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ABSTRACT: Organometallic halide perovskites have drawn
substantial interest due to their outstanding performance in
solar energy conversion and optoelectronic applications. The
presence of ferroelectric domain walls in these materials has
shown to have a profound effect on their electronic structure.
Here, we use a density-functional-based tight-binding model,
coupled to nonequilibrium Green’s function method, to
investigate the effects of ferroelectric domain walls on
electronic transport properties and charge carrier recombina-
tion in methylammonium lead−iodide perovskite, MAPbI3. With the presence of ferroelectric domain walls, segregation of
transport channels for electrons and holes is observed, and the conductance of perovskites is substantially increased due to the
reduced band gap. In addition, by taking into account interactions with photons in the vacuum environment, it is found that
electron−hole recombination in perovskites with ferroelectric domain walls is drastically suppressed due to the segregation of
carrier transport paths, which could enhance photovoltaic performance.

■ INTRODUCTION

Recently, organometallic halide perovskites have emerged as a
new class of photovoltaic materials, and the field of perovskite-
based photovoltaic devices has captured great attention within
the energy harvesting community. Tremendous progress has
been made in terms of device performance. Since the first use
of organometallic halide perovskites in dye-sensitized solar cell
by Kojima et al. in 2009,1 the power conversion efficiencies
(PCE) have shown an unprecedented increase from 3.8% to
20.1% over the past few years.2−4 This is the first time for a new
photovoltaic technology with performance comparable to that
of traditional commercial technology within such a short
period. The primary advantage of these perovskites is that they
can be solution-processed without the need of high-temper-
ature treatment, making them an excellent material for low-cost
and large-area optoelectronic applications. In addition, there are
several outstanding optoelectronic properties of these materials,
including possession of a tunable direct band gap in the visible
to infrared regions as a function of composition,5,6 long
electron and hole diffusion lengths together with high carrier
mobilities, which suppress the recombination of photoexcited
charge carriers,7−9 and strong optical absorption properties that
allow solar cells of submicrometer thickness for sufficient light
harvesting, which make perovskite-based solar cells a promising
photovoltaic device.
Despite the rapid progress in perovskite-based photovoltaics,

there are still problems in stability and environmental
compatibility of these devices that hinder their widespread

deployment in the market. Before these devices can be tailored
for greater efficiencies, many fundamental questions of the
material that are key to their performance must be fully
understood. A number of unusual characteristics have been
reported for perovskite-based solar cells, such as current−
voltage hysteresis,10 a giant dielectric constant,11 switchable
photovoltaic effect,12 and reversible photoinduced material
transformation.13,14 Among the fundamental properties,
ferroelectricity15−18 has attracted much interest as it affects
the charge-transfer mechanism and may have an important role
for the enhancement of photovoltaic devices efficiency.
Although the existence of ferroelectric domains in perovskite
materials at room temperature is debated, domain engineering
has been applied to establish and manipulate ferroelectric
behavior in inorganic perovskites, and enhanced ferroelectric
properties have been observed.19,20 In fact, the presence of
switchable ferroelectric domains in MAPbI3 perovskites has
been demonstrated via piezoresponse force microscopy, with a
domain size of about 100 nm. Most recently, Rakita et al.
demonstrated the ferroelectric nature of MAPbI3 by multiple
experimental techniques and clarified the reason why
ferroelectricity in MAPbI3 seemed elusive. Contrary to previous
studies, they used the dissipative part of permittivity and
observed a remarkably clear ferroelectric hysteresis loop in
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tetragonal MAPbI3 crystals.21 Moreover, theoretical studies
show that organometallic halide perovskites exhibit sponta-
neous electric polarization, and its magnitude is found to be
affected by the orientation of methylammonium cations.22−24

In addition, structures with ferroelectric alignment of
methylammonium cations are shown to be more stable,25,26

and ab initio molecular dynamics demonstrated that MA
cations can undergo collective motion and result in non-
vanishing polarization.27 It has been suggested that the
electrostatic potential at ferroelectric domain walls can promote
separation of photoexcited carriers and allow above-band gap
open-circuit voltages.28,29 This makes it possible for PCE of
perovskite-based photovoltaic devices to go beyond the
Shockley−Queisser limit in conventional solar cells.30 In
addition, due to the structural flexibility of MAPbI3, local
domain structures may form under thermal conditions. It has
been predicted that the resulting local electric fields may give
rise to Rashba effect with a subpicosecond time scale.31

Recently, Monte Carlo combined with drift-diffusion simu-
lations demonstrate reduced carrier recombination losses with
the presence of nanodomains.32 Other first-principles simu-
lations also reveal the effects of ferroelectric domain walls based
on the electronic structure of closed systems and demonstrate
their importance on photovoltaic applications of organometallic
halide perovskites.33−36 However, the role of ferroelectric
domain walls in electron transport and charge carrier
recombination in organometallic halide perovskites remains
unknown. To provide further insight into the properties of
organometallic halide perovskites in relation to phovotoltaics
applications, we computationally study the impact of
ferroelectricity on transport properties of MAPbI3 perovskites
based on nonequilibrium Green’s function (NEGF) theory.37

MAPbI3 perovskite materials are parametrized for the DFTB
method, and commendable agreement is achieved in
comparison to extremely costly SOC-GW calculations.38 This
allows us to model device structures with tens of nanometer
thickness, explicitly simulating their nonequilibrium properties
under external bias. In particular, by incorporating electron−
photon interactions in the NEGF formalism, we compare the
rate of charge recombination of perovskites in different
ferroelectric states. A substantial reduction of charge recombi-
nation rate of perovskites is found in the presence of
ferroelectric domain structures. This result elucidates the
contributions of ferroelectric domains to the outstanding

performance of organometallic halide perovskites for photo-
voltaic applications, and is useful not only for understanding,
but also for engineering the performance of the energy
conversion mechanism.

■ COMPUTATIONAL DETAILS

1. Atomic Models. The tetragonal phase of archetypal
MAPbI3 perovskite is chosen in our simulations as it is the
stable phase at room temperature. The atomic structure of a 48-
atom unit cell of MAPbI3 is first relaxed with density-functional
theory (DFT) using VASP package,39 as shown in Figure 1a.
The generalized gradient approximation (GGA) with Perdew−
Burke−Ernzerhof (PBE) exchange-correlation functional40 was
adopted to calculate exchange and correlation energy. Nonlocal
effects are described with the vdw-DF functional41 to take into
account the weak interactions between organic cations and the
inorganic cage. Core electrons are represented by projector
augmented-wave (PAW) pseudopotentials.42 An energy cutoff
of 400 eV and a 4 × 4 × 4 Monkhorst−Pack k-point mesh are
applied. Further increase of energy cutoff and k-points shows
no significant difference. The initial relaxed atomic structure is
obtained by conjugate gradient relaxation until the maximum
atomic force is less than 0.01 eV/Å. To construct systems with
ferroelectric domain walls, a supercell consisting of four
tetragonal unit cells is stacked along the z-direction, where
the orientations of methylammonium cations in the lower half
of the supercell are rotated. This results in domain structure
with a tail-to-tail charged domain wall formed at the middle of
the supercell and head-to-head charged domain walls at two
ends of the supercell. On the other hand, supercell of single
domain is constructed with all organic cations aligned in the
same direction. The dimensions of supercells are fixed to values
of the optimized lattice constants of unit cell. The atomic
structure of the supercell is then fully relaxed using 4 × 4 × 4
Monkhorst−Pack k-point meshes with the same method
mentioned above. For the study of transport properties, we
construct homogeneous device structures on the basis of the
optimized supercells. Devices with six supercells are aligned
along the x-direction, which is the electronic transport
direction. Each device contains a central region with channel
length of 5.24 nm and is in contact with left and right
electrodes. Thus, device structures of a 6 × 1 × 4 supercell with
1152 atoms are constructed, and periodic boundary conditions

Figure 1. (a) Optimized tetragonal unit cell of MAPbI3 perovskite. Device structures of a 6 × 1 × 4 supercell with (b) single domain; and (c)
domain structure that contains a tail-to-tail domain wall at the middle and head-to-head domain walls at upper and lower boundaries. Red arrows
correspond to the polarization directions due to methylammonium cations.
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are applied to y- and z-directions of the devices. We present in
Figure 1 the optimized unit cell and device structures.
2. DFTB Parametrization. We choose a self-consistent

DFTB Hamiltonian for the transport modeling due to its
favorable computational efficiency, as compared to DFT.43

DFTB derives as an approximation of DFT, and its para-
metrization concerns both electronic structure and the so-called
repulsive potentials, critical for atomic structure relaxation.
However, we perform the structural relaxation of the models
within DFT; therefore, for this study we deal only with
electronic structure. Without going into the full details of self-
consistent DFTB,43 it is important to emphasize that the
parameters in this case are per chemical element, and are very
few. Specifically, the matrix elements of the Hamiltonian and
overlap matrixes hμν

0 and sμν are obtained by the two-center
approximation, starting with a linear combination of atomic
orbitals {ϕμ

A}:

ε μ ν

ϕ ϕ=
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Here, T̂ is the kinetic energy operator, and Veff
A is the self-

consistent effective potential. The above equations are solved in
advance within all-electron DFT for all monatomic and
diatomic pairs of chemical elements in a system. The accuracy
of DFTB is dramatically improved if {ϕμ

A} are compressed, as
compared to their free atom counterpart, which is done by
solving the Kohn−Sham equations for the atoms with an
additional confining potential (r/r0)

m:

ϕ ε ϕ̂ + + =μ μ μT V n rr r r[ [ ( )] ( / ) ] ( )m
eff
A

A 0
A

(3)

except for hμμ
0 , where r0 = ∞ is effectively used.

The confining potential holds the parameters of DFTB, r0
and m. Because these parameters must be optimized per
chemical element, for the problem at hand we need parameters
for {Pb, I, C, N, H}. To reduce the effort, we start with the
parametrization of {H, C, N, I} reported in ref 44 and extend
the set to include Pb. We use density superposition as in ref 44,
which allows for two distinct compression radii per element,
that is, instead of the potential superposition in eq 1, as follows.
First, the atomic density nA (rA) of each atom is found by a self-
consistent calculation of eq 3 with r0 = rd. Next, Veff [nA(rA) +
nB(rB)] is solved to replace Veff

A + Veff
B in eq 1. However, the

corresponding orbitals are not used in eq 1. Instead, eq 3 is
solved again with a different compression radius, r0 = rw, from
which a new set of orbitals is found and used in eqs 1 and 2.
In optimizing rd, rw, and m, we aimed to obtain the

experimental band gap and band curvature at the conduction
and valence band extrema, which are underlying the desirable
optoelectronic properties of MAPbI3 photocells. We used
6s26p2 minimal valence basis for Pb in DFTB. The addition of
5d or 6d orbitals yields noninteracting states far from the
conduction/valence band edges, and is avoided; it did not
improve the accuracy of DFTB but significantly raises the
computational cost due to more than doubling the number of
Pb orbitals. The atomic calculations corresponding to eq 3 are
done at the all-electron DFT level, with PBE functional and
scalar relativistic potential, due to the large atomic mass of Pb.

The atomic onsite energies (in hartrees) obtained for the free
Pb atom are ε6s = −0.434869 and ε6p = −0.129357. The
Hubbard parameters, on which the self-consistent term of
DFTB pivots,43 resulted in 0.210459 and 0.279609 hartree for
the 6p and 6s orbitals correspondingly. These numbers agree
very well with the free atom energies reported in the general
DFTB parametrization for the periodic table.45 Unfortunately,
the published parametrization does not reproduce well the
band structure of MAPbI3, and we further optimized rd = 26.01
Å and rw = 4.69 Å for Pb, while setting m = 4, without the
inclusion of spin−orbit coupling (SOC). However, it has been
shown that the inclusion of SOC significantly alters the
conduction band dispersion, reducing the bandgap, and that in
the presence of SOC, the GW correction is necessary to yield
the experimental value of the gap. In addition, it has been
proposed that the Rashba effect driven by SOC can suppress
carrier recombination due to a spin-forbidden transition.31,46 In
view of that, we included SOC in the band-structure
calculations with DFTB as implemented in DFTB+ computer
code,47 and reoptimized the compression radii of Pb for that
case too: rd = 25.42 Å and rw = 8.16 Å, using published spin−
orbit coupling constants for Pb (0.95 eV48), I (0.66 eV48), and
C (0.009 eV49), and ignoring spin−orbit effects in N and H.
In both cases, the optimization process considered the

atomic and electronic structure of MAPbI3 in the tetragonal
phase (TET-p), as reported in ref 50, aiming to reproduce the
experimental band gap of 1.6 eV. Figure 2 shows the band

structures of all three unit cells of ref 50: two in the tetragonal
phase, labeled TET-p (methylammonium cations oriented with
parallel C−N bond) and TET-v (vertically oriented methyl-
ammonium cations), and one in the orthorhombic phase,
labeled ORC. Both calculations, without SOC (gray lines) and
with SOC (red lines), are shown for comparison. In Table 1 we
compare the reported band gaps and average effective masses

Figure 2. Band structures (upper panel) and the corresponding
structures (bottom panel) of MAPbI3 in tetragonal (a) TET-p and (b)
TET-v, and orthorhombic (c) ORC structures calculated within DFTB
without SOC (gray lines) and with SOC (red lines). The top of the
valence band is taken as common energy reference. The results
without SOC reproduce the features of the conduction and valence
bands reported from scalar relativistic DFT report excluding relativistic
and quasiparticle corrections.50 The results with SOC improve the
dispersion in the conduction band and agree very well with fully
relativistic treatment with quasiparticle corrections.38 In both cases, the
band gap dependence on atomic structure as reported in ref 38 is
accurately reproduced.
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obtained with DFTB (again without and with SOC) against
those reported in ref 50, DFT, scalar relativistic potential, and
ref 38, fully relativistic SOC-GW calculations.
Figure 2 and Table 1 suggest that DFTB captures the

features of the top of the valence band and the bottom of the
conduction band with good accuracy, relative to the DFT
calculations, and that including SOC in DFTB alters the
features of the CB in the same qualitative manner as in DFT.
The virtue of using different confinement parameters for DFTB
when accounting for SOC is illustrated in the good agreement
for the band gap, despite the lack of quasiparticle corrections.
The band gap of the tetragonal phase, which is most stable at
ambient conditions, is 1.61 eV (1.6 eV with SOC), in excellent
agreement with experiment, and its dependence on the
variation of atomic structure matches that obtained from scalar
relativistic DFT calculations. We note that the addition of SOC
in DFTB does not alter significantly this trend. The agreement
of the effective masses extracted from the curvatures of the
bands within the 5 meV window from the band extrema shows
greater relative error, specifically for the conduction band in
simulations without SOC. The key issue is the relative flatness
of the conduction band, as compared to the valence band and
to the more accurate calculations.38 As seen in Figure 2 and
Table 1, the error is greatly reduced when SOC is accounted for
in DFTB. In this case, the average effective masses over
multiple paths in the first Brilloin zone for TET-p structure are
0.22 m0 (electrons) and 0.24 m0 (holes), which compare well to
results from SOC-GW, 0.19 m0 and 0.25 m0.

38 From Table 1
we see also that the effective masses do not vary too much with
the structural deformation of MAPbI3 even if SOC is accounted
for.
Finally, we note that, despite the attractive accuracy of DFTB

calculations with SOC in terms of band structures, including
SOC in the transport calculations is not yet possible. The
challenges are 2-fold: first, there is no complete implementation
of DFTB+SOC+NEGF, and second, the computation cost
increases substantially due to a 4 times larger Hamiltonian
matrix and multiple increase of self-consistent cycle iterations,
due to the need for angular-momentum-resolved (or orbital-
resolved) DFTB. Avoiding that, the transport study excludes
SOC, delivering a semiquantitative insight.
3. Quantum Transport. To study the response of the

systems to external applied bias, we calculate the steady-state
current based on the Keldysh NEGF approach:51

∫ π
=

ℏ
Σ − Σα α α

< > > <I
e E

E G E E G E
2 d

2
Tr[ ( ) ( ) ( ) ( )]

(4)

where G<,>(E) are lesser and greater Green’s functions,
providing information on the energy states and population
statistics for electrons and holes, respectively. Σα

<,>(E) are the
self-energies for the electrode α:

Σ = Γα α α
< E if E E( ) ( ) ( )

Σ = − − Γα α α
> E i f E E( ) {1 ( )} ( ) (5)

where fα is the electron occupations of electrode α and Γα

describes the broadening of energy levels due to coupling to
electrode α. Thus, the first and second terms on RHS of eq 4
represent, respectively, the incoming and outgoing rate of
electrons due to electrode α. Assuming thermal equilibrium of
the electrodes, eq 4 reduces to the Landauer−Büttiker formula.
For the full details of NEGF, we refer the interested readers to
ref 52.
To evaluate radiative recombination rate of charge carriers,

we take into account the interactions with photons in the
vacuum environment:53

∫ ∫ ∫ω ω ω
π

ω= =
ℏ

Σ< >R F
E

E G Ed ( )
2

d
d
2

Tr[ ( , ) ( )]ep

(6)

where R is the carrier recombination rate. F(ω) is the emission
flux for frequency ω. Σep

< (E,ω) is the electron-photon self-
energy, which can be expressed as

ω ωΣ = + ℏ< <E MG E M( , ) ( )ep (7)

and M is the electron−photon coupling matrix.53,54 Thus, the
terms in square bracket on RHS of eq 6 correspond to the
transition of an electron from the energy level E + ℏω to E,
emitting a photon with energy ℏω, and the integrations take
into account all energy levels and possible transitions. The
method has been recently applied to study electroluminescence
of nanoscale light-emitting diodes.53

■ RESULTS AND DISCUSSION
We first calculate the band structures for the 1 × 1 × 4
supercells with and without ferroelectric domain walls as shown
in Figure 3a and b, respectively. Both structures exhibit a direct
band gap at Γ point, and the band gap of perovskite with
charged domain walls is smaller than that of single domain
perovskite. This is consistent with first-principles studies33 and
is a further demonstration of the applicability of DFTB in the
field of organometallic halide perovskites. Examination of
partial density of states (DOS) shows that, for both structures,
states near band gap are mainly contributed from orbitals of Pb
and I atoms, while orbitals of methylammonium are away from
the band gap. This suggests that the reduction of band gap is
mainly caused by the electric potential difference across the
domain, which shifts the valence band maximum (VBM) and
conduction band minimum (CBM).48 Notably the change of
the band gap is more pronounced when SOC effects are
considered in the calculation, and changes from 0.2 to 0.7 eV
reduction. We observe also a concomitant change in the

Table 1. Comparison between the Band Gap and Effective Masses Obtained from DFTB without SOC/(with SOC) in This
Work and with DFT50 and SOC-GW38 Calculation

band gap [eV] effective masses [m0]

DFTB (+SOC) PBE50 SOC-GW38 DFTB Γ-X/Γ-Z PBE50 SOC-GW38 Γ-X/Γ-Z

TET-p 1.61 (1.60) 1.60 1.67 mh 0.18/0.31 (0.19/0.29) 0.28 0.2/0.4
me 2.9/0.1 (0.23/0.19) 0.18 0.17/0.28

TET-v 1.85 (1.90) 1.82 mh 0.29/0.31 (0.28/0.19) 0.30
me 3.4/0.1 (0.25/0.17) 0.22

ORC 1.96 (1.95) 1.90 mh 0.25/0.27 (0.26/0.27) 0.39
me 2.3/0.1 (0.23/0.22) 0.23
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effective masses being more than 10% lower in the two-domain
structure. Taking the values along Γ-X from the SOC
calculation as representative, the effective electron mass
changes from 0.27 to 0.24 [m0] and the hole mass changes
from 0.24 to 0.2 [m0], in the two-domain structure. The same
trend is observed in the valence band from simulations
excluding SOC.
The presence of charged domain walls is expected to

influence significantly the transport properties of MAPbI3
perovskites due to the band gap reduction. The current−
voltage characteristics of perovskites on both linear and log
scale for systems in different ferroelectric states are presented in
Figure 4a. Clearly, an enhancement of electronic transport is
observed for systems with the presence of charged domain
walls. Because of the reduction of band gap, the current onset
appears at a lower voltage bias as compared to the single
domain structure. For applied voltage up to 2 V, the current in
system with domain walls is about 2−3 orders of magnitude
larger than that in the single domain system. Further support to
our results of enhanced conductance is provided by comparing
the difference between the corresponding equilibrium trans-
mission coefficients. Again, comparison is drawn between
systems in different ferroelectric states. The transmission
spectrum shown in Figure 4b exhibits two features. First,
with the presence of charged domain walls, a transport channel

appears at lower energies above the Fermi level. This is also
reflected in their band structures where CBM is shifted
downward due to the electrostatic potential at ferroelectric
domain walls. More interestingly, transmission values are
substantially higher at the CBM in the domain wall structure
as magnified in the inset of Figure 4b. The results show that
domain walls in perovskites have a higher conductance as
compared to the bulk materials. The increased conductivity has
been previously attributed to charge carrier accumulation at the
domain walls.55 From the perspective of quantum transport, the
enhanced conduction corresponds to an increased DOS and
stronger couplings to the electrodes at the domain walls.
Because of the ferroelectric domain walls, previous studies

had suggested that electrons and holes in perovskites can
diffuse separately along distinct pathways toward the electrodes,
avoiding carriers of opposite charge. To spatially reveal the
features of transport pathways’ segregation within the devices,
we calculate the local DOS at VBM and CBM, which are shown
in Figure 5 for MAPbI3 in both ferroelectric states. The
logarithm of the DOS projected on the xz-plane in the middle
of the supercell is shown. It is notable that for perovskites
containing domain walls, energy states at VBM and CBM are
located along the transport direction at the tail-to-tail and head-
to-head domain walls, respectively. Thus, the channels for
electrons and holes are spatially separated. This is in contrast to
the system with single domain where energy states at VBM and
CBM are delocalized over the entire system, as shown in Figure
5c and d. From the local DOS plot, it is expected that with the
presence of domain structures, the probability of electron−hole
recombination will be suppressed due to the separate channels
for electrons and holes.
To further verify the role of ferroelectric domain walls, we

evaluate the electron−hole recombination rate for the studied
systems using eq 6. In realistic photovoltaic devices, electrons
are photoexcited to the conduction band, leaving holes in the
valence band. Because of the internal electric field caused by
different electrode work functions, electrons and holes are
driven in opposite directions. Here, we investigate the radiative
recombinations of band-edge carriers. The device operating
conditions are modeled by directly injecting electrons and holes
into the conduction band and valence band edges, respectively.
This is done by adding a Lorentz distribution of carriers to the
electron ( fα) and hole (1 − fα) occupations at the
corresponding energies in eq 5. By doing that, hot carriers

Figure 3. DFTB-calculated band structures for MAPbI3 perovskites
(a) with single domain and (b) with domain structures. The valence
band maximum has been shifted to zero. Comparison is made between
calculations without SOC (gray lines) and with SOC effects (red
lines), showing a much stronger reduction of the band gap for the two-
domain structure in the latter case. Notably, both conduction band and
valence band seem to be affected by SOC in the two-domain structure,
unlike the cases of single domain.

Figure 4. (a) Current−voltage characteristics and (b) equilibrium transmission coefficients as a function of energy for MAPbI3 perovskite with and
without domain walls. Fermi energy is shifted to E = 0.
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are assumed to relax to band edges before radiative
recombinations occur. The emission frequency range in eq 5
is taken from 1.55 to 1.90 eV, which covers the band gaps for
both systems of different ferroelectric states. The recombina-
tion rates for the studied systems are summarized in Table 2. As

expected, due to the distinct transport channels for electrons
and holes, charge carrier recombination is substantially
suppressed in perovskites with domain structures. The
recombination rate is about 3−4 orders of magnitude lower
than that in perovskite of single domain. We further investigate
the recombination of charge carriers for devices of different
thicknesses. Devices with larger thickness are constructed by
extending the central region along the transport direction. In
general, a higher recombination rate is observed for larger
device thickness due to the increase number of carriers within
the devices. A recent experiment reports the observation of
long-lived energetic carriers in organometallic halide perov-
skites, which is correlated with reorientation motions of
molecular dipoles.56 The current study suggests that ferro-
electric domain walls may provide one possible mechanism for
the protection of charge carriers in perovskites from scatterings.
However, further studies are needed to understand the dynamic
screening mechanism.

■ CONCLUSIONS
In summary, the electronic transport properties due to
ferroelectric domain walls in organometallic halide perovskites
are studied via DFTB simulations in combination with NEGF
method. We parametrized MAPbI3 perovskite materials for the

DFTB method, and commendable agreement is achieved in
comparison to quasiparticle GW calculations. Enhancement of
electronic transport is observed for systems with domain
structures due to the reduced band gap. In addition, our results
show that ferroelectric domains in MAPbI3 lead to segregation
of transport pathways for electrons and holes, and thus carrier
recombination is substantially suppressed. Our findings indicate
that ferroelectric domains have an important role in the
outstanding performance of organometallic halide perovskites
for photovoltaic applications. The results presented in this
Article advance our understanding of the interplay of structural
properties and photovoltaic performance in the material, which
is useful for discerning and engineering the performance of the
energy conversion mechanism.
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Lundqvist, B. I. Van der Waals Density Functional for General
Geometries. Phys. Rev. Lett. 2004, 92, 246401.
(42) Kresse, G.; Joubert, D. From Ultrasoft Pseudopotentials to the
Projector Augmented-wave Method. Phys. Rev. B: Condens. Matter
Mater. Phys. 1999, 59, 1758−1775.
(43) Elstner, M.; Porezag, D.; Jungnickel, G.; Elsner, J.; Haugk, M.;
Frauenheim, T.; Suhai, S.; Seifert, G. Self-consistent-charge Density-
functional Tight-binding Method for Simulations of Complex
Materials Properties. Phys. Rev. B: Condens. Matter Mater. Phys.
1998, 58, 7260−7268.
(44) Kubar,̌ T.; Bodrog, Z.; Gaus, M.; Köhler, C.; Aradi, B.;
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