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Halide perovskites are known for their rich phase diagram and superior performance in diverse
optoelectronics applications. The latter property is often attributed to the long electron-hole re-
combination time, whose underlying physical mechanism has been a long-standing controversy. In
this Letter, we investigate the transport and localization properties of electron and hole carriers in
a prototypical halide perovskite (CsPbBrs), through ab initio tight-binding nonadiabatic dynamics
approach for large-scale (tens of nm size) supercell calculations, to simulate electron and ion dy-
namics on the same footing. We found distinct structural, lattice polarization, and electron-phonon
coupling properties at low (below 100 K) and high temperatures, consistent with experimental obser-
vations. In particular, at low temperature we find spontaneous formation of polar grain boundaries
in the nonpolar bulk systems, which result in two-dimensional polarization patterns that serve
to localize and separate electrons and holes. We reveal phonon-assisted variable-range hopping
mostly responsible for low-temperature transport, and their characteristic frequency correlates with
temperature-dependent phonon power spectrum and energy oscillation frequency in nonadiabatic
dynamics. We answer the critical questions of long electron-hole recombination lifetime at low
temperature and offer the correlation among polarization domains, electron-phonon couplings, and

photocarrier dynamics.

Lead halide perovskites (LHPs) have received sig-
nificant attention due to their remarkable optoelec-
tronic properties, including low carrier recombination
rates, high carrier mobility, and long carrier diffusion
lengths [1-4]. The unique combination of properties
has resulted in LHPs superior applications in solar cells,
light-emitting diodes, and other electronic devices [5-7].
Despite extensive research, the underlying mechanism re-
mains under debate and thus demands clarification in or-
der to widely apply LHPs in accessible technologies [8—
10].

Proposed mechanisms to explain long electron-hole re-
combination lifetimes and diffusion lengths in LHPs in-
clude, charge carrier localization through formation of
large polarons or ferroelectric domains. Large polarons
form due to strong electron-phonon couplings and result
in localization of excess holes or electrons coupled to lat-
tice distortions over multiple unit cells [11-17]. However,
it remains a subject of debate whether large polarons
provide a complete explanation of carrier dynamics in
LHPs [9, 18, 19]. Alternatively, the formation of fer-
roelectric domains cause polar regions that force elec-
tron and hole trajectories to be physically separated and
thus avoid recombination [20, 21]. However, the pres-
ence or absence of ferroelectricity in LHPs has been a

long-standing controversy.

In this Letter, carrier dynamics and localization are
investigated in a prototypical LHP, CsPbBr3. The main
challenges to accurately simulate carrier dynamics is
the requirement to include a quantum mechanical de-
scription of electrons and holes, supercells on the or-
der of tens of nanometers, and time propagation long
enough to capture relevant dynamics. These require-
ments make direct quantum mechanical calculations in-
tractable. To overcome the computational challenge, we
adopt a combined technique utilizing a time-dependent
first-principles tight-binding (FPTB) description for elec-
trons and holes and machine learning (ML) interatomic
potentials for ion-ion interactions. The dynamics are car-
ried out under an Ehrenfest dynamics framework, includ-
ing additional electronic forces from FPTB to account for
the extra carriers in the system. By coupling ML force
fields and tight-binding (TB) in this new framework, a
quantum description of large supercells is possible and
allows for discovery of phenomena missed by using ML
or TB alone. This method directly addresses the issue of
large-scale coupled electron-ion dynamics in a low sym-
metry structure, representing broad classes of problems
such as electron-ion dynamics in ferroelectric relaxors,
electron transfer, and dynamics at grain boundaries. Ad-
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ditionally, the framework could be adapted to study ex-
citon dynamics in large complex systems by modifying
the TB Hamiltonian to include additional electron-hole
exchange interactions.

Accurate tight binding [22-24], and potential develop-
ment [25-27], including the use of ML [28], has been key
to the study of halide perovskite dynamics. The FPTB
model is constructed using physically motivated descrip-
tors to efficiently and accurately compute the Hamilto-
nian given instantaneous ionic positions [29]. The FPTB
and density functional theory (DFT) matrix elements
agree with a root mean square error of 0.02 to 0.06 eV,
significantly lower than thermal energy fluctuations (es-
timated to be ~0.25 eV, see SI Section II). The atomic
positions are determined by machine learning (ML) inter-
atomic potentials which allow for accurate descriptions of
the octahedral tilting, not captured by standard pairwise
potentials. The ML inter-atomic potentials in this study
use the smooth version of the Deep Potential (DP) neu-
ral network architecture and reproduced DFT energies
and forces with atomic force error less than 0.1eV/A,
see SI section V and VI for more details [30-32]. Lastly,
the charge carrier forces are computed from the instanta-
neous FPTB Hamiltonian in combination with the ML-
forces to propagate the ions in time using LAMMPS
[33]. Validation of all the components of the model can
be found in the SI Sections II and VI. The combined
approach allows for FPTB nonadiabatic dynamics with
large supercells and sufficient statistical sampling to com-
pute key observables and compare with past experimen-
tal and theoretical work [4, 34, 35].

A key finding of this study is the natural formation
of nano-domains at low temperature. During simulated
annealing, polar 90° twinning grain-boundaries sponta-
neously form within the nonpolar bulk material. Such
twinning grain-boundaries have also been observed in sin-
gle crystal experiments of CsPbBrj3 [36, 37], highlighting
the accuracy of our theoretical method to predict in-
homogeneous complex structure formation. The grain-
boundaries induce planes of local lattice polarization
along the grain-boundaries on the order of 20 uC/cm?.
The nature of the polarization patterns serves as a novel
mechanism of electron-hole localization and separation.

Non-twinning grain-boundaries, have been proposed
to increase recombination times [38, 39]. However,
they involve tilting of entire crystalline domains and
would not arise spontaneously, unlike the twin grain-
boundaries considered here. In contrast, twinning grain-
boundaries do not contribute to carrier recombination
in perovskites [39] and are even potentially beneficial as
shown in previous atomistic studies based on static DF'T
calculations [21, 40, 41]. This work offers significant im-
provement and additional insight by including a more
comprehensive description of twinning domains, allowing
for the direct observation of carrier localization and sep-
aration. The supercells in this work are 100 times larger
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FIG. 1. Computed temperature-dependent carrier mobil-

ity including important phonon contributions without nano-
domains. a) Electron mobility at increasing temperature fit to
low temperature (below 100 K) and high temperature range
(above 100 K). Experiments (Exp) are from Ref [4]. b) and d)
Phonon modes whose occupations significantly increase with
temperature at 7 meV, indicated in panel c¢). ¢) Phonon power
spectrum of Br ions at 20, 100, and 200K.

than pervious DFT-based studies, significantly reduc-
ing finite-size effects. Furthermore, we observe phonon-
mediated hopping transport at the grain boundaries at
low temperature, which cannot be calculated using stan-
dard first-principles approaches.

At high temperatures, the local polarization becomes
dominated by thermal fluctuations, and carrier transport
transitions from hopping of localized carriers to band
transport. The transition temperature between the two
mechanisms is predicted by our mobility simulations and
agrees well with experiments [35].

Carrier mobility and temperature dependence— Elec-
tron mobility in CsPbBrs without nano-domains is com-
puted for a range of temperatures to examine the
electron-phonon coupling effects on transport proper-
ties. Diffusion coefficients (D) are determined from the
spread of a Gaussian wave-packet in a 20x20x20 super-
cell (117.9x117.0x117.2 A). Carrier mobility (u) is then
computed from diffusion coefficients using the Einstein
relation (4 = eD(kgT)™!) and reported in Fig. 1a), see
SI Section III for details. The 20x20x20 supercell was
found to be sufficiently converged with respect to super-
cell sizes, see SI Fig. S5

The computed mobility in the high-temperature
regime 7' >100 K, has a power law T~ !4! consistent
with experiment [4, 35]. The magnitude of mobility is



overestimated compared to experiments. A temperature-
independent defect scattering contribution is missing,
which can lead to overestimation of mobility. Addition-
ally, our TB model is fit to DFT-GGA with SOC, which
is well known to underestimate the band gap and carrier
effective masses compared to many-body methods such
as GW approximation [22, 42]. The underestimation
of carrier effective masses may lead to overestimation of
carrier mobility as well.

To understand temperature dependent phonon con-
tributions, the phonon mode projections and power-
spectrum were analyzed at 20, 100, and 200 K (Fig. 1c).
With increasing temperature, the Br projected phonon
power spectrum shows significant increase in occupation
around 7 meV and 13 meV and a decrease around 10 meV
(Fig. 1c) . The modes responsible for the increase around
7meV and 13 meV are identified to be the optical rocking
modes as detailed in SI Section IV. Visualization of the
optical rocking modes at 7 meV are presented in Fig. 1b
and Fig. 1d , since they are important for low tempera-
ture transport presented below. The rocking octahedra
cause the Pb-Br bond distances to fluctuate, impeding
carrier mobility. The mobility has different temperature
power laws below and above ~100 K, Fig. 1a, consistent
with experiments[35]. Experimentally, the temperature
dependence (T") of the mobility transitions at ~ 80 K
from S > 0 below 80 K to f =~ —1.5 above 80 K. The
positive temperature dependence power law below 80 K
indicates thermally-activated transport of localized car-
riers dominates at low temperature.
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FIG. 2. Grain-boundary formed during simulated annealing.
Legends indicate grain-boundary classification and color cod-
ing for in-phase tilting axis, referred to as ip-axis in the text.

Annealed structure and spontaneous formation of two-
dimensional domains— The spontaneous formation of
nano-domains occurs during the annealing simulation,
see SI section VII. The nano-domains have twinning
grain-boundaries with 90° rotations, consistent with ex-
periments on single crystal CsPbBr3 [36, 37]. Addition-

ally, the grain-boundaries are found to be stable, lasting
for longer than 100 ps of MD.

The individual domains are nonpolar, with Pnma sym-
metry which has a Glazer notation of (a™b~b7) [43]. This
structure has a single axis (a™) with in-phase octahedral
tilting and two axes (b~) with out-of phase tilting. The
unique in-phase tilting axis will be referred to as the ip-
axis in the subsequent text. FExcluding tilting of entire
crystalline domains, there exist 3 possible orientations
for the nano-domains, with ip-axis oriented along [100],
[010], and [001], depicted in Fig. 2.

The annealed structure contains all three domain ori-
entations with the ip-axis in the [100] (pink), [010]
(green) direction, and [001] (blue) direction. In Fig. 2,
the domains can be seen to extend the entire (100)
plane, indicating twinning grain-boundaries prefer par-
allel formation, consistent with experimental observa-
tion [36, 37]. These 90° twinning grain-boundaries can
be categorized into two types. The first type, denoted as
GB*, has domains with the ip-axis normal and parallel
to the grain-boundary (Fig. 2). In the second type, de-
noted as GBIl the ip-axis of both domains are parallel
to the grain-boundary (SI Fig. S10c). We observed for-
mation of almost entirely G'Btsuggesting the twinning
boundaries have lower energy when the ip-axis is rotated
perpendicularly rather than twisted.

Carrier localization and variable range hopping— To in-
vestigate the effects of the domain structure on carrier
dynamics, we simulate FPTB Ehrefenst dynamics with
one extra electron or hole in the supercells with nano-
domains. We note our simulations are at the mean-field
level and do not include electron-hole recombination ef-
fects. However, we focus on carrier dynamics and find
simulation times of 1.4 ps to be sufficient. The ini-
tial wave function is set to the eigenstates of pristine
CsPbBrj3 structure, using the VBM for holes and CBM
for electrons. The initial condition ensures homogeneous
distributions of the wave function, avoiding any bias in
wave function localization. Note this is in contrast to the
initial state in the mobility calculations where the wave
function was initialized as a Gaussian wave-packet.

The initial charge density is spread uniformly through-
out the supercell and carriers become localized during
the simulation. The hole and electron localize at spa-
tially separated locations because of the local polariza-
tion as discussed below. Although the electron and
hole are simulated separately, we expect minimal im-
pact from electron-hole attraction. This is rationalized
by the low exciton binding energy in CsPbBrs of 17-40
meV compared to the electron localization energy around
170meV [44, 45]. The electron localizes in a pancake
shape as seen by the Gaussian fitting in SI Fig. S13,
where the charge density is extended in the YZ-plane
and narrow in the X direction. Both electrons and holes
become localized after around 400 fs as seen in SI Fig.
S12a. After localization, the energy oscillates around 170
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FIG. 3. Change in energy from pristine eigenstate during
Ehrenfest dynamics in the nano-domain structure. a) Holes
with energy referenced to VBM and b) electrons with energy
referenced to CBM of the pristine crystalline system.

meV below the CBM for electrons and 270 meV above
the VBM for holes, Fig. 3. The oscillations in energy
arise from interaction with phonons, indicating phonon-
assisted electron hopping between localized sites. The
phonon induced oscillations are confirmed in SI Fig. S11
where the energy is constant in the absence of ionic mo-
tion.

The energy oscillation frequency for both the electron
and hole in Fig. 3 (around 1.7 THz) coincide with the crit-
ical optical phonon mode around 7 meV in Fig. 1c, fur-
ther supporting the mechanism of phonon-assisted elec-
tron hopping. The low temperature transport can be
explained by the Mott’s variable range hopping (VRH)
given in Eq. 1 [46]. VRH requires disorder and a distri-
bution of localized sites with various hopping distances,
and has been previously used to study carrier trans-
port in perovskites [47, 48]. In this work, the disor-
der of sites is caused by localization and disorder at the
2D polarization domains, thus we use the VRH to esti-
mate low-temperature transport. Additionally, the VRH
power law of T/4, matches well with the experimental
temperature-dependent mobility below 100 K [35]:

0 = 0pexp <— (7;4) 1) (1)

00 = 3¢ (87;"2;) ’ 2)
B
Tar = kpgo&?. ®)

Here e is the electron charge, k; is the Boltzmann con-
stant, vy, is characteristic phonon frequency, 7' is the
temperature, £ is the localization length, and gy is the

density of states at the CBM such that the electron den-
sity at 20K is 2.0 x 10'°em ™2 to match experimental car-
rier concentration [35]. The numerical constant § is re-
lated to the critical percolation concentration, where we
use = 21.2 provided in Ref [49]. The localization length
is estimated to be £ = 1.2+£0.1 nm. It is computed from
the full width half maximum of a Gaussian fitting of the
electron charge density in the [100] direction averaged
over the trajectory, with an example snapshot in Fig.
S12. The characteristic phonon frequency is extracted
from the energy oscillations to be v, = 1.7T'Hz. By us-
ing 4 = o/en with a carrier density of 2.0 x 10°em =3, we
obtain electron carrier mobility ~ 4 cm?/V's. This is con-
sistent with the experimental mobility measurements [35]
in dark in terms of order of magnitude (7cm?/V's) and
temperature power-law (7(1/4))).

Local Polarization and Electron-Hole Separation — Fi-
nally, the local polarization of the PbBrg octahedra is
computed to identify the effects of structural polariza-
tion on electron/hole localization (Fig. 4). The local po-
larization is computed as P = (¢ - d)/V where P is the
polarization, ¢ is the Born Effective Charge tensor for
Pb, d is the displacement vector of the Pb ion from the
center of the octahedra, and V is the volume of the octa-
hedra. This method for calculating local polarization of
the PbBrg octahedra is consistent with the Berry-phase
formalism, see SI Section VI. Ionic positions must be av-
eraged over MD snapshots before computing local polar-
ization to remove transient local polarization caused by
thermal fluctuations. The net polarization was found to
be minimized after 50 MD snapshots and thus used for
all reported local polarizations. Although net polariza-
tion is close to zero after averaging (SI Fig. S9), the
magnitude of local polarization remains at several tens
of uC/em? (Fig. 4b), consistent with previous ab ini-
tio calculations in CsPbBrs in the ferroelectric relaxor
phase [34]. We note the local polarization is not uni-
form along the boundary and has a standard deviation
of ~ 2 uC/em?.

The main grain boundary, GB~, has no inversion or ro-
toinversion symmetry, thus allowing polarity. This mani-
fests as Pb ions shifting away from the grain-boundary in
the domain with ip-axis parallel to the boundary plane,
penetrating about 3-4 layers deep, while the Pb ions in
the other domain have minimal shift away from the center
of octahedra. The overall dipole moment of GB* points
normal to the grain boundary and is located in the do-
main with the ip-axis parallel to the boundary. This is
illustrated in Fig. 4d, and confirmed in the constructed
grain-boundaries, SI Fig. S10b. The polarized domain
always has the ip-axis parallel to the grain boundary, in-
dicating the PbBrg octahedra are more easily polarized
along the out-of-phase direction.

The lattice polarization induced by the grain-
boundaries explains the nature of carrier localization.
Being polar, GB' drives electrons to one side of the
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FIG. 4. Relation among domain boundaries, local polarization, and electron/hole localization. a) Schematic depiction of local
polarization (P) of PbBre octahedra. b)Local polarization in the [100] direction averaged along the (001) plane. Polarization
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layer 7 and 8 is marked with an orange line in panels b),

. 2D projection of carrier density onto the (001) plane for electrons ¢) and holes f). The boundary between
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d) is schematic on how G B induces dipole moment in

layer with ip-axis parallel to the grain-boundary. e) Structure from simulated annealing with octahedra colored based on tilting

pattern.

grain-boundary, while driving holes to the opposite side.
This is supported by Fig. 4c and f, which shows electrons
driven in the direction of local dipole moment (i.e. in
the same direction as the local displacement of Pb ions),
and the holes driven in the opposite direction. These 2D
polarization planes formed at the grain-boundaries pro-
vide a new mechanism for electron and hole localization
and separation at low temperature. Although we did not
observe this at room temperature, it may still be present
in experiments. The damping of local polarization with
increasing temperature may be enhanced by the limited
size of our nano-domains compared to experiment. Due
to the long lived nature of the grain-boundaries and local
polarization, the electrons and holes tend to remain sepa-
rated, thus resulting in long electron-hole recombination
lifetime.

Conclusion— From our FPTB non-adiabatic dynamics
simulations, a picture of hopping transport in CsPbBrg
emerges at low temperature where electrons and holes are
localized on the opposite sides of polar grain-boundaries
of nano-domains. At low temperature, twinning grain-
boundaries give rise to local polarization along the
boundary. Given the experimental evidence of the 90°
twinning grain-boundaries in single crystals, the do-
main boundaries and induced local polarizations offer a
new mechanism to explain long electron-hole recombina-

tion lifetime in halide perovskites below 100 K. Because
of the two-dimensional nature of nano-domain grain-
boundaries, these results suggest a connection to exper-
iments detecting reduced-dimensional transport in bulk
halide perovskites. The possibility of such nano-domain
grain-boundaries seeding or interacting with anisotropic
electron-phonon effects such as 2D polarons or soft
modes [17, 19, 50] remains to be investigated in the fu-
ture. The FPTB non-adiabatic dynamics framework pre-
sented here directly addresses the issue of large-scale cou-
pled electron-ion dynamics. This method is readily appli-
cable to more complex perovskites such as mixed-halide
or organic-inorganic and can be extended to other disor-
dered systems.
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