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ABSTRACT: Organometal halide perovskites have been intensely studied in
the past 5 years, inspired by their certified high photovoltaic power
conversion efficiency. Some of these materials are room-temperature
ferroelectrics. The presence of switchable ferroelectric domains in
methylammonium lead triiodide, CH3NH3PbI3, has recently been observed
via piezoresponse force microscopy. Here, we focus on the structural and
electronic properties of ferroelectric domain walls in CH3NH3PbX3 (X = Cl,
Br, I). We find that organometal halide perovskites can form both charged
and uncharged domain walls due to the flexible orientational order of the
organic molecules. The electronic band gaps for domain structures possessing
180 and 90° walls are estimated with density functional theory. It is found
that the presence of charged domain walls will significantly reduce the band
gap by 20−40%, while the presence of uncharged domain walls has no
substantial impact on the band gap. We demonstrate that charged domain
walls can serve as segregated channels for the motions of charge carriers. These results highlight the importance of ferroelectric
domain walls in hybrid perovskites for photovoltaic applications and suggest a possible avenue for device optimization through
domain patterning.

The studies of organometal halide perovskites date back
over a century.1,2 Their applications in photovoltaic

devices have seen amazing improvements in the past 5 years.
In 2006, the device based on methylammonium lead
tribromide, CH3NH3PbBr3, had a power conversion efficiency
of 2.2%.3 Methylammonium lead triiodide (CH3NH3PbI3)
was later introduced as a light sensitizer in dye-sensitized solar
cells by Kojima and co-workers in 2009, leading to an
efficiency of 3.8%.4 Since then, the power conversion
efficiency of photovoltaic devices based on organometal
halide perovskites has increased rapidly to nearly 20%.5,6

The high efficiency of CH3NH3PbI3
7 and its chlorine-doped

derivative CH3NH3PbI3−xClx
8,9 is the result of their near-

optimal direct band gap (∼1.55 eV),4,10 high optical
absorption,11,12 high carrier mobility,8,13−17 and long carrier
diffusion length.18 Some organometal halide perovskites also
exhibit room-temperature ferroelectricity.19 First-principles
density functional theory (DFT) calculations show a strong
bulk polarization in CH3NH3PbI3.

20 Recent DFT calculations
demonstrate that the orientational order of the methylammo-
nium (MA) cations will influence the magnitude of bulk
polarization.21,22 It is suggested that the spontaneous
polarization within these materials may enhance the charge
separation and help achieve above-band-gap open-circuit
voltages.20,23,24

Ferroelectric materials usually possess complex domain
structures, with domain walls separating regions of homoge-
neously polarized domains. The domain wall is considered to

be a 2D topological defect and has been widely studied in
inorganic ferroelectrics.25−31 It has been demonstrated that
domain walls can exhibit distinct electronic properties that are
different from bulk materials.32,33 The presence of switchable
ferroelectric domains in β-CH3NH3PbI3 has been confirmed
recently via piezoresponse force microscopy.19 However, the
local structure and the electronic properties of domain walls
in organometal halide perovskites remain unknown. In this
Letter, we explore the energies and electronic structures of
180 and 90° domain walls in MAPbX3 (MA = CH3NH3,
X=Cl, Br, I) via DFT. Both types of domain walls can be
charged or uncharged, depending on the orientational order
of the organic molecules around the domain boundaries. We
find that a domain structure with charged walls will have a
lower band gap than that of a single domain (SD). On the
contrary, the presence of uncharged walls has little impact on
the band gap. Our calculations demonstrate the importance of
these 2D topological defects and suggest a potential avenue to
tune the band gap via domain engineering.
For our calculations, we have used the plane-wave DFT

package QUANTUM-ESPRESSO34 with the Perdew−Burke−
Ernzerhof (PBE)35 density functional and optimized norm-
conserving pseudopotentials generated from the OPIUM
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package.36,37 According to previous computational studies, a
plane-wave cutoff energy of 50 Ry is used.22 We first optimize
the geometry of the orthorhombic 12-atom unit cell of
MAPbX3 (X=Cl, Br, I) with an 8 × 8 × 8 Monkhorst−Pack
k-point grid.38 Figure 1 shows the optimized orthorhombic
unit cells for MAPbX3. Using Berry phase calculations, we find
that the polarization, aligning with the molecular dipoles, is
mostly along the x axis (Px) with a value of 0.13 C/m2 for
MAPbCl3, 0.12 C/m2 for MAPbBr3, and 0.12 C/m2 for
MAPbI3. The hydrogen bond between the −NH3 group and
the halogen atom is critical for the bulk polarization.
Additionally, as the dipoles of the MA cations are not
perfectly aligned along the x axis, the unit cell has a small
component of polarization (∼0.04 C/m2) along the z
direction (Pz), as shown in Figure 1a−c. For the simulation
of the 180° domain wall, we use a supercell consisting of 1 ×
1 × 6 orthorhombic unit cells stacked along the z direction.
The uncharged domain wall (UCDW) is constructed by
rotating the orientations of MA cations in the right three cells
such that the polarization changes from (Px, 0, Pz) to (−Px, 0,
Pz) across the wall. On the other hand, the charged domain
wall (CDW) has the polarization change from (Px, 0, Pz) to
(−Px, 0, −Pz) across the domain boundary, with the Pz
component being discontinuous at the domain wall. The
dimensions of the supercell are fixed to values based on the
optimized lattice constants of the orthorhombic unit cell. The
atomic positions are then fully relaxed using a 3 × 3 × 1
Monkhorst−Pack k-point mesh. We report in Figure 1 the
optimized domain structures with charged and uncharged
180° walls in MAPbI3, MAPbBr3, and MAPbCl3. The domain
wall energy (EDW) is calculated by

=
−

E
E E

S2DW
supercell bulk

DW (1)

where Esupercell is the energy of the supercell containing
domain walls and Ebulk is the energy of a single-domain
supercell of the same size (see detailed explanations in the
Supporting Information). SDW is the domain wall area and is
equal to the cross-sectional area of the supercell. It is noted
that each supercell includes two domain walls due to the
application of periodic boundary conditions. We find that the
uncharged wall has small domain wall energies (3 mJ/m2 in
MAPbCl3, 1 mJ/m2 in MAPbBr3, and 8 mJ/m2 in MAPbI3).
The energies for 180CDWs in MAPbCl3, MAPbBr3, and
MAPbI3 are 22, 28, and 33 mJ/m2, respectively. These values
are comparable to Ti-centered 180° domain walls in BaTiO3
(17 mJ/m2).39 The relatively low domain wall energy suggests
that the formation of both CDWs and UCDWs are
energetically possible in hybrid perovskites.
The band gap is a crucial material factor for photovoltaic

applications. We calculate the band structures for supercells
with and without 180° domain walls. As shown in Table 1,
the calculated PBE band gaps for SDs (Eg

bulk) are comparable
to experimental (e.g., 1.5−1.6 eV for MAPbI3)

4,10 and
reported theoretical values (e.g., 2.34 eV for MAPbCl3 with
PBE in ref 40).15,16,40 Surprisingly, we find that domain
structures with 180CDWs have smaller band gaps (Eg

180CDW)
than their single-domain counterparts, while structures with
180UCDWs have band gaps (Eg

180UCDW) similar to bulk values.
Generally, a significant 20% band gap reduction is observed
after introducing CDWs spaced by ∼1.5 nm in MAPbX3. A
larger supercell of 1 × 1 × 8 is also employed to study the

Figure 1. Optimized orthorhombic unit cells and domain structures with 180° domain walls in (a) MAPbCl3, (b) MAPbBr3, and (c) MAPbI3.
The left panel is the relaxed orthorhombic unit cell. The middle panel is the side view of a 1 × 1 × 6 supercell containing 180° uncharged
domain walls (UCDWs); the polarization changes from (Px, Pz) to (−Px, Pz), as demonstrated with orange arrows. The right panel is the side
view of a supercell with 180° charged domain walls (CDWs); the polarization changes from (Px, Pz) to (−Px, −Pz). The X···H−N hydrogen
bond is displayed explicitly to help the visualization of different domains. Pb: dark gray; I: purple; Br: brown; Cl: green; C: black; N: light blue;
H: light pink.
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charged 180° walls in MAPbI3, and a band gap reduction of
0.41 eV is observed. Spin−orbit coupling (SOC) is known to
have a profound effect on the electronic structure of
organometal halide perovskites;41−43 therefore, we also
evaluate the band gaps with PBE + SOC (Table 1). It is
found that the band gaps with SOC are reduced by 0.20 eV in
MAPbI3, 0.29 eV in MAPbBr3, and 0.43 eV in MAPbCl3 due
to CDWs. Figure 2a,b shows the band structures of MAPbI3
with and without charged 180° walls. The band gap reduction
results from the upshift of the valence band maximum (VBM)
and the downshift of the conduction band minimum (CBM).
Most notably, the presence of 180° walls removes the Rashba
band splitting demonstrated in bulk MAPbI3

44 due to the

recovery of symmetry (net zero polarization) for the whole
supercell. The trend in band gap change in MAPbCl3 is also
examined using hybrid functional HSE0645,46 with SOC. The
band gap is reduced from 2.47 eV for the SD to 2.08 eV for
the structure with 180UCDW, confirming the trend that we
observed with PBE.
In order to understand the origin of the band gap

reduction, we analyzed the local density of states (LDOS)
for a structure with charged 180° walls in MAPbI3. Shown in
Figure 3a is the layer-resolved LDOS. The states near the
band gap are mainly due to the hybridization between Pb and
I atoms. The orbitals from the organic molecules are far away
from the band gap, in agreement with previous theoretical
work.15,16 As one can see from the layer-resolved LDOS, the
CBM is located at domain wall A (Figure 3 inset) which has
Pz components meeting with a head-to-head configuration,
and the VBM is at domain wall B with a tail-to-tail
configuration. A head-to-head domain wall has positive
bound charges, while a tail-to-tail domain wall has negative
bound charges.47 This will give rise to an electric field across
the domain, which is responsible for the shift of the CBM and
VBM.48 The calculated electrostatic potential (potential felt by
negative test charge) along the z direction shown in Figure 3b
has a zigzag shape, with domain wall A at the potential
minimum and domain wall B at the potential maximum,
revealing a built-in electrostatic field due to static
uncompensated charges at domain walls. For comparison,
we plot the in-plane averaged electronic electrostatic potential

Table 1. Band gaps (Eg in eV) for Structures with and
without 180° Domain Walls in MAPbX3 Calculated with
PBE

Eg
bulk Eg

180UCDW
Eg
180UCDW −
Eg
bulk Eg

180CDW
Eg
180CDW −
Eg
bulk

PBE
MAPbCl3 2.39 2.38 −0.01 1.89 −0.50
MAPbBr3 1.69 1.70 +0.01 1.30 −0.39
MAPbI3 1.58 1.56 −0.02 1.29 −0.29

PBE + SOC
MAPbCl3 1.35 1.32 −0.03 0.92 −0.43
MAPbBr3 0.67 0.67 +0.00 0.38 −0.29
MAPbI3 0.45 0.43 −0.02 0.25 −0.20

Figure 2. Calculated band structures for MAPbI3 (a) with PBE and (b) with PBE and SOC. The left panel is for a single domain (SD), and the
right panel is for structures with charged 180° domain walls (180CDWs). The Brillouin zone and the k-point path for the 1 × 1 × 6 supercell are
displayed in the middle. Band gap values are in eV.
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Figure 3. (a) Layer-resolved LDOS and (b) electronic electrostatic potential along the z direction across 180CDWs in MAPbI3. The states near
the band gap are mainly due to the hybridization between Pb and I atoms. The inset shows the domain structure with 180CDWs labeled as A
and B. Domain A has a head-to-head (H−H) configuration (positively charged). Domain B has a tail-to-tail (T−T) configuration (negatively
charged). (c) Electronic electrostatic potential across 180UCDWs in MAPbI3.

Figure 4. Optimized orthorhombic √2 × √2 × 1 unit cells and domain structures with 90° domain walls in (a) MAPbCl3, (b) MAPbBr3, and
(c) MAPbI3. The left panel is the relaxed 24-atom unit cell. The middle panel is the side view of a 6√2 × √2 × 1 supercell with uncharged 90°
walls. The right panel is the side view of a supercell with charged 90° walls. The orange arrows represent the directions of the polarization. The
X···H−N hydrogen bond is displayed explicitly to help the visualization of different domains. Pb: dark gray; I: purple; Br: brown; Cl: green; C:
black; N: light blue; H: light pink.

The Journal of Physical Chemistry Letters Letter

DOI: 10.1021/jz502666j
J. Phys. Chem. Lett. 2015, 6, 693−699

696

http://dx.doi.org/10.1021/jz502666j


for the uncharged 180° walls in Figure 3c. Because the Pz
component is small and continuous across the uncharged
180° walls, a flat averaged potential profile is found.
Further, we explore the 90° domain walls in MAPbX3.

Adopting a strategy similar to that for simulating 180° walls,
we first relax the √2 × √2 × 1 unit cell of MAPbX3. The
structures of optimized unit cells have polarization along
[100] (Px′ ≈ Py′ = (1/√2)P[100]) as shown in Figure 4a−c.
The domain structure with 90° walls is then constructed by
stacking six √2 × √2 × 1 cells along x while rotating the
orientations of MA molecules by 90° in the three unit cells on
the right. The polarization changes from (Px′, −Py′, 0) to (Px′,
Py′, 0) across the uncharged 90° domain wall (90UCDW) at
the [011] plane and from (Px′, −Py′, 0) to (−Px′, −Py′, 0) across
the charged 90° domain wall (90CDW). The atomic positions
are relaxed with fixed supercell dimensions. It is worth noting
that the 90CDW investigated here has the whole Px′
component head-to-head (tail-to-tail). This configuration is
generally not stable in bulk inorganic ferroelectrics due to the
large depolarization field at domain walls.49 It is also possible
to construct a charged 90° wall by rotating the Px′ component
such that only a small component is head-to-head (similar to
the construction of charged 180° walls).
Figure 4 displays the geometries for the 90° domain walls.

The energy differences between structures with and without
90UCDW are small (within 5 meV/formula unit), indicating
negligible domain wall energies for the current setup. The
energies for 90CDWs in MAPbCl3, MAPbBr3, and MAPbI3,
are 66, 54, and 56 mJ/m2, respectively. These values, though
higher than those for 180CDWs, are still comparable to those
for 90° domain walls in inorganic ferroelectrics such as
PbTiO3.

39 The results for band structure calculations with
PBE and PBE + SOC are summarized in Table 2. It is found
that 90CDWs will significantly reduce the band gaps, and
90UCDWs have no impact on the band gaps, consistent with
our findings for 180° domain walls. Figure 5 presents the
computed potential across 90° domain walls in MAPbCl3. For
the uncharged 90° walls, the potential decreases along the
direction of the Px′ within each domain. Also noticeable is the
potential jump across the domain boundary. This is caused by
the dipole layer at the domain wall due to the variation of Px′
across the boundary (Figure 5a). As for the charged 90° walls,
similar to charged 180° walls, the head-to-head wall is at the
potential minimum, and the tail-to-tail wall is at the potential
maximum.
It is hypothesized that the ferroelectric domains in hybrid

halide perovskites may help the separation of photoexcited
electrons and holes, and reduce recombination through the
segregation of charge carriers.20 Here, we demonstrate that

CDWs, both 180 and 90°, can serve as segregated channels
for the motion of charge carriers. As illustrated in Figure 6a,
electrons prefer to diffuse to head-to-head CDWs, and holes
prefer to move to tail-to-tail CDWs. Then, electrons and holes
are likely to move separately along different CDWs under
internal or external electric fields, reducing the rate of
recombination. As for UCDWs, the 180° wall may not result
in a strong potential step for electron−hole separation due to
the small polarization component along the domain wall
normal (Figure 3c). However, 90UCDWs may act as dipole
layers and give rise to significant potential steps, helping the

Table 2. Band Gaps for Structures with and without 90°
Domain Walls in MAPbX3 Calculated with PBE

Eg
bulk Eg

90UCDW Eg
90UCDW − Eg

bulk Eg
90CDW Eg

90CDW − Eg
bulk

PBE
MAPbCl3 2.43 2.45 +0.02 1.62 −0.81
MAPbBr3 1.80 1.83 +0.03 1.14 −0.66
MAPbI3 1.75 1.70 −0.05 0.96 −0.79

PBE + SOC
MAPbCl3 1.39 1.44 +0.05 1.06 −0.34
MAPbBr3 0.78 0.83 +0.05 0.63 −0.15
MAPbI3 0.63 0.59 −0.04 0.40 −0.23

Figure 5. Electronic electrostatic potential across (a) 90UCDWs and
(b) 90CDWs in MAPbCl3. The black broken lines are guidelines for
eyes.

Figure 6. Schematic illustrations of electrostatic potential steps and
electron−hole separations in a periodic array of (a) CDWs and (b)
UCDWs. ⊕ and ⊖ represent bound positive and negative charges.
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carrier separation and increasing the diffusion lengths in
hybrid halide perovskites (Figure 6b).
In summary, the structural and electronic properties of

ferroelectric 180 and 90° domain walls in MAPbCl3,
MAPbBr3, and MAPbI3 are studied via first-principles DFT.
The domain wall energies in these materials are found to be
small, suggesting that the formation of domain walls is
energetically feasible. Most noticeably, we find that the
presence of CDWs (head-to-head and tail-to-tail) will reduce
the band gap significantly, while the head-to-tail UCDWs will
not induce such reduction. Both 180 and 90° CDWs can
serve as segregated channels for the motions of charge
carriers. The presence of 90UCDWs may increase the carrier
diffusion length. It should be noted that the rotations of PbX6
octahedra are generally ignored in this investigation, partly
due to the associated computational cost. Future inves-
tigations are required to fully understand the interplay
between orientational order of organic molecules, rotations
of inorganic octahedra, and the electronic structure of
organometal halide perovskites.50 It is also of great
importance to study the effect of temperature51−55 on domain
walls. Our findings highlight the importance of ferroelectric
domain walls in hybrid perovskites and also suggest a
promising approach to optimize devices via domain wall
engineering.
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