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A B S T R A C T

Organic-inorganic hybrid halide perovskite CH3NH3PbI3 (MAPbI3) has received rapid progress in power
conversion efficiency as promising photovoltaic materials, yet the surface structures and the role of MA cations
are not well understood. In this work, we investigated the structural stability and electronic properties of (001)
surface of cubic, (001) and (110) surfaces of tetragonal and orthorhombic phases of MAPbI3 with considering
the orientation of MA cations, by density functional theory calculations. We demonstrate that the orientation of
MA cations has profound consequences on the structural stability and the electronic properties of the surfaces,
in contrast to the bulk phases. Compared with the MA-I terminated surfaces, the Pb-I2 terminated ones
generally have smaller band gaps and the advantage to enable the photo-excited holes to transfer to the hole-
transport materials in both tetragonal and orthorhombic phases. Overall, we suggest that the films with Pb-I2
terminated surfaces would prevail in high performance solar energy absorbers.

1. Introduction

Organic-Inorganic hybrid halide perovskite solar cells (PSCs), such
as CH3NH3PbX3 (X = I, Cl, Br), have attracted much interest because of
their enormous potential as low-cost and high performance photovoltaic
materials. Since the MAPbI3 material was first used as dye-sensitized
solar cells by Miyasaka et al. [1] in 2009, the power conversion
efficiencies (PCEs) of the PSCs have been rapidly increasing from 3.8%
to a current confirmed 22.1% [2–16], approaching to those of GaAs and
crystalline silicon thin film solar cells [17]. Such rapid progress is
unprecedented in the solar energy arena, and thus PSCs are considered
as the most competitive candidates for the next generation solar cells.
Their outstanding photovoltaic performance is mainly attributed to the
unique properties, such as high absorption, long carrier lifetimes and
larger diffusion lengths observed in PSCs [9,18–24].

It is known that perovskites with formula ABX3 can adapt various
crystal structures depending on the relative sizes and the interaction
between the cation A and the corner-sharing BX6 octahedral, with a
reasonable prediction of the preferable structure from the empirical
Goldschmidt tolerance factor t [25]. For perovskite, with formula
ABX3, t is given by the ionic radius of the atoms in the form:

t
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=

+
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where RA, RB, and RX are the ionic radius of corresponding ions. In
general, halide perovskite structures may prevail when t lies in the

range of 0.81–1.11 [26], and a cubic structure with a tolerance factor of
0.9–1.0 [25]. Smaller t could result in distorted tetragonal or orthor-
hombic structures with tilted octahedral. For a large cation A, t could
be greater than one, leading to a layered hybrid perovskite structure as
the three-dimensional (3D) B-X network is destabilized [25,27,28].
Actually, most perovskite materials experience transitions among the
above structures at specific temperatures. For MAPbI3, the cubic to
tetragonal and consequently to orthorhombic phase transitions occur
at about 330 K and 160 K, respectively [29]. Even though the phases of
MAPbI3 are available at different temperature, there are chances for
films with the various phases appear in devices due to constrain from
substrates or other factors. For instance, cubic and orthorhombic
phases were investigated experimentally [30,31].

Surfaces and interfaces are always involved in practical devices.
Typically, PSCs are layered structures, which are assembled by the
electron-transport layer, perovskite light absorber and hole-transport
layer [1,32]. Accordingly, the properties of surface and interface as well
as charge transport layers [33] are considered to play a crucial role in
carrier transportation and recombination, and thus the ultimate
performance of PSCs. In particular, the orientation of organic cations
cannot be ignored. Even if MA orientation distributes randomly in the
bulk, the order might be introduced when polarized molecules are
adsorbed, or intrinsic polarization is possessed on substrates.

Recently, experimental and theoretical studies revealed an important
role of organic cations in determining the structural, electronic, and
optical properties of organic-inorganic halide perovskites [34–38].
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Although the role of the orientation of MA on bulk MAPbI3 has been
substantially studied by first-principles calculations and the results reveal
the orientation of MA cations has effect on the electronic structures
[37,39,40], they have not been systematically studied on surfaces so far.
Even in other works involved the surface stability, the effects of MA
orientation were not considered, which the MA orientation is often fixed
to keep the polarization cancelled [41–44]. The fundamental mechan-
isms regarding whether the orientation of MA cations can influence the
structural stability and the electronic properties of surface is still unclear.
Thus, there are great interests in providing a clear understanding of how
the behavior of the orientation of the MA cations affects the structural
stability and electronic properties of surfaces of MAPbI3.

In this study, the structural stability and electronic properties of
(100) surface of cubic, (001) and (110) surfaces of tetragonal and
orthorhombic phases of MAPbI3 with consideration the orientations of
MA cations, were systematically investigated by density functional
theory (DFT) calculations, respectively. We find that the structural
stability and the electronic properties of surfaces for cubic, tetragonal
and orthorhombic phases clearly depend on the orientation of the MA
cations. In addition, compared with the MA-I terminations, the Pb-I2
terminations have smaller band gaps and can better transfer the
photoexcited holes to the adjacent hole transport materials (HTMs)
with smaller energy loss.

Fig. 1. Optimized stable structures [top view from (001) direction] of the cubic, tetragonal and orthorhombic phases of MAPbI3 for three different orientations of MA cations.

Fig. 2. Calculated band structures of the tetragonal phase of MAPbI3 bulk MAPbI3 for three different orientations of MA cations: (a) [100], (b) [110], and (c) [111] directions.
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2. Computational details

In this work, all the calculations were performed with DFT as
implemented in Vienna Ab initio Simulation Package (VASP) [45,46].
The projector-augmented wave (PAW) method was used to describe the
ion-electron interactions [47,48]. The valence configurations of 5d6s6p
for Pb, 5s5p for I, 2s2p for C, 2s2p for N, and 1s for H were considered.
The exchange-correlation was obtained approximately by generalized
gradient approximation (GGA) with Perdew-Burke-Ernzerhof (PBE)
formulism [49]. The nonlocal van der Waals (vdW) functional method
as implemented in VASP [50] was adopted, as demonstrated properly
for the system in earlier work by Tateyama et al. [41]. The cutoff energy
of the plane wave basis was set to be 450 eV. The k-point grids of
5×5×5 and 5×5×1 Γ -centered were used for sampling the Brillouin
zones of investigated bulk and surface for both orthorhombic and
tetragonal phases, respectively. In the case of cubic phase, the 6×6×6
and 6×6×1 Γ -centered were used correspondingly.

The lattice parameters were fixed to the experimental values, namely,
a = b = c = 6.33 Å for cubic phase; a = b= 8.86 Å and c = 12.67 Å for
tetragonal phase; a = 8.86 Å, b = 8.58 Å and c = 12.62 Å for orthorhombic
phase [51]. We started the geometrical optimization with the MA cations
oriented along the [100, 110] and [111] directions. The atomic positions
were fully relaxed until the residual force (Hellmann-Feynman forces) on
each atom was less than 0.01 eV/Å in all investigated structures.

Based on the optimized bulk structures, we constructed slab
models, including the (100) surfaces for cubic，the (110) and (001)
surfaces for tetragonal and orthorhombic phases, respectively. To avoid
the effect of the dipole and the thickness-dependent divergent surface
energy [52], we constructed the slab with odd atomic layers, where the
outermost layers are symmetrically equivalent save the MA cations
orientations. A sufficient slab thickness is necessary to maintain the
bulk electronic properties in the central layer of a slab. The surface
energies are converged within 0.002 J m−2 when the slab thickness
changes from 9 atomic layers to 11 atomic layers, indicating that an 11-
at.-layer slab is proper for the surface stability study and adopted in
this work. A vacuum region of 15 Å was adopted to minimize the
spurious interaction between periodic slabs.

To compare the stability of different surfaces at various chemical
conditions, we used the surface grand potential (SGP, Ω) method,
which is widely used to evaluate the structural stability of surfaces
[41,53–56]. The SGP per unit cell area is defined as

S
α μ β μ γ μΩ = 1

2
[E − (E + Δ ) − (E + Δ ) − (E + Δ ),slab MA

bulk
MA Pb

bulk
Pb I

gas
I2

(1)

where Eslab is the total energy of a relaxed slab; and S represents the
surface area per unit cell; α, β, and γ are the numbers of MA, Pb, and I
atoms in the slabs, respectively. ΔμMA, and ΔμPb, represent the relative
chemical potentials of the MA cation and Pb to their respective bulk
phases, while ΔμI is with respect to molecule I2.

Under the thermodynamic equilibrium growth conditions, the
existence of MAPbI3 satisfies [57]:

Δμ Δμ Δμ H+ + 3 = Δ (MAPbI )MA Pb I 3 (2)

In order to avoid the formation of possible secondary phases PbI2
and MAI, the following boundary conditions are required:

Δμ Δμ H+ ≤ Δ (MAI)MA I (3)

Δμ Δμ H+ 2 ≤ Δ (PbI )Pb I 2 (4)

ΔH(MAPbI3), ΔH(MAI) and ΔH(PbI2) are the formation enthalpies
of MAPbI3, MAI and PbI2, respectively.

Furthermore, if the SGP is negative, the surface will form sponta-
neously and the corresponding crystal may not exist [53]. Therefore, to
maintain the bulk crystal, the SGP is bounded to be positive and the
following constraints should be considered [53]:

Ω Δμ Δμ Δμ( , , ) = 0,i
MA Pb I (5)

where i refers to the surface corresponding lowest SGP.

Fig. 3. Relaxed surface terminations on (001) surfaces of tetragonal phase with MA cations along (a) [100], (b) [110] and (c) [111] directions. The left and right structures indicate a
stable MAI and PbI2 terminations, respectively (small white: hydrogen; small brown: carbon; small silver: nitrogen; dark gray: lead; purple: iodine). (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article)
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3. Results and discussion

3.1. Bulk properties

The noncentrosymmetric organic cation MA has many possible
orientations, and thus the atomic structures of MAPbI3 are more
complicate than those of inorganic perovskites. We have relaxed the
cubic, tetragonal and orthorhombic phases of MAPbI3 with the MA
cations initially oriented along the [100, 110] and [111] directions. The
optimized MAPbI3 for different orientations of MA cations are shown
in Fig. 1. Interestingly, the orientation of MA cations automatically
ended up with MA cations along [110] in the orthorhombic phase after
structure optimization while initially at [111] direction. Nevertheless,
the energy difference for different MA orientations among the same

phase is small, about 0.02 eV/f.u in both cubic and tetragonal, and
0.05 eV/f.u in orthorhombic phases, respectively. This may lead to the
fact that the orientation of MA cations in MAPbI3 is often disordered in
experimental observation [58]. The chemical potential range of Pb and
I satisfying Eqs. (2)–(4) for bulk phases are shown as the red region in
Fig. S1 in the Supporting information for different MA orientations,
indicating that the equilibrium growth of MAPbI3 can occur only in a
narrow and long range of chemical potentials, in line with previous
results [59]. It implies that the MAPbI3 compounds can be easily
decomposed into MAI and PbI2 independent of the phases and MA
orientations.

The calculated band structures of the tetragonal bulk MAPbI3 are
displayed in Fig. 2, indicating the band gap is slightly greater when MA
cations is oriented along [100] direction. The band gaps from the PBE
results match well with the previous experimental and theoretical
results [1,39,42,60,61], and largely due to the well-known cancellation
of errors from GGA and non-SOC [39,62]. However, compared with the
calculated results with consideration of SOC effect, the electronic
structures and the fact that the s orbital of Pb has strong sp anti-
bonding coupling with p orbital of I will be not influenced with the
absence of SOC effect [60,63]. Regarding the structural properties, it is
known that SOC typically has an impact of ~meV to the total energy of
the compounds, and therefore is often neglected in the structural
stability studies. In addition, it was discussed that SOC has a negligible
effect on the lead-halide bond lengths and lattice parameters of lead-
halide perovskites [64]. Therefore, the DFT-GGA calculations are
feasible to investigate the stability, and the valence band maximum
(VBM) and the conduction band minimum (CBM) bond characteristics
of MAPbI3 systems.

3.2. Surface stability

The relaxed (001) surface structures of tetragonal phase with
various orientations of MA cations are shown in Fig. 3, and the rest
of surface structures are depicted in Fig. S4 in Supporting information.
As illustrated in Fig. 3, the outermost layers were reconstructed by the
rotation of the PbI6 octahedron and organic cations. Compared with
the inner layer, the NH3 groups of MA cations in outmost layer would
point inwards while the CH3 groups point outwards. This may attribute
to a stronger interaction between NH3

+ and the inorganic part in the
surface.

To explore the influence of the MA orientations on the structural
stability to the surfaces, we calculated the SGP for all investigated
surfaces. Here, based on Eqs. (2)–(4), the formation enthalpies of bulk
MAPbI3 can be calculated. Thus, the ranges of ΔμI and ΔμPb were
restricted for each investigated surface. Fig. 4 presents the stability
diagram involving the surfaces of tetragonal phase, along with the
range for bulk MAPbI3. We note that, to form a pure surface (without
considering the constrain from interface etc.), the corresponding
termination region should be located on the thermodynamically stable
range for the equilibrium of MAPbI3. As shown in Fig. 4, the only
region where a pure MAPbI3 surface can be stabilized is restricted to
the narrow stripe between the MAI precipitation line on the right and
PbI2 precipitation line on left.

As illustrated in Fig. 4, the orientation of MA cations has a profound
impact on the stability of surfaces. When the MA cations oriented along
the [100] direction, only the (110) surface of both terminations and the
PbI2 terminated (001) surface are available, but the region of the MAI-
terminated (001) surface disappears in the stability diagram. Within
the narrow strip, there is no stable surface with any termination,
suggesting that the (001) and (110) surfaces of tetragonal phase could
not be prepared under equilibrium or without considering constrains
from substrate etc.

When MA oriented along [110] and [111] directions, all the
investigated surfaces of tetragonal phase are available in the stability
diagram. Furthermore, the MAI-terminated (110) surface region is

Fig. 4. The (001) and (110) surfaces termination stability diagram of tetragonal phase
with three different orientations of MA cations, namely along (a) [100], (b) [110] and (c)
[111], respectively.
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completely located in the narrow strip, implying the predominance of
the termination in the tetragonal phase system. These differences may
result from the fact that the orientations of MA cations greatly affect
the interaction between the MA cations and the inorganic matrix,
where the organic and the inorganic moieties play a vital role in
determining the stability of organic-inorganic hybrid halide perovs-
kites.

According to above discussion, significant interface effect is neces-
sary to stabilize various terminated surfaces of the hybrid halide
perovskites. Interestingly, some thin film surfaces were successfully
prepared by experimentalists, as exemplified in Refs [65–67].
Accordingly, we would suggest experimentalists to prepare thin-film
samples under Pb-rich and I-rich conditions, which favors the stability
of PbI2-terminated (110) surfaces, which prevails for hole transfer
according to electronic structure analysis below. In addition, introdu-

cing polarization to the substrate surface, normal to the surface, will
help stabilize the PbI2-terminated (110) surface. The surface termina-
tion diagrams of cubic and tetragonal phases are illustrated in Fig. S5
of the Supporting information.

3.3. The electronic properties of surfaces

We now discuss the impact of orientation of MA cations on the
electronic properties of surfaces. The calculated band structures of
(001) and (110) surfaces of tetragonal phase for different orientations
of MA cations are shown in Fig. 5. Clearly, the value of band gaps is
significantly affected by the orientations of MA cations. The band gap of
surfaces with the orientation of MA cations along [100] direction is
generally greater than those along [110] and [111], suggesting that the
interaction between the organic and the inorganic constituents has

Fig. 5. Calculated band structures of (100) surface of tetragonal phase for the MA along: (a) [100], (b) [110], and (c) [111] directions. The up and down figures correspond to stable MAI
and PbI2 terminations, respectively.

Fig. 6. Calculated band structures of the PbI2 (a) and MAI (b) terminations of tetragonal phase, as well as the tetragonal bulk phase. Here the orientation of MA cations is all along [100]
direction.
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significant impact on the structural properties, subsequently, which
affects the electronic structure of the MAPbI3 surfaces. The general
dispersion of the bands is quite similar, showing that direct band gaps
at the Γ point and no surface states in the band gap. These suggest that
the electronic and optical properties of the surfaces should be similar to
those of the bulk, and the hole-electron recombination will not occur
dramatically at the surface, beneficial for realizing a long lifetimes and
large diffusion length of the photo-excited carriers. Besides, compared
with the PbI2 terminations, the MAI terminations have larger band
gaps, attributing to the larger distortion of [PbI6] octahedral in MAI
terminations than in the PbI2 cases. It is well known that the octahedral
distortion can substantially affect the band gap of halide perovskites
[68]. The large octahedral distortion will reduce the bond angles of Pb-
I-Pb, which weakens the overlap between the I p orbitals and the Pb s
orbitals, resulting in a wider band gap [69]. Indeed, such feature can
account for the difference of the band gap of the cubic, tetragonal and
orthorhombic phase in lead halide perovskites and the larger band gap
in Ge-based perovskites than the Sn and Pb cases. Interestingly, there
is a discrepancy between the bulk phases and surfaces in their band
gaps, where the band gaps of the MAI and PbI2 terminations are larger
and smaller than the bulk phase in MAPbI3, respectively. This should
be attributed to the limit of the slab size. It has been reported that the
band gap of two dimensional lead-halide perovskites typically can be
engineered by the layer thickness due to quantum confinement effects
[70].

On the basis of our results and above discussions, we demonstrate
that the MA orientation has effect on the stability and electronic
properties of MAPbI3 surfaces. Our calculated results are comparable
with experimental results. Experimentally, Selig et al. recently reported
that the orientation of MA cations may have effect on the electronic
properties of the MAPbX3 (X= I, Br, Cl) [71]. Subsequently, Kubicki
et al. indicated that the organic cations reorientation can directly affect
the performance of MAPbI3 [72].

In addition, we have briefly examined the SOC effects for the
electronic properties in the MAPbI3. Fig. 6 shows the calculated band
structures of the PbI2 and MAI terminated of the (001) surface and the
bulk phase with MA cations along [100] direction for tetragonal phase.
Overall, no midgap state is formed in the energy window between the

VBM and the CBM at the surfaces, in line with the absence of SOC
solutions. Because of large SOC effect, the energies of the CBM are
decreased about 1 eV in both surfaces and bulk of tetragonal phase in
comparison with the without SOC solutions, whereas the energies of
VBM are nearly unaffected, due to the Pb-6p character of conduction
bands.

The charge density distribution of the VBM was also investigated
for both the MAI and PbI2 terminated of the (001) surfaces of
tetragonal phase. As shown in Fig. 7, the charge density of VBM is
mostly distributed in the inner layers of the surface for the MAI
terminations, while they are localized at the outermost layer for the
PbI2 terminations. It should be noted that the surfaces with the charge
density of the VBM localized at the outermost layers have the
advantage over those distributed inside for transferring the photon
induced holes to the adjacent HTMs. This implies that the PCEs of PbI2
terminations will prevail over the MAI cases. Nevertheless, the
orientation of the MA cations has little effect on the distribution of
the charge density of the VBM in the surfaces of the tetragonal phase.

4. Conclusions

In summary, our study suggests that the orientation of MA greatly
affects both the structural stability and the electronic properties of the
surfaces, especially in contrast to the bulk cases.

i) Most ideal surfaces (without considering substrate effects) with
different terminations are often instable with respect to the bulk
MAPbI3 under thermodynamic equilibrium, except MAI-termi-
nated (110) surfaces with MA oriented along [110] or [111]
directions. It is suggested that interface or substrate is necessary
to stabilize various terminated surfaces of MAPbI3.

ii) For tetragonal phase, the MA-I terminated (001) surface will not
be stable with MA cations oriented along [001], although it is
stable with MA along [110] and [111] directions.

iii) Interestingly, the electronic features can be tuned by the orienta-
tion of the MA cations, although it does not contribute to the band
edge directly for the surfaces, much like the performance in the
bulk system.

Fig. 7. Charge densities distribution of the VBM of (001) surface of tetragonal phase for three different orientations of MA cations: (a) [100], (b) [110], and (c) [111] directions.
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iv) Furthermore, we suggest experimentalists to adopt thin-film pre-
pared under Pb-rich and I-rich conditions, which favors the
stability of PbI2-terminated (110) surfaces, as they have better
hole transfer performance.
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