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upon methylamine gas exposure†
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Methylamine (CH3NH2, MA) gas-induced fabrication of organometal CH3NH3PbI3 based perovskite thin

films are promising photovoltaic materials that transform the energy from absorbed sunlight into

electrical power. Unfortunately, the low stability of the perovskites poses a serious hindrance for further

development, compared to conventional inorganic materials. The solid-state perovskites are liquefied

and recrystallized from CH3NH2. However, the mechanism of this phase transformation is far from clear.

Employing first principles calculations and ab initio molecular dynamics simulations, we investigated the

formation energy of primary defects in perovskites and the liquefaction process in CH3NH2 vapor. The

results indicated that defect-assisted surface dissolution leads to the liquefaction of perovskite thin films

in CH3NH2 vapor. Two primary defects were studied: one is the Frenkel pair defect (including both

negatively charged interstitial iodide ion (Ii
�) and iodide vacancy (VI

+) at the PbI2-termination surface, and

the other is the Schottky defects (methylammonium vacancy, VMA) at the MAI-termination surface.

Moreover, the defect-induced disorder in the microstructure reduces the degeneration of energy levels,

which leads to a blue shift and broader absorption band gap, as compared to the clean perovskite

surface. The mechanism of how defects impact the surface dissolution could be applied for the further

design of high-stability perovskite solar cells.
I. Introduction

Halide perovskite solar cells (PSCs) have been regarded as one
of the most promising materials for their exceptional opto-
electronic properties, including high absorption coefficients,
long charge carrier lifetime, and exibility in material growth
and architecture.1–5 The transition probability between the band
edges is mainly derived from intra-atomic Pb s-orbitals to Pb p-
orbitals in PSCs and results in a higher optical absorption
coefficient, compared with GaAs-based solar cells.6 The band
spitting induced by the strong spin–orbit coupling, leading to
an indirect transition for non-radiative recombination from
conduction band to valance band, responsible for long charge
carrier lifetime in PSCs.7

Although the solar to electrical power conversion efficiency
(PCE) has improved remarkably from 3.8% (ref. 8) to 25.2% (ref.
9) during the past 10 years, the stability of perovskite materials
is the most critical issue for commercial solar cells applications,
for instance, instabilities of the crystal structure and photo-
electric properties.10–15 Therefore, the defect-related stability
generated in the fabrication process, and the nature of defects
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in organometal halide perovskites are the focus of extensive
experimental and theoretical investigations.

Moreover, the defect states have a signicant inuence on the
photoelectric performance,16–18 and it is necessary to improve the
general understanding of fundamental characteristics of defects
in PSCs. For instance, deep levels of intrinsic point defects in the
band gap of PSCs can act as the centers of defect-assisted
Shockley–Read–Hall (SRH) non-radiative recombination. Yin
et al.19 found the dominant point defects in PSCs to be shallow
level states, which have low formation energies and benign
property, compared with deep levels. The defect clusters at the
interfacial surface or grain boundaries in polycrystalline perov-
skite lms were explored via experimental observations, and
those defect-assisted trapping states could result in hysteresis in
current–voltage characteristics.20–22 Following a defect-assisted
model, Uratani et al.23 investigated the charge carrier trapping
process with interface phase separation based on rst principles
calculations. Considering Lewis acids/bases have unoccupied
orbitals/lone-pair electrons, which can passivate the under-
coordinated I�/Pb2+ ion on the MAI/PbI2 terminated surface,
which helps reduce the charge trapping and subsequent J–V
hysteresis.24–26 For instance, the nitrogen-atoms in methylamine
could provide a lone pair of electrons as a weak Lewis base, and
Zhou et al.27 proposed the application of methylamine gas in the
fabrication of perovskite lms in 2015. During the methylamine
gas conversion of the lms, MAPbI3 perovskites generate a stable
liquid-state intermediate, and then start to recrystallize following
RSC Adv., 2021, 11, 20423–20428 | 20423
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Fig. 1 (a) Additional methylamine molecules (green color) absorbing
(red region) and penetrating (yellow region) on the PbI2-termination
MAPbI3 (001) clean surface. (b) Adsorption energy (per methylamine)
as a function of the adsorbed methylamine numbers (N from 1 to 4)
based on each (c) equilibrium structure.
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methylamine gas exposure. Methylamine-assisted (MAPbI3)
perovskite lms exhibit much low defect density, long carrier
lifetime, excellent environmental stability, and much better
photoelectric performance. The MA gas-induced liquefaction has
been widely applied in numerous processes, such as device
preparation28,29 and recycling.30,31 Although various reports have
been proposed for the solid–liquid phase transformation prog-
ress, the intrinsic mechanism remains far from clear.27–33 It has
been known that the MA molecules have interactions with the
inorganic [PbI6]

4� framework, given the coordination between
lone pair electrons on nitrogen-atoms in methylamine and
unoccupied orbitals in Pb2+ cations. Therefore, the MA-gas
induced liquefaction was reported as a substitution of iodine
with MA32 and NH3 molecules.30,31 It has been reported that the
liquefaction process is associated with a MA–MA+ dimer-induced
phase transition from three dimensional (3D) a phase to 1D
d phase, and the MA–MA+ dimer structure was also reported by
He and Pan simultaneously.30 The interaction between MA
molecules with MA+ cations indicates that the engineering of the
A site of the halide perovskite is also important as the B site in the
MA-gas induced fabrication.28 The experimental study provides
a great contribution towards uncovering the PSC liquefaction
mechanism, and could be widely applied for PSC fabrication.
Moreover, it is signicant for understanding the PSC liquefaction
process in theory as well. Hence, it is urgent to determine the role
of CH3NH2 vapor in the liquefaction process, and guide in
designing better engineering for the perovskite lm fabrication.

In this study, we investigated the defect formation energies
and methylamine molecule adsorption energies on perovskite
surfaces (including PbI2-termination and MAI-termination)
based on the density functional theory (DFT). Then, consid-
ering the low defect formation energy of methylammonium
vacancy (VMA), we studied defect-assisted surface dissolution
combined with the interactions between methylamine gas and
perovskite surfaces using ab initio molecular dynamics simu-
lations (AIMD). Finally, we explored the disorder and energy-
shi of the absorption band gap, resulting from perovskite
surface dissolution.

II. Method

First principles calculations were performed with DFT
methods as implemented in the Vienna Ab initio Simulation
Package (VASP),34 and the long-range van der Waals interac-
tions proposed by Grimme et al. (DFT-D3) to add a correction
to the conventional Kohn–Sham DFT energy.35 DFT calcula-
tions were performed via standard Perdew–Burke–Ernzerhof
(PBE) generalized gradient approximation (GGA),36 within the
framework of the projector-augmented-wave (PAW) method.37

The cut-off energy was set to 500 eV, and we established 1 � 1
� 2 supercells with additional methylamine molecules to
calculate the adsorption energies. In order to eliminate the
properties of defects, we then increased the system to 2 � 2 �
2 supercells to calculate the defect formation energies, acti-
vation potential barriers of transition state, and defect-
assisted methylamine penetrating dynamic progress. The
modeling MAPbI3 clean surfaces were constructed using
20424 | RSC Adv., 2021, 11, 20423–20428
a thickness of three-layer MAPbI3 slabs with an additional 15 Å
vacuum region (Fig. 1(a)). The atomic positions were fully
relaxed with the conjugate gradient method until the atomic
forces were less than 0.01 eV Å�1. The adsorption energy (Eads)
of the equilibrium structures was calculated using the
following equation,

Eads ¼ ECH3NH2 þMAPbI3 � EMAPbI3 �N � ECH3NH2

N

where ECH3NH2
, EMAPbI3, and ECH3NH2+MAPbI3 are the total energies

of a free methylamine molecule (CH3NH2), clean MAPbI3
surface, and MAPbI3 surface with adsorbed CH3NH2 molecules
via the converged self-consistent eld (SCF) method, respec-
tively. N is the total number of the adsorbed CH3NH2 molecules
on the clean MAPbI3 surface in the system.

The transition state calculation was carried out via the climb-
ing nudged elastic band (CINEB) method.38 More than 5 cong-
urations were applied between the initial state and the nal state,
and the force threshold was set to 0.05 eV Å�1.

The AIMD simulations were performed using the CP2K/
Quickstep package.39 MD simulations were performed with
NVT ensemble at room temperature of 300 K. The total
simulation time is 30 picoseconds with a time step of 1
femtosecond. The wave functions of the valence electrons were
expanded in terms of Gaussian functions with molecularly
optimized double z polarized basis sets (m-DZVP),40 which
ensure a small basis set superposition error, and core elec-
trons were described with norm-conserving Goedecker, Teter,
and Hutter (GTH) pseudopotentials.41

III. Results and discussion

Two typical crystal structures of the MAPbI3 perovskite could
exist at room temperature, namely tetragonal phase and cubic
phase. The former one is more stable than the latter.42
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Adsorption energy (Eads) and distances between the perov-
skite clean surface and adsorbed CH3NH2 molecule

Eads (eV)
Distance
(Å)

PbI2-termination �1.06 2.52
MAI-termination �0.51 1.65
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Therefore, in this study, we only focused on the surface disso-
lution in the tetragonal phase. From previous work, the (001)
surface is one of the most common surfaces in perovskites,43

and our results indicated the optimized lattice parameters are
a ¼ 8.09 Å, b ¼ 8.73 Å, and c ¼ 12.86 Å, which are in good
agreement with the experimental measurement.44–46 To have
a better illustration of the diffusion progress, we took the PbI2-
termination (001) surface as an example, and marked the area
of the vacuum region and inner structure, as shown in Fig. 1(a).

As the initial congurations, we made one CH3NH2 molecule
over 4 Å above on both PbI2-termination surface and
MAI-termination surface, respectively. Then, we
obtained the equilibrium adsorbing structures based on DFT
energy minimization, as shown in adsorption energy and bond
lengths in Table 1. On the PbI2-termination surface, CH3NH2 has
a strong interaction with Pb2+ via a covalent bond, which is lower
in energy (�1.06 eV), and CH3NH2 kept located in the vacuum
region at the equilibrium conguration for adsorption. Consid-
ering the high-concentration methylamine gas, we established
the modeling system by increasing numbers up to four adsorbed
methylamine molecules (Fig. 1(b)). It should be noted that four is
the maximum number of adsorbed CH3NH2 on the 1 � 1 slab
because of steric effects. The adsorption energy (assigned in each
CH3NH2) increases to�0.71 eV. The conguration of the Pb2+ ion
is 5d86s0, which can accept four lone pair electrons, while two can
ll up the 5d-orbital and the other two ll up the 6s-orbital.
Fig. 2 Energies and configurations along with the reaction path from
the reactant equilibrium structure (CH3NH2 adsorbing on the perov-
skite surface), transition state (TS) structure to the product equilibrium
structure (CH3NH2 penetrating into the surface). Zero point of total
energy defined by the configuration, in which there is no interaction
between adsorbed CH3NH2 and perovskite surface.

© 2021 The Author(s). Published by the Royal Society of Chemistry
Alternatively, the maximum bond number between each Pb
atom and adsorbed CH3NH2 is less than two, considering one
nitrogen-atom of adsorbed CH3NH2 can provide two lone pair
electrons. When more than two CH3NH2 molecules absorb on
one Pb atom, there is no bond connection between them, addi-
tional CH3NH2 was stabilized via intermolecular hydrogen bonds
among CH3NH2. Therefore, the absolute value of adsorption
energy, jEadsj, decreases from 1.06 eV to 0.71 eV, when more
CH3NH2 adsorbed. Therefore, in the preparation of perovskites,
the high-concentration methylamine treatment process may not
be applicable for liquefaction on the PbI2-termination surface.

Moreover, numerous lone pair electrons lling up Pb2+

unoccupied orbitals result in the reduction of the dipole inter-
action and bridging the polar ionic Pb–I bond (Fig. 1(c)). The
generation of the Frenkel pair (interstitial iodide ion (Ii

�) and
iodide vacancy (VI

+)) is more favorable via the free I� ion.
On the other hand, we investigated the adsorption on a MAI-

termination perovskite surface, and Eads is �0.51 eV, which is
mainly induced by intermolecular hydrogen bond interactions
between CH3NH2 molecules, wherein one is outside the perov-
skite surface, and the other is inside, as shown in the congu-
ration in Fig. 2 on the le. The stable dimer structure agrees
well with the recent experimental reports.28,30,31 The absolute
value of Eads is actually the same as the energy of the N/H bond
(around 0.5 eV),47 where the molecules are not constrained by
the lattice structure.

In order to understand the mechanism of the CH3NH2

penetration process on the MAI-termination surface, the tran-
sition states between the two equilibrium congurations,
adsorbed and penetrated structures, were obtained (Fig. 2). The
activation potential barrier is as high as 1.14 eV (Eads + ETS),
indicating that the CH3NH2 penetration process is hardly
Fig. 3 Model configures (a) of both the clean perovskite surface and
MA-vacancy defective surface in AIMD simulations. (b) Distances
between adsorbed CH3NH2 (green color) and perovskite surfaces as
a function of time (negative values represent the CH3NH2 molecule
penetrating into the perovskite surface). The energy distributions of
optical band gaps (c) obtained from AIMD simulations.

RSC Adv., 2021, 11, 20423–20428 | 20425
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Fig. 4 (a) Radical distribution functions of Pb–I bonds and (b)
configurations obtained from AIMD simulations every 10 picoseconds
(0 ps, 10 ps, 20 ps, and 30 ps), respectively. The green molecules are
the adsorbed methylamine molecules, and the bottom panel (c) was
exported in 30 ps AIMD simulations, where one adsorbedmethylamine
molecule was penetrating into the perovskite surface, following
vacancy defect generation.

Table 2 Defect formation energies of the intrinsic neutral vacancy
defect on the PbI2-termination and MAI-termination surfaces

Defect

Formation energy
(eV)

I-rich Pb-rich

PbI2-termination VPb 0.73 2.56
VI 2.71 0.90

MAI-termination VMA 0.51 1.44
VI 2.63 1.71
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possible, and methylamine treatment should be avoided on the
clean MAI-termination surface.

Given the defects on the perovskite surface are unavoidable,
the mechanism of defect-assisted CH3NH2 gas penetration into
the perovskite could be available. To verify this hypothesis,
initially, we obtained the defect formation on both the PbI2-
termination and MAI-termination surfaces via the DFT method.
Employing the point defect model, the MA, Pb, and I vacancies
(VMA, VPb, and VI) are included, and the values of their forma-
tion energies are 0.51 eV (of VMA), 0.73 eV (of VPb) and 0.90 eV (of
VI) from the small to the large. The lowest defect formation
energy of VMA implies that it is highly likely to exist on the MAI-
termination perovskite surface (Table 2).

Therefore, we further performed AIMD simulations on the
MAI-termination surface with CH3NH2 gas exposure to compare
with the CH3NH2 dissolution process, (i) on the clean surface
and (ii) on MA-vacancy defective surface, as shown in the model
conguration in Fig. 3(a).

A 2 � 2 � 2 supercell for perovskites was established, which
contained 16 adsorbed CH3NH2 molecules on the perovskite
surface, as the model for high-concentration CH3NH2. 16 is the
maximum number of CH3NH2 molecules, which covered the
entire model 2 � 2 surface. For better illustration, the clean
surface denotes the MA gas adsorbed on the pristine MAI-
terminated surface, and the defective surface indicates the
MAI-terminated surface with additional VMA defect. Due to
defect, the absorbed CH3NH2 molecule started diffusing into
20426 | RSC Adv., 2021, 11, 20423–20428
the inner structure in 5 picosecond; however, it was pushed out
immediately. It then penetrated into the surface in the 16 ps
region, and remained localized in the inner structure. The
dynamic distance between adsorbed CH3NH2 and MA-vacancy
defective surface conrmed the process, (Fig. 3(b)), while the
negative values of distances indicate CH3NH2 penetration into
the surface. Furthermore, we calculated the statistical distri-
bution of the band edge level and the bandgap variation and t
the status with the Gaussian function. The structural disorder
on the defective perovskite surface is large, which reduces the
degeneration of the conduction band (CB) level and valence
band level (VB). As a result, the optical band gaps become
broad. Therefore, the AIMD simulation presented a blue-shi
and broader absorption band gap for MA-vacancy defective
perovskites, given the enhanced disorder character of the
inorganic framework.

On the clean surface, the difference is the adsorbed CH3NH2

barely diffuse into the inner structure, and remain located
outside the perovskite surface. The small structural disorder
leads to the optical band gaps becoming sharper, see Fig. 3(c).

Moreover, considering the strong absorption between
CH3NH2 and the clean PbI2-termination surface, see Table 1, we
explored the CH3NH2 diffusion process via AIMD simulations
with at room temperature of 300 K, while the snapshots were
exported every 10 ps, and congurations represented in
Fig. 4(b).

Induced by the thermal uctuations and adsorption
dynamics, the PbI2-termination surface underwent slight
distortion, as shown in the results of AIMD simulations. The
breaking Pb–I bonds enable I� ion to move slightly from the
ideal position outside the perovskite surface, and generate
a positive charge iodine vacancy (VI

+) at the original site,
resulted in the formation of a Frenkel pair defect. However,
unlike defect-assisted MAI-termination surface dissolution in
CH3NH2 gas exposure, our simulation implied that the adsor-
bed CH3NH2 molecule cannot penetrate into the inner structure
from the PbI2-termination surface even with defect assistance.
This could be because of the large binding interaction between
the surface Pb2+ ion with diffused CH3NH2 molecules. To
further investigate the ordered/disordered character in mate-
rials, we obtained the radical distribution function (RDF) of Pb–
I bonds, as shown in Fig. 4(a). The calculated RDF did not
change signicantly in AIMD simulations, which indicated that
the amount of generated Frenkel pair defects (Ii

�/VI
+) on the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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PbI2-termination surface was much less, and insufficient to
assist CH3NH2 diffusion into the perovskite surface. In CH3NH2

gas exposure, the dissolution on the PbI2-termination surface
hardly occurred.

IV. Conclusions

In summary, we investigated the methylamine gas adsorption
and diffusion process on organometal Halide (MAPbI3) perov-
skite surfaces based on the density functional theory and ab
initio molecular dynamics simulations. The plumbum atom
(Pb) has a strong covalent bond with the methylamine mole-
cule, and the binding energy is as strong as 1.1 eV, which
prevents MA gas from diffusing through the perovskite surface
or dissolving on the PbI2-termination surface when exposed to
MA gas. On the MAI-termination surface, the defect formation
energy of MA vacancy is as low as 0.5 eV, which implies it is
likely to exist in perovskites. Our simulations implied the
adsorbed methylamines could be encouraged to penetrate into
the defective MAI-termination surface, rather than from the
clean surface, which means that the defect-assisted surface
dissolution may lead to the liquefaction of perovskite thin lms
in methylamine vapor. The energies of adsorption and defect
formation indicated a high-concentration methylamine treat-
ment process may be applied for defective perovskite surface.
Moreover, following methylamine adsorption, defect-assisted
surface dissolution result in a blue-shi and broader absorp-
tion band gap. The mechanism of defect-assisted perovskite
surface dissolution could be applied for further defects engi-
neering in high-stability perovskite solar cells.
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