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ABSTRACT: Metal halide perovskites (MHPs) have gained considerable attention due to
their excellent optoelectronic performance, which is often attributed to unusual defect
properties. We demonstrate that midgap defect levels can exhibit very large and slow energy
fluctuations associated with anharmonic acoustic motions. Therefore, care should be taken
classifying MHP defects as deep or shallow, since shallow defects may become deep and vice
versa. As a consequence, charges from deep levels can escape into bands, and light absorption
can be extended to longer wavelengths, improving material performance. The phenomenon,
demonstrated with iodine vacancy in CH3NH3PbI3 using a machine learning force field, can
be expected for a variety of defects and dopants in many MHPs and other soft inorganic
semiconductors. Since large-scale anharmonic motions can be precursors to chemical
decomposition, a known problem with MHPs, we propose that materials that are stiffer than
MHPs but softer than traditional inorganic semiconductors, such as Si and TiO2, may
simultaneously exhibit excellent performance and stability.

Metal halide perovskites (MHPs) are attractive both
scientifically and industrially because of their low

manufacturing cost and excellent electronic and optical
properties, including strong light absorption, tunable band
gap, and long charge carrier diffusion.1−5 Solar cells based on
MHPs convert solar energy to electricity with high power
conversion efficiency that has grown rapidly from 3.8% to
25.7%.6−8 MHPs are much softer than Si, GaAs, TiO2, and
other inorganic semiconductors that form the basis for efficient
solar cells. Combining the properties of inorganic, organic, and
even liquid9 matter, MHPs are able to conduct charges over
distances longer than 1 μm, screen electron−hole interactions,
and decouple free charges from defect states, producing carrier
lifetimes exceeding 1 μs.10 The complex composition and
geometric structure of MHPs and their softness can give rise to
significant thermal fluctuations over a variety of time scales. It
has been demonstrated that defect energy levels fluctuate much
more in MHPs than traditional inorganic semiconductors, such
as GaAs.11 Energy level fluctuations play important roles in
charge carrier trapping and recombination dynamics.12−16

Proper modeling of thermal fluctuations in MHPs is
challenging by ab initio density functional theory (DFT),
which is limited to systems composed of hundreds of atoms
and picosecond time scales. While scientists have already found
many important and unusual properties with ab initio
calculations, rationalizing high defect tolerance15−20 and large
carrier lifetimes,21−24 longer molecular dynamics (MD)
simulations with larger systems can uncover further unusual
structural and electronic features of MHPs.
Machine learning (ML) force fields (FFs) trained based on

ab initio DFT data allow one to obtain ab initio quality results

at a fraction of the computational cost. Structural motifs of
condensed matter systems make it intuitive to generate global
and local descriptors and obtain physically motivated FFs.
Thus, Tkatchenko and co-workers developed a Bravais-
inspired gradient-domain ML model employing Bravais
symmetry groups and global descriptors based on the
Coulomb matrix.25 Csanyi and co-workers used the smooth
overlap of atomic positions to develop a Gaussian potential
ML model.26 Behler, Goedecker, and co-workers developed
fourth-generation high-dimensional neural network potentials
with local atom-centered symmetry functions.27 These
applications of ML in modeling atomic FFs are successful in
predicting the structural dynamics and total energy of
molecules and bulk systems.28−31 A description of excited
electronic states with ML is more challenging because they are
more complex functions of system geometries than ground
states. Particularly relevant for solar energy applications are
ML efforts to extend the range of nonadiabatic MD
simulations, which allow one to model charge separation,
trapping, and recombination processes that govern solar cell
efficiencies.12−16,32−38

In this Letter, we demonstrate that defect levels in MHPs
can fluctuate very significantly on slow time scales associated
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with anharmonic acoustic motions of the soft inorganic lattice.
Focusing on an iodine vacancy in MAPbI3 (MA = CH3NH3), a
common defect in the classic MHP, we develop an ML FF that
allows us to generate nanosecond MD trajectories and to
analyze them by ab initio DFT. At 0 K with the optimized
structure, the vacancy creates no midgap levels. However, at
ambient temperature, up to three deep levels can be created
spanning more than half of the fundamental band gap. The
defect level properties correlate with the distance between the
two Pb atoms across the vacancy. Changes in the Pb−Pb
distance require large-scale concerted rearrangements of the
MAPbI3 inorganic lattice, rationalizing the slow time scale. We
hypothesize that similar fluctuations are possible with many
defects and dopants in other MHPs and related soft inorganic
materials and that such defect level fluctuations are essential
for excellent MHP performance.
The ab initio DFT calculations were performed with the

Vienna Ab initio Simulation Package39 (VASP). The Perdew−
Burke−Ernzerhof (PBE) density functional40 and projected
augmented pseudopotentials41 were used. The cutoff energy of
the plane wave basis was set to 450 eV. The convergence for
the energy and the forces were 10−7 eV and 10−3 eV/Å,
respectively. A large simulation cell consisting of 4 × 2 × 2 unit
cells and 383 atoms was employed to model MAPbI3. An
iodine atom was removed from the pristine system to create an
iodine vacancy in MAPbI3. The structures were visualized with
the VESTA software package.42 The ML FF was developed as
described in detail in refs 43−50 and summarized in the
Supporting Information (SI).
Figure 1a shows the optimized ab initio geometry of

MAPbI3 containing an iodine vacancy, with the vacancy region

shaded in pink. Figure 1b,c presents the charge densities of the
valence band maximum (VBM) and conduction band
minimum (CBM). The distance between the two Pb atoms
across the vacancy is large, 6.05 Å, and is similar to the distance
between Pb atoms in the pristine regions. The VBM and CBM
are delocalized, with the vacancy region differing little from the
pristine regions. The CBM shows an area of increased
pancakelike charge density.51,52 The VBM is mainly supported
by iodines, while the CBM is primarily localized on Pb atoms.

The VBM−CBM energy gap is 1.62 eV in the optimized
structure, and no midgap states are created by the iodine
vacancy defect.
Having trained the ML FF based on the ab initio DFT input,

we heated the system to 300 K, obtained a 3 ns long
microcanonical trajectory, and analyzed a randomly selected
200 ps part with ab initio DFT. We observe very significant
fluctuations in the electronic energy levels occurring on a 50−
100 ps time scale (Figure 2a). The fluctuations are on the
order of 1 eV and reduce the band gap of the defective
MAPbI3 from 1.62 eV in the optimized geometry to as little as
0.5 eV. This observation is very significant. On one hand, deep
defects can accelerate charge carrier recombination. On the
other hand, they can extend light harvesting far into the
infrared (IR) region. Moreover, the large fluctuations in the
defect levels can allow charge carriers with energies of only 0.5
eV relative to the ground state to escape into valence and
conduction bands separated by over 1.5 eV. Large fluctuations
in the defect level energies were observed previously with ab
initio MD11−16 on shorter, 10 ps time scales.
In order to test that the observation is not an artifact of the

ML FF, we analyzed the FF quality. In addition to the standard
measures taken during the ML FF training,43−50 we compared
the ab initio and ML potential energies in the region with the
deepest energy level fluctuation between 10 and 17 ps (Figure
2a). The ab initio and ML potential energies follow each other,
as shown in Figure S1 of the Supporting Information. The root
mean squared (RMS) error of the ML energy relative to the
corresponding ab initio values, i.e., the RMS energy difference,
is only 0.33 eV per system containing 383 atoms, or 0.86 meV/
atom.
An important insight into the origin of the large and slow

fluctuation of the defect energy levels is provided by the
distance between the Pb atoms surrounding the vacancy.
These are the two Pb atoms that would have coordinated the
iodine atom if it had been present in the system. The
equilibrium Pb−Pb distance is equal to 6.05 Å in the optimized
structure. The Pb−Pb distance across the vacancy is much
shorter at ambient conditions. It fluctuates between 3.49 and
4.81 Å along the 200 ps trajectory (Figure 2c). The distance
correlates very well with the defect level energy. This can be
seen by comparing the 200 ps data in Figure 2a,c and even
better from the 10 to 17 ps data in Figure 2b,d. When the Pb−
Pb distance is short, the trap levels become deep. When the
distance approaches its minimal value of 3.5 Å, up to three
deep trap levels appear inside the band gap of MAPbI3 with the
iodine vacancy. As the Pb atoms move away from each other,
the number of deep traps decreases to 2, 1, or 0.
Four representative defect configurations and the corre-

sponding densities of states (DOS) are shown in Figure 3.
Figure 4 and Figures S2−S5 present the corresponding charge
densities. When the distance between the Pb atoms is large,
4.81 Å (Figure 3a), no trap states are observed. The transient
disappearance of midgap levels is beneficial for charge
transport, since trapped charges can escape into the bands at
this instance. The VBM and CBM charge densities are partially
localized (Figure S2) compared to the VBM and CBM for the
optimized structure (Figure 1b,c). This moderate localization
of charge carriers inside bands arises from large anharmonicity
of MHP motions53 and rationalizes53−55 the observed56 and
unusual increase of the charge carrier lifetimes with increasing
temperature. The electron−hole overlap decreases with
temperature, and the electron−phonon coupling becomes

Figure 1. (a) Optimized structure of MAPbI3 with the iodine vacancy
between two lead atoms shaded in red. (b, c) Charge density of the
VBM and CBM of the defective system. (d) Corresponding projected
DOS with zero energy set to the VBM.
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weaker, even though the atomic velocity grows.55,57 Note that
although the carrier lifetime increases with temperature,
heating can accelerate MHP degradation.58−60

Anharmonicity plays many important roles in MHPs. In
addition to causing moderate carrier localization and growth of
lifetime with temperature, anharmonicity gives rise to rapid
elastic charge−phonon scattering, which shortens coherence
time between excited and ground states and extends charge
carrier lifetimes.53,61,62 Strongly anharmonic rotations of the
organic MA cations contribute significantly to charge screen-
ing, exciton dissociation, and polaron formation, also extending

carrier lifetimes.62−64 Anharmonicity allows interactions
between different parts of perovskites, leading to the formation
of new chemical species in the excited state that change trap
state energies13,60 and lead to photochemical decomposi-
tion.58−60 Other types of MHPs exhibit weaker anharmonicity
and, as a consequence, decreased carrier lifetimes at elevated
temperatures.65,66

When the Pb−Pb distance is shortened to 4.15 Å (Figure
3b), an electron trap appears close to the CBM, localizing
notably near the vacancy, VBM+1 in Figure S3. A second trap
appears when the Pb−Pb distance decreases below 4 Å (Figure
3c). Both VBM+1 and VBM+2 charge densities become
localized near the vacancy (Figure S4). Three trap states are
observed for the shortest distances around 3.5 Å (Figure 3d
and Figure S5).
Figure 4 provides a closer view of the charge densities of the

three trap states corresponding to the structure in Figure 3d.
The levels originate primarily from p-orbitals of the two
surrounding Pb atoms, shown in red in Figure 4. The
contributions of the p-orbitals to these levels, obtained from
VASP PROCAR files as spd- and site-projected wave function
character, are summarized in Table 1. Trap 1 is the deepest
trap whose energy is most strongly affected by the Pb−Pb
distance. Correspondingly, its charge density is localized on
both Pb atoms (Figure 4a) and has the largest contribution
from the px-orbitals that point along the Pb−Pb direction
(Table 1). The second deepest trap state, i.e., Trap 2, has a
different orientation and is localized on the right Pb atom, with
the largest contribution stemming from the py-orbital. The
third and shallowest state (Trap 3) is also localized on the right
Pb atom. It is perpendicular to the other two traps, originating
largely from the pz-orbital (Table 1).
Further insights into the origin of the defect level fluctuation

are provided by Fourier transforms (FTs) of the VBM, CBM,
and trap level energies, computed based on the trajectory data

Figure 2. (a) Energy levels of the VBM, 3 traps, and CBM in the defective MAPbI3. The data points are selected every 64 fs. (b) Zoomed-in view
on the energy levels of the first deep-trap region between 10 and 17 ps. A comparison of the ab initio and ML potential energies is provided in
Figure S1. (c) Fluctuation of the distance between the two Pb atoms around the iodine vacancy over 200 ps. (d) Fluctuation of the distance
between the two Pb atoms from 10 to 17 ps. The 1 eV drop in the defect energy level is associated with the 1 Å shortening of the Pb−Pb distance.
This phenomenon occurs about every 50 ps.

Figure 3. (a−d) Projected DOS of the defective MAPbI3 at different
MD times. As the Pb−Pb distance fluctuates from 4.81 to 3.49 Å, the
number of midgap trap states fluctuates from zero to three. The trap
states are shaded by pink. The corresponding charge densities are
shown in Figure 4 and Figures S2−S5.
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between 10 and 17 ps (Figure 5). These influence spectra, or
spectral densities, are heavily dominated by very low
frequencies. The importance of low-frequency motions for
the electron-vibrational coupling responsible for nonradiative
relaxation has been established in other nanoscale and
condensed matter systems;61,67−72 however, the frequencies
are particularly low in MHPs, since MHPs are soft.15,16 Such
low-frequency motions arise from slow acoustic modes that
involve large concerted displacements and tilting of MHP
octahedra, bringing the two Pb atoms across the vacancy closer
and farther away from each other. While the high-frequency
signals are comparable for the VBM, CBM, and trap states, the
low-frequency signals are much stronger for the trap states.
Further, the deeper the trap, the stronger the low-frequency
signal. The amplitude of the FT signal is determined by the
energy level fluctuation. The RMS fluctuations of the VBM
and CBM levels are 0.08 and 0.05 eV, respectively, calculated
using the 10−17 ps part of the MD trajectory. The
corresponding fluctuations of Trap 3, Trap 2, and Trap 1 are
notably larger: 0.31, 0.17, and 0.11 eV, respectively. The high-
frequency signals are weaker by an order of magnitude

compared to the low-frequency signals. This is because the trap
state energies are influenced primarily by the Pb−Pb distance,
whose variation requires acoustic-type large-scale motions. The
VBM and CBM levels are not particularly sensitive to fast
optical-type atomic vibrations either, most likely because the
phase of such vibrations changes rapidly across the system, and
contributions from different atoms cancel. Larger simulation
cells can generate even lower-frequency motions that may lead
to other changes in the MHP electronic properties.
In summary, we have demonstrated a large, up to 1 eV

fluctuation of defect energy levels in MAPbI3, occurring on a
50−100 ps time scale. The phenomenon is seen in MHPs but
not other more traditional inorganic semiconductors, such as
Si or GaAs, because MHPs are much softer and anharmonic,
exhibiting large-scale atom displacements. The defect level
fluctuation is important for applications. First, the fluctuation
indicates that defects considered shallow based on static
calculations performed with optimized structures can be deep
at ambient conditions. Typically, deep defects are considered
detrimental to semiconductor performance because they create
efficient charge recombination centers. However, the argument
does not necessarily apply to MHPs, since the levels in the
current example are deep only for a short period of time.
Second, defects considered deep based on static calculations
can fluctuate toward band edges, allowing charges to escape
into bands, reducing trap-mediated charge recombination.
While MHP defects can be classified as shallow or deep based
on the defect state energies at equilibrium geometries, it is
important to extend the standard classification to characterize
the defect energy fluctuation. Third, by fluctuating between
shallow and deep states, defects in MHPs create an
opportunity for light absorption across a broader energy
range, extending to wavelengths much longer than the
wavelength corresponding to the fundamental band gap. The
energy range of absorbed light is often extended in traditional
inorganic semiconductors, such as TiO2, by doping.73,74 The
dopant concentration has to be high in order to create dopant
energy bands and achieve good charge transport in such cases.
The traditional strategy can be reconsidered if energy levels of
dopants in MHPs fluctuate significantly, allowing harvested
charges to escape into the intrinsic bands. Additional studies
are required to evaluate absorbance of deep defect levels and to
select dopants that maximize the absorption while still allowing
charges to escape from deep levels by the defect level
fluctuation mechanism. The competition between defect-
mediated charge recombination and charge escape into
bands can be studied by nonadiabatic MD simula-
tion.24,35,75−81

Figure 4. (a−c) Charge densities of the three midgap trap state in the defective MAPbI3 corresponding to Figure 3d. The Pb atoms next to the
vacancy are shown in red. The trap states are formed by p-orbitals of the Pb atoms (Table 1).

Table 1. Contribution of the p-Orbitals of the Two Pb
Atoms to the Three Traps Shown in Figure 4

px py pz

Trap1 Pb (right) 0.141 0.078 0.000
Pb (left) 0.117 0.053 0.000

Trap2 Pb (right) 0.103 0.238 0.092
Pb (left) 0.000 0.000 0.004

Trap3 Pb (right) 0.064 0.015 0.212
Pb (left) 0.020 0.000 0.003

Figure 5. Fourier transforms of the energies of the key states in the
defective MAPbI3 for the time from 10 to 17 ps (Figure 2). The same
frequencies contribute to the oscillations of the VBM, CBM, and trap
states; however, deeper traps oscillate with larger amplitude, as
reflected in the stronger low-frequency FT signals.
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The demonstration of the large-scale and slow fluctuation of
the defect energy levels is possible as a result of the
development of ab initio quality ML FFs. A direct ab initio
evaluation of the phenomenon is harder due to the
computational expense. In the case of the iodine vacancy,
the defect energy level fluctuation has been rationalized
atomistically by considering the local defect structure. The
level with the largest fluctuation is supported by the p-orbitals
of the Pb atoms that can form a bond across the vacancy. The
bond formation requires a concerted, large-scale, and slow
displacement of the MAPbI3 structure involving deformation
and tilting of the PbI6 octahedra. Compared to the traditional
inorganic semiconductors, such as Si, GaAs, TiO2, etc., such
highly anharmonic acoustic motions are possible in MHPs
because they are much softer. Similar beneficial defect
properties can be expected in other classes of soft materials
that are able to maintain good charge transport. Further, poor
chemical stability constitutes a major drawback of MPHs. Poor
stability can be associated with large-scale atomic motions
discussed here, which may act as precursors to chemical
decomposition. If this is the case, then one can attempt to
search for materials that are somewhat stiffer than MHPs. Such
materials could be more stable and still maintain the desirable
defect properties.
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