sn** species will raise the oxidative instability
issue.”® Recently, the Cs,AgBiBrys double perovskite has
emerged as a promising solution for constructing a stable
and lead-free perovskite. Cs,AgBiBr, combines Ag* and Bi**
ions to replace two Pb** ions.””'' Single-crystal studies
indicate that the char§e carriers have a long lifetime and a
large diffusion length,'”"” which implies that Cs,AgBiBrs may
have good photovoltaic performance.'* Nevertheless, its PCE
is only around 3% at present because of various defects,">~"”
which strongly motives the exploration for reducing the energy
losses.

Typically, defects would induce midgap trap states that
obstruct carrier transport and lead to trap-assisted nonradiative
recombination, which dissipate the electrical energy as heat.'®
Experimental works have identified these detrimental defects in
Cs,AgBiBrg and developed strategies to passivate them.'™*
However, the lack of explicit knowledge of correlations
between defect configurations and relevant trap states limits
the investigation efficiency.”® Recently, machine learning (ML)
analysis of nonadiabatic molecular dynamics (NA-MD)
simulations has emerged as a powerful approach to uncover
the interdependence between the structural and electronic
properties and excited-state dynamics.”*">’ The energy gap
and nonadiabatic coupling (NAC) fluctuations have been
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found dominated by structural deformations®**® and chemical

environment of individual elements,***” rather than particular
atomic motions, allowing one to uncover defect features that
are key in producing trap-assisted recombination centers. Such
analyses provide direct guidelines on eliminating the
detrimental traps.

In this work, we use unsupervised ML, in conjunction with
density functional theory (DFT) and NA-MD calculations, to
investigate the recombination centers in defective Cs,AgBiBry
induced by the negatively charged Br vacancies (Vg,~). The
species is analogous to the negatively charged Bi dopant in
MAPDbBr;, where the reduced BiBrg octahedra distort and
produce deep trap states.”®*” However, we demonstrate that a
charge redistribution rather than a structural distortion is the
origin of the deep defect state in the Cs,AgBiBry double
perovskite. The electronic structure analysis indicates that the
electrons from the vacancies are first accepted by Bi** and then
are shared with Ag’, as the Ag—Bi distance shortens. The
stabilization mediated by the charge sharing causes the trap
level to move downward in energy from shallow to deep.
Surprisingly, although the defect states originate from the
interaction between Ag and Bi, ML analysis shows that neither
the energy gaps nor the NACs have strong correlations with
the Ag—Bi distance. In contrast, these electronic properties are
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governed by the individual motions of Ag and Bi perpendicular
to the Ag—Bi axis. The bandgap and NAC in pristine
Cs,AgBiBry correlate most strongly with Cs atom displacement
and Br—Br—Br angle, even though Cs does not contribute to
the relevant electronic states. Doping with the less electrophilic
In to replace Ag at the vacancy suppresses the charge transfer
from Bi and keeps the defect state shallow. The reported
results provide new insights into understanding the defects in
double perovskites and assist in developing improved
optoelectronic materials.

The periodic DFT calculations were performed with the
Vienna Ab initio Simulation Package (VASP).**~* The
Perdew—Burke—Ernzerhof (PBE) functional** and the pro-
jected-augmented wave (PAW) method™* were used to
describe the electron—ion interactions. The cutoff energy of
the plane wave basis was set as 450 eV. The convergence
criteria for the energy and geometry optimization calculations
were 107° eV and 0.01 eV/A, respectively. The Cs,AgBiBry
bulk was modeled with a 1 X 1 X 2 supercell containing 80
atoms and a 3 X 3 X 1 k-point grid. The optimized structures
were then thermalized at 300 K in canonical molecular
dynamics (MD) simulations for 10 ps with the time step of 1
fs, and the trajectories of the last 4 ps were selected to calculate
the NA-MD Hamiltonian. The structures were visualized with
the VESTA software package.”’

The NACs characterize dependence of the electronic wave
functions on atomic motions. They generate off-diagonal
elements of the many-electron Hamiltonian that is used in the
time-dependent Schrédinger equation.**™>* A large NAC value
indicates a strong coupling between two electronic states and a
high probability of a nonradiative transition between the states.
In the current simulations, the NACs are numerically
calculated from the overlap between two wave functions at
adjacent timesteps along the MD trajectory as”

Hy(t + At/2) = —ih<‘I{.(t + At/Z)‘%“Pj(t + At/2)>

~
~
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where W; and '¥; are the wave functions of the electronic state i
and j at a given time step. We used the CA-NAC code to
calculate the scalar NAC values.”**’

Mutual information (MI) was used to establish relationships
between the structural properties of Cs,AgBiBrs and the NA-
MD Hamiltonian. Compared to regression approaches, MI
represents relationships between pairs of variables in a more
generic manner and can capture highly nonlinear correla-
tions.” The pairwise MI was calculated based on entropy
estimates from k-nearest-neighbor distances (k = 3) as”®

_ x o P(-x) )’)
I(X,Y) = ffdx dy p(x, y) 1 gz(—p(x)p@)] @

where p(x,y) is the joint probability density of variables x and y
and p(x) and p(y) are their marginal densities. One of the
variables is an electronic energy gap or a NAC, while the other
variable is a structural feature. A large MI implies that knowing
the value of one variable reduces the uncertainty of the other
variable and that their distributions are strongly correlated.
Figure la shows the crystal structure of the Cs,AgBiBr
double perovskite with the cubic lattice. Br™ interacts with Ag*
and Bi** to form octahedral coordination. The octahedra form
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Figure 1. (a) Crystal structure of Cs,AgBiBr, double perovskite and
(b) local structure of adjacent Ag and Bi octahedra.

a lattice by sharing vertices. Cs™ is located within the
cuboctahedral cavities to support the framework.” Figure 1b
displays the local structure of the adjacent Ag and Bi
octahedra. We introduce Vg~ by removing a Br atom and
adding an electron, creating the V.~ model. Because Ag* and
Bi** have the Ss and 6s* outer electron configurations,
respectively, we further replace Ag" with In" to introduce the
5s* configuration, forming the In-doped Vg~ model. The
empty s orbitals are highly delocalized and may rehybridize to
trap electrons from the vacancies as reported in the metal oxide
systems,”” while the occupied orbitals can prevent such
processes.

MD simulations were performed to investigate structural
and electronic behavior of the pristine, defective, and doped
Cs,AgBiBrg subject to thermal fluctuations at room temper-
ature. Figure 2a displays the time evolution of the conduction
band minimum (CBM), the valence band maximum (VBM),
and the energy level of the defect-induced trap state in the
different models. The CBM and VBM fluctuations are similar
in all the models, with the amplitudes and frequencies slightly
affected by the defects. In the V™ system, an occupied defect
state is first introduced near the CBM as a shallow trap, which
is consistent with the so-called defect tolerance of perov-
skites.””®" Such trap state is unlikely to accelerate charge
carrier recombination, since carriers can escape from it by
thermal excitation. However, this shallow state moves
downward in energy to become a deep trap after about 2 ps.
The results of the In-doped Vj,~ system demonstrate that
replacing Ag with In prohibits this transition and maintains the
trap shallow.

The density of states (DOS) and electron localization
function (ELF) were calculated to further clarify these
observations, as shown in Figure 2b. The ELF plot of the
pristine system illustrates that Br™ prefers to coordinate with
Bi** rather than Ag" despite the similar bond lengths in the two
cases. After V™ is introduced, the adjacent Bi** first accepts
the unbound electrons but places them at a highly localized
region. The electrostatic repulsion makes this configuration
unstable, and the trap level is therefore as high as the VBM.
The Ag" atom next to the vacancy approaches Bi**, shares the
accumulated electrons, stabilizes the system, and lowers the
energy level of the trap state deep into the bandgap. In
comparison, In* and Bi** have similar coordination properties,
and thus the charge redistribution and the energy level shift are
avoided.

Figure 3 presents distributions of the energy gaps and NACs
between CBM, VBM, and the trap state obtained from the MD
trajectories. The CBM—VBM bandgaps have similar, Gaussian-
like distributions for all the systems with an average value of
about 1.6 eV. The shift in the V.~ defect level gives rise to two
peaks in the CBM—trap and trap—VBM energy gap results.
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Figure 2. (a) Evolutions of CBM, VBM, and the trap level in pristine and defective Cs,AgBiBr4 systems during the MD simulations and (b) the
element-projected density of states (DOS) results from static calculations. The highest occupied energy level is set to zero. The inset show the
electron localization function (ELF) maps around the vacancy sites. Red and blue indicate the ELF values of 1 and 0, respectively. The atom color

code is the same as in Figure 1.
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Figure 3. Probability distributions of (a) the energy gap and (b) the NAC between CBM, VBM, and the trap state in different systems. The blue

arrows indicate the trap level shift during the MD simulations.

Table 1. Mutual Information of Energy Gaps and NACs with Structural Features®

MI(gap) MI(NAC)
model feature CBM—-VBM CBM—trap trap—VBM CBM—-VBM CBM—trap trap—VBM

pristine Ar(Cs) 1.02 1.44
£Br—Br—Br 1.03 1.43

Vi~ Ax(Ag*) 1.56 2.95 276 1.88 2.11 1.67
Ax(Bi*) 1.38 2.41 235 1.81 2.14 1.64
d(Ag*—Bi*) 1.36 235 234 1.56 1.74 143
Ar(Cs) 1.44 2.45 234 172 1.98 1.56

In-doped Vg~ Ax(In*) 1.30 1.65 1.51 1.40 1.60 1.51
Ax(Bi*) 146 1.73 1.56 1.70 1.85 1.85
d(In*—Bi*) 1.14 148 1.31 1.38 1.67 1.58
Ar(Cs) 143 1.70 1.59 1.58 1.76 1.82

“Ar and Ax are the total displacement and the displacement along the x-axis, respectively. £ is the bond angle, and d is the bond length. Ag*, Bi¥,
and In* are the atoms at the vacancy site. The Bi*—Vy ~—Ag*/In* direction is set as the z-axis.

The energy gaps of the Vg~ system have broader distributions
than the others energy gaps, especially after the transition of
the defect level deep into the bandgap. This observation
implies a significant fluctuation of the defect level energy
induced by the charge redistribution between the Ag and Bi
ions. The NACs of the last 4 ps of the trajectories were
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calculated to characterize charge carrier recombination. The
small NACs between CBM and VBM indicate that the direct
recombination bypassing trapping is unlikely to occur. The
NACs between the trap state and either CBM or VBM are
notably larger than the CBM—VBM NAC (Figure 3),
indicating that the energy and charge losses occur by through
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Figure 4. (a) Trajectories of the Ag and Bi atoms at the vacancy site (Ag* and Bi*) in the Vp,~ system. The equilibrium position of Bi* in the
pristine system is set as the coordinate zero point. (b) Joint distributions of the energy gap between the trap level and VBM with Ax(Ag*) and
d(Ag*—Bi*) in the V™ system. (c) Local configurations and atomic charge populations around the vacancy sites in different systems.

trapping and that they are notably faster in the defective than
pristine system. Although the In dopant prevents the formation
of the deep trap, which charge carriers cannot escape, the
doped system will still exhibit shorter carrier lifetime than the
pristine system.

To identify the key components of the recombination
centers produced by the charge redistribution between Ag and
Bi, we employed unsupervised ML and established correlations
between the electronic properties and the structural features.
The atom displacements, bond lengths, bond angles, and
distances between unbonded atoms were chosen, and MI
between these features and the energy gap or the NAC were
calculated (eq 2). The features are illustrated in Figure S1. The
MI was averaged over features of the same type. Some
important results are shown in Table 1, and the full data can be
found in Tables S1—S3. For the pristine system, the Cs
displacement (Ar(Cs)) and the Br—Br—Br angle (£Br—Br—
Br) have the highest MI with the bandgap and NAC. The
importance of the Cs displacement is somewhat surprising,
since Cs does not contribute to any of the electronic states
under consideration. Considering that the properties of the Cs
atoms are affected little by Vj,~, we use the MI of Ar(Cs) as a
benchmark to evaluate if a feature has a significant influence on
the electronic properties of the defective systems. Although the
trap level shift in the Vy,~ system is accompanied by the
distinct Ag—Bi distance decrease, surprisingly, we find that this
distance, d(Ag*—Bi*), where * refers to the atoms around the
vacancy site, has a smaller MI than Ar(Cs) with both the
energy gaps and the NACs. Inversely, the displacement of Ag*
along the perpendicular direction, Ax(Ag*), has a high MI
with the energy gaps. The results indicate that the properties of
the trap state are dominated by the charge acceptor Ag* and
that even the CBM and VBM are influenced by Ag*. Ax(Ag*)
and Ax(Bi*) have high MI with the NAC, suggesting that the
charge donor Bi* plays an important role in the carrier
recombination. The analysis of the energy gaps and NACs in
the Vg~ system reveals that the charge redistribution plays a
particular important role in producing the deep recombination
center. In addition, only Ax(Bi*) has high MI with the energy
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gaps and NACs in the In-doped Vy,~ system, as the vacancy
electrons remain at Bi*, rationalizing the observation.

Performing the unsupervised ML analysis on the NA-MD
Hamiltonian, we uncovered that the displacements of the Ag*
and Bi* atoms perpendicular to the Ag*—Bi* direction are
particularly important during the trap-assisted charge recombi-
nation in the defective systems. However, the electronic
structure analysis has demonstrated that the trap state
originates from the Ag*/In*—Vy ~—Bi* interactions. To clarify
such apparent discrepancy, we investigated further relation-
ships between the ion displacements and the energy gap and
NAC. Figure 4a shows the trajectories of Ag* and Bi* in the
V3, system during the MD simulation. Besides the decrease in
the Ag*—Bi* distance discussed above, we notice that the
movement of Ag* in the x—y plane is greatly enhanced when it
approaches Bi*. Figure 4b displays the distribution of the
trap—VBM energy gap as a function of Ax(Ag*) and d(Ag*—
Bi*) in the Vy,~ system. The data points in both plots can be
visibly divided into two parts through a transition along the
arrows, associated with the Ag* migration. Although the
d(Ag*—Bi*) plot exhibits a clearer correlation than the
Ax(Ag*) plot, there are many points in the left part with
similar d(Ag*—Bi*) values but different energy gaps. From the
information perspective, knowing the d(Ag*—Bi*) value in
such a distribution can hardly reduce the uncertainty of the
energy gap, and thus the MI between these two variables is
relatively low (Table S2). In comparison, the points are
separated more along the x-axis in the Ax(Ag*) plot, and the
energy gap fluctuation can be better represented by the
Ax(Ag*) evolution, which implies that these two variables are
correlated and the relevant MI is high. It is hard to discern the
correlation from the energy gap vs Ax(Ag*) plot (Figure 4b)
because the correlation is not linear. The MI function, eq 2,
can capture such nonlinear correlation. More results for the
Vg, system are given in Figures S2 and S3. The high MI of
Ax(Bi*) in the In-doped Vp,~ system can be interpreted
similarly, as illustrated in Figures S4 and SS5.

Bader charges were calculated to quantitatively study the
impact of the charge redistribution, as shown in Figure 4c.%?
Consistent with the DOS results, Bi* is first reduced by the
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electrons from Vy., and then, after the Bi*—Ag* distance
shortens, Bi* shares the electrons with Ag*. As Ag* gains the
excess electrons, it even becomes negatively charged. The
reduced Ag* is expected to be repulsed by Br~ and bond
tightly with Bi* through the electrostatic interaction, which can
explain the different distributions of Ax(Ag*) and d(Ag*—
Bi*) observed in Figure 4b. The electrons in the In-doped V,~
system are maintained at Bi* despite the interaction between
In* and Bi*. The population analysis demonstrates that the
charge redistribution significantly influences the coordination
of Ag* and magnifies its structural distortion under thermal
fluctuations.

In summary, using DFT and applying unsupervised ML to
the NA-MD Hamiltonian, we have demonstrated that charge
redistribution between the metal atom pair around a Br
vacancy is the key factor responsible for the deep charge
recombination center in the Cs,AgBiBrs double perovskite.
The DFT calculations indicate that the electrons from the
vacancy are first accepted by the adjacent Bi atom (Bi*) and
then are shared with the Ag atom at the vacancy site (Ag*).
The charge transfer transforms the trap state from shallow to
deep. Although this process is accompanied by migration of
Ag* toward Bi*, the ML analysis shows that the key electronic
properties, i.e., the energy gaps and NACs, are governed by
displacements of Ag* and Bi* perpendicular to the Ag*—Bi*
direction. These results highlight the individual roles of the
charge donor and acceptor in the carrier recombination rather
than their interaction. In addition, replacement of Ag* with In
efficiently maintains the vacancy electrons at Bi* and prevents
formation of the deep trap. The charge redistribution between
Ag* and Bi* not only shifts the trap level but also changes the
Ag* coordination. The correlations of the system electronic
properties with the particular Ag* motions, as well as with
other geometric features, such as Cs displacement and Br—Br—
Br angle, are hard to anticipate a priori. In the presence of
numerous structural features, the unsupervised ML has allowed
us to uncover the most important parameters that govern the
charge trapping and recombination. The work has demon-
strated that ML is a powerful tool for identifying the key
components of charge recombination centers in perovskites
and other novel optoelectronic materials and can be used to
generate guidelines for defect passivation and development of
better perovskite solar cell materials.
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