
This journal is©The Royal Society of Chemistry 2018 J. Mater. Chem. C, 2018, 6, 6733--6738 | 6733

Cite this: J.Mater. Chem. C, 2018,

6, 6733

The electronic properties of CH3NH3PbI3

perovskite surfaces tuned by inverted polarities
of pyridine and ethylamine†

Tingting Shi, ab Qiang Teng,c Xiao-Bao Yang, ac Hin-Lap Yip *ad and
Yu-Jun Zhao *ac

Lead (Pb)-based halide perovskites with enhanced solar cell performance and a larger open-circuit

voltage were experimentally observed after the treatment of crystal surfaces with pyridine and amine-

functionalized molecules. We model the Pb–I2 terminated perovskite surfaces using density-functional

theory and find that two small organic molecules, pyridine and ethylamine, interact with the surfaces

and tune their electronic band gaps. When dopants on surfaces have parallel or antiparallel polarities

with the orientation of methylammonium (MA = CH3NH3) molecules in bulk, the electronic properties of

the perovskite surfaces will be remarkably different. We demonstrate that ethylamine and pyridine with

antiparallel polarities can enlarge the band gaps of perovskite surfaces. The change of electronic properties

is ascribed to the cancellation of the dipole moments caused by the pyridine/ethylamine and methyl-

ammonium molecules on surfaces. We further vary the polarities of MA molecules by interchanging the

C and N atoms in a symmetric fashion for showing the influence of polarization on total energies, electronic

properties and charge distributions.

Introduction

Due to the extraordinary optoelectronic properties: the appropriate
and tunable band gap values, outstanding charge carrier mobility,
long diffusion length and high absorption coefficient,1–3 the power
conversion efficiency of methylammonium (MA) lead-based
tri-halide perovskite solar cells has made an impressive leap
from less than 5% to over 22% within eight years.4–14 Moreover,
the possibility of fabricating the perovskite solar cells based on
low cost solution processes makes them an even more appealing
photovoltaic technology. Typically, solution-processed thin
films generally contain a large amount of defect states such
as surface trap states, which may act as recombination centers
in the device. However, theoretical calculations suggested that

the perovskite films appear against this trend, as the impurity
levels caused by the defect states tend to locate outside the
band gap, making them insensitive to trap-induced recombination
loss.15–17 Indeed, experimentally it was shown that the presence of
surface traps in perovskite films could be one of the major factors
that promote charge recombination and limits the performance of
the solar cell devices.18,19 To circumvent this problem in perovskite
cells, surface passivation using Lewis bases including thiophene
and pyridine was applied.20,21 Recently, it was also reported that
electron-rich functional groups such as amines22 and fullerenes23

can also passivate the surface traps of perovskite films. A similar
strategy has also been adopted to improve the perovskite light
emitting devices by tuning the interfacial properties and micro-
structures of the perovskite films, showing the importance of
interface control in perovskite optoelectronic devices.24–26

Recently scanning tunneling microscopy studies have revealed
that the structural characteristics of perovskite surfaces were
sensitive to the polarizations caused by MA molecules.27 Density
functional theory (DFT) calculations elucidated that the electronic
structures of perovskite surfaces were highly dependent on the
orientations of MA organic cations.15,28 Therefore, designing
suitable interfacial structures that are favorable for charge
extraction from the perovskite semiconductors is extremely
important for making efficient solar cells and there is a
requirement for a better understanding of the effect of mole-
cular surface passivation and the orientation of MA organic
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cations on the interfacial electronic properties of perovskites.
What makes even more complicated is that the surface passivation
molecules typically possess dipole moments, which could further
interact with the intrinsic polarization triggered by the orientation
of MA molecules, and collectively influence the structural and
electronic properties of perovskite surfaces. The ferroelectric
domains in the solution-processed CH3NH3PbI3 perovskite thin
films were observed directly and the researchers have found that
reversible switching of the domains could be realized by poling
with DC biases.29 Moreover, the related first-principles calcula-
tions based on 3D periodic boundary conditions also revealed
that the ferroelectric structure with polarization is globally
stable.30 Although there was discrepancy between the theoretical
and experimental results, several experimental pathways were
mentioned to obtain the apparent ferroelectric behavior. Con-
sequently, the polarization induced by the ferroelectric effect can
influence the charge separation and the carrier lifetime. Also, the
ferroelectric effect probably affects the open circuit voltages of
perovskite cells.29 However, the distinctive interaction and the
intrinsic mechanism between perovskite surfaces and other
small molecules with polarities are still underexplored.

In this paper, we have investigated the structural and electronic
properties of perovskite surfaces doped with two different mole-
cules, ethylamine and pyridine, which are known to be efficient
surface passivation elements for perovskite solar cells, exemplified
with the cubic phase. After considering the strong structural
correlations between perovskite surfaces and pyridine/ethylamine,
we speculate that the interaction mechanism of polarization
originates from the organic molecules, which can tune the
electronic band gaps of the whole system. The pyridine atom-
doped system with the anti-parallel finally enlarged band gap is
highly consistent with the experimental results.20 The ethylamine
atom induced similar influence to the perovskite surface and further
broadened the band gap due to its stronger absorption energy.

Theoretical methods

The surface calculations are based on a slab supercell with four
Pb–I6 octahedral layers and a 15 Å vacuum region next to the
slabs. The supercell of the pure surface contains 102 or 204 atoms.
The DFT calculations were performed using the Vienna ab initio
simulation package (VASP) code31 with the standard frozen-core
projector augmented-wave (PAW) method.32,33 The generalized
gradient approximation (GGA) of the Perdew–Burke–Ernzerhof
(PBE)34 functional was employed for the exchange–correlation
potential. The cut-off energy for basis functions was 400 eV and
the k-point mesh was obtained using the Monkhorst–Pack35

method with a grid density of 4 � 4 � 1 for the slab. Atoms
were relaxed until the Hellmann–Feynman forces on them were
below 0.05 eV Å�1. The band gap errors in using GGA and the
neglect of spin-orbit coupling (SOC) are cancelled with each
other in occurrence, as the effect of SOC on MAPbI3 due to
strong relativistic effects of Pb has been discussed in the
literature.36–40 Therefore, the GGA calculations are accepted to
predict the experimental band gap without any underestimation.

We also calculated the surfaces using a van der Waals density
functional (vdw-DF) proposed for molecules, and the correction
based on the DFT-D2 method of Grimme was used.41

Adsorption energy was considered in the surface energy
calculations. The final adsorption energy of molecules was
determined from the total energy of the doped system with any
small molecules Etot, the total energy of the pure surface before
doping Esurf and the individual total energy of this molecule Emol, as
shown below:

Ead = Etot � (Esurf + Emol)

Results and discussion

In this paper, we consider the cubic (001) Pb–I terminated
perovskite surfaces, which exhibit similar characteristics to the
tetragonal (110) Pb–I terminated surfaces. Pb–I terminations are
the most common one, which are often discussed for under-
standing the characteristics of the perovskite surface. It is much
easier to treat the adsorption of pyridine and ethylamine on
surfaces of the cubic phase, though it is typically available at
high temperature. In fact, we have conducted calculations of the
tetragonal Pb–I terminated perovskite surfaces, where similar
polarization exists although slightly weaker than that of the
cubic phase. In addition, we examine the surface energies with
different layers and finally choose the one with converged
energy, which has four Pb–I6 octahedral cells and four MA
molecules layers, as shown in Fig. 1.

In our calculation, we study the interaction between the
perovskite surface and different small molecules, exemplified
with pyridine (C5H5N) and ethylamine (C2H7N). Both pyridine
and ethylamine molecules have polarities. When we dope
them onto the top and bottom surfaces, they will influence
the polarity differently due to the existing MA polarities on the
perovskite surface. As shown in Fig. 1, we can see that the
dopants pyridine and ethylamine have an inverted polarity
along the z direction, compared with the MA polarity (along
the C–N direction) of the perovskite surface.42 In previous
experimental observation, Snaith’s group found that pyridine
passivated the surface after the Lewis treatment and the doped
system has a larger open-circuit voltage.21 We then calculate the
total density of states (TDOS) of the pure system and the doped
ones. Fig. 2 shows that the band gap of the doped system is
larger than that of the pure system. We further compare the
orbital characteristics around the Fermi level in Fig. 2(b) and
predicted that possible transitions occurred after the passivation
of pyridine and ethylamine. Comparison of the calculated DOS
indicates a possible wider photon transition after the doping of
amines which has already been confirmed by a blue shift in the
photoluminescence (PL) spectrum experimentally.22

Furthermore, the band structures of these three systems are
calculated, as shown in Fig. 3. We obtain that the band gap of
the pure system is 1.07 eV, while those of pyridine and
ethylamine-doped surfaces are 1.26 eV and 1.31 eV, respec-
tively. These correspond to a remarkable increase of band gaps
of 0.19 eV and 0.24 eV due to pyridine and ethylamine doping.
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The change in the band gaps affected by organic atoms will vary
correspondingly according to the different adsorption energies.
The adsorption energy of ethylamine on the perovskite surface
is �0.76 eV, smaller than that of pyridine. Therefore, the
change in the band gaps of the ethylamine-doped surface is
larger.

In addition, we find that the changes of band gaps were less
than 5% when the van der Waals interaction is considered,
without affecting the trend in band gaps due to molecular
adsorption. Furthermore, considering the coverage concen-
tration of the dopant, we investigate the pyridine-doped per-
ovskite surface with double size, including 1 pyridine molecule
and 204 perovskite atoms. We also find that the band gap of
this system still increases after the doping of pyridine, but the

value is 1.20 eV, smaller than that of the previous pyridine-
doped system.

We further investigate the structural and electronic pro-
perties of the molecule-doped perovskite systems to under-
stand more on the increase of band gaps. On the one hand,
the perovskite surfaces are sensitive to the change in Pb–I bond
lengths because of the structural distortion. In the ESI,† we
compare the band gaps of the relaxed doped system with and
without a dopant, and testify the direct influence due to the
structural distortion. In Fig. S1 (ESI†), the energy gap become
0.78 eV from 1.26 eV after pyridine was removed in the inverted
direction, compared with the value of 1.30 eV from 1.10 eV
when pyridine was removed in the parallel direction. So after
removing the dopants, the obvious changes in band gaps show

Fig. 2 (a) TDOS of the pure perovskite surface and doped systems with pyridine, ethylamine, and (b) the comparison of DOS around VBM and CBM
among the pure surface, the surface doped with pyridine and the surface doped with ethylamine. The black line shows the pure system, while the red and
blue ones correspond to the pyridine and ethylamine doped systems, respectively.

Fig. 1 Atomic models of the (a) pure (001) Pb–I terminated surface (b) doped surface with pyridine, and (c) doped surface with ethylamine. I, Pb, C, N,
and H atoms are represented as grey, light orange, blue, pink, and small light pink balls, respectively.
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two opposite trends due to the structural distortions caused by
previous dopants.

On the other hand, we emphasize the influence of MA and
find that the polarity of the whole system tunes the electronic
properties of perovskite surfaces. The surface MA cations tilted
at an angle with respect to the horizontal direction, resulting in
the net polarization along the z-axis, which not only affects
the structural characteristics, but also changes the electronic
properties of perovskite surfaces. Here, we calculate the surface
slabs with 8MA molecules to explore the influence caused by
the change of MA polarity. We tune the polarity by inter-
changing the C and N position of the individual MA molecule,
and then obtain the opposite polarity in comparison to the
previous one. Suppose one MA is the unit of polarization here,
we can vary the MA polarization by tuning the C–N polarities
from 0MA, 2MA, 4MA, 6MA to 8MA, as shown in the insets in
Fig. 4. Here 8MA and 0MA correspond to the maximum and
minimum polarization scenarios, respectively. In our calcula-
tion, the whole system with the ferroelectric domain 8MA is
the most stable one. Previous research also affirmed that there
are local domains with consistently orientated MA molecules
in the perovskite systems.43–46 Furthermore, we calculated the

corresponding total energy of the systems and their corres-
ponding band gap values. We found that the band gap value
decreases as the polarization increased. The largest band gap
value of the perovskite surface with 0MA polarity is 1.6 eV, while
the smallest value of the surface slab with 8MA polarity is
1.07 eV. The band gap shrinks as the polarization along the
z-axis increases due to the electrical field triggered by the
intrinsic dipole moments. Considering the decrease of total
energies, we ascribed this trend to the Coulomb repulsion of
MA molecules in the parallel layer. Therefore the surface system
with 0MA, whose polarity is indicated by orange arrows in
Fig. 2, is energy unfavorable, due to the repulsion between
C–C and N–N of the nearby molecules. The surface with 8MA
polarity, which has the consistent atomic sequence along the
z-axis, is the most stable one.

In order to summarize the interaction mechanism between
the perovskite surface and the dopants, and the polarization
effect on the electronic properties of the perovskite surface, we
draw the schematic diagram, in Fig. 5, which shows the band
gap change under an intrinsic electric field along C–N direc-
tions. The electron charges like to gather into the top sites of
the valence band level after the electric field makes all band
levels tilted and the band gap decreases under the influence of
intrinsic dipoles.47 Obviously, the charge of the valence band
maximum (VBM) should be prone to distribute on the top
surface when the surface has the highest MA polarization,
shown in Fig. 5(a). While the polarization of the system is
canceled, the VBM charge will be distributed uniformly on both
two outermost perovskite surfaces, in line with that shown in
Fig. 5(c). As a result, we conclude that the polarization caused
by the molecules significantly affects the total energy, the electronic
properties and the charge distribution of the perovskite
surfaces.

The role of polarization in the halide perovskite system can
be further demonstrated by the doping of the pyridine/ethylamine
molecule. We here design two scenarios of doping of these
molecules on the perovskite surfaces: doping the pyridine/
ethylamine molecule on the top and on the bottom outermost
perovskite surface, respectively. It is clear that when the molecule is

Fig. 3 Band structures of the (a) pure perovskite surface, (b) perovskite surface doped with pyridine and (c) perovskite surface doped with ethylamine.

Fig. 4 Total energy and band gap influenced by MA polarities and the
corresponding changes caused by pyridine and ethylamine.
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placed on the top/bottom surface, the polarity of the molecule is
parallel/antiparallel to the z-projection of the intrinsic polarization
of the bulk MA molecules. Obviously, the band gap value of
pyridine doped on the top surface is smaller than that of pyridine
doped on the bottom surface according to our early argument. This
is confirmed by our calculations, as listed in Table 1. For the
ethylamine doped systems, both methods of doping will increase
the band gaps largely. The dopants with different polarizations will
affect the band gaps of perovskite surfaces differently. The band
gaps of the doped systems will increase after previous polarizations
were canceled by doping with anti-parallel polarity of pyridine/
ethylamine on surfaces. Moreover, the value of the band gap of the
ethylamine-doped surface is larger than that of the pyridine-doped
surface because of its higher adsorption energy on the perovskite
surface, which also means that the ethylamine has more structural
influence on the electronic properties, but the pyridine molecule
exhibits a larger polarization effect. In Table 1, we can observe the
different adsorption energies of each dopant, different doping
methods in our calculations and the band-gap changes in all the
corresponding cases.

Conclusions

Organic molecules pyridine and ethylamine lead to the obvious
change of the electronic properties of the doped perovskite
surfaces. Through doping the polarized molecules onto the

surfaces, the band gap values can be tuned. Herein, we conclude
the trends in total energies and band gap values as we change
the intrinsic symmetric fashion of MA molecules and find the
mechanism caused by the varied polarization. We propose that
two dopants and doped types, either with consistent polarity or
inverted polarity, will tune the electronic properties of the
perovskite surface differently. The decrease in the polarization
of the perovskite surfaces caused by the inverted polarity of
pyridine and ethylamine will lead to an increase in the band gap.
The increase in the band gap after doping with pyridine/ethylamine,
on the one hand, indicates a larger open-circuit voltage in the
experiment, and on the other hand, helps the wider photon
transition and the blue shift of the experimental photo-
luminescence spectrum become possible.
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