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g time aging behavior of MAPbI3:
from experiment to first-principles simulation†

Yan Li, ‡*ae Yu-Jing Dong,‡bc Hong He,a Xue-Lian Chen,a Hao Jiang a

and Yu Jia *bd

As the core functional layer of perovskite solar cells, the serious issues of the CH3NH3PbI3 film related to the

long-term stability and its rapid degradation when exposed to the environment should be investigated

deeply. In this study, the variation of phase construction, light absorption ability and fluorescence

quenching ability during the long time aging process have been monitored. The results show that the

degradation process is composed of the original serious fluorescence quenching and the lag behind

phase decomposition. Then, the intrinsic physical mechanism has been obtained by the first-principles

simulation of defect properties, which shows that the original serious fluorescence emission quenching

is attributed to the deep level defects with low formation energies (such as VPb and IPb); meanwhile, the

lag behind phase decomposition is caused by the easy ionic diffusion; for example, the diffusion

activation energy of the iodine ion is 0.286 eV. The results illustrate that both the defect passivation and

prevention of the ion diffusion are necessary for achieving a stable perovskite film.
1. Introduction

CH3NH3PbI3 (MAPbI3) based perovskite solar cells are one of
the earliest and classical perovskite solar cell (PSC) types. The
MAPbI3 material is responsible for harvesting light, converting
light into excitons and transporting excitons under sunlight. It
shows the ability of broadband light absorption range, low
exciton binding energy, long carrier diffusion length and high
charge carrier mobility,1–3 which boost the conversion efficiency
of PSCs to almost 20% in the rst few years. Nowadays, to
prolong the lifetime of the PSCs, the systematic investigation of
the phase decomposition, defect properties and ionic diffusion
of the MAPbI3 materials becomes increasingly signicant.

In the beginning, the researchers found that the MAPbI3
material is composed of an inorganic Pb–I octahedron and
organic CH3NH3

+, and the organic and inorganic parts are
brought together by van der Waals force, which leads to the easy
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breakdown of the perovskite structure under an external
environment.4–6 Common conclusions have shown that mois-
ture, oxygen and light soaking are all the main reasons for the
degradation of the perovskite materials. It is conrmed that the
failure processes of MAPbI3 under moisture should be the
CH3NH3

+ being deprotonated by water, and then forming
methylamine, hydrated HI and PbI2.7 The failure process of
MAPbI3 being exposed to oxygen and light soaking is because of
the reaction of superoxide (O2

−) between the photo-generated
electrons and O2, yielding methylamine, PbI2 and I2 as prod-
ucts.8,9 At this research stage, in order to detect the reaction
products accurately, the failure behavior can be traced by some
kinds of a precision testing equipment; for example, Yang
et al.10 used in situ absorption spectroscopy and in situ grazing
incidence X-ray diffraction to monitor chemical changes, and
found that the formation of a hydrated intermediate containing
isolated PbI6

4− octahedra was the rst step of the degradation
processes. Shi et al.11 used gas chromatography-mass spec-
trometry to verify the gas compositions during the degradation
of the multi-cation perovskite precursors, and they identied
the decomposition products as CH3I, NH3, and so on.

As the research investigation moved forward, researchers
found that before the van der Waals bond was broken down
under the environment, defect properties and ion diffusion
must be considered. Considering original defect properties and
ionic diffusion are hard to detect by equipment, rst principles
study has usually been proposed to uncover the changes in
crystal structures. The rst principles studies show 12 intrinsic
point defects in the MAPbI3 materials, including vacancies
(VMA, VPb, and VI), interstitials (MAI, PbI, and II) and antisites
RSC Adv., 2022, 12, 32979–32985 | 32979
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View Article Online
(MAPb, PbMA, MAI, PbI, IMA, and IPb).12 The calculation results
also show that most vacancies produce shallow trap states near
the band edge, but deep level defects (such as interstitial and
antisite defects) may exist at the surface and grain boundaries of
the perovskite lms. In detail, it is considered that the defect
densities on the surface are ve orders of magnitude larger than
that in the interior.13,14 The defects will cause nonradiative
recombination and affect the ionic diffusion.15,16 As to the
correlation between the phase decomposition, defect property
and ion diffusion, Yuan et al.17 applied simultaneous lumines-
cence and electron microscopy on the perovskite to monitor in
situ morphology evolution and optical properties, and they
pointed out that during the degradation process, the defects
were created in the perovskite rst, and then, the directional ion
diffusion would be driven by these defects, which altered the
uorescence intensity and changed the chemical composition
nally. Zhang et al.18 studied the role of iodine in the degrada-
tion of MAPbI3 by ab initio simulation, and they thought that
excess electrons or holes would enhance I− radical adsorption
and its reaction with MAPbI3 surfaces. Wang et al.19 emphasized
that the diffusion and accumulation of charged ions directly
lead to signicant changes in the doping concentration of the
perovskite lm and the built-in electric eld, which were the key
factors affecting the stability of PSCs. It can be seen that the
defect property and ion diffusion play an important role in the
degradation process of the MAPbI3 lms.

In this study, MAPbI3 lms of uniform quality have been
prepared, and the long time aging behaviors, including the
variation of phase construction, light absorption ability and
uorescence quenching ability of the perovskite lms, under
series conditions have been monitored by uorescence emis-
sion spectrometry, UV-visible absorption spectrometry and X-
ray diffraction spectrometry. Subsequently, the trap properties
and the ion diffusion have been used to explain the initial
serious uorescence quenching and the lag behind phase
decomposition. Lastly, the degradation process of the MAPbI3
lm has been explained by the formation of deep level trap
states and the ion diffusion.
2. Experiment
2.1 Chemicals

Lead iodide (PbI2) and methylammonium (CH3NH3I, MAI)
purchased from p-OLED Co. (China) were used as solutes. N,N-
Dimethylformamide (DMF) purchased from Adamas-beta
(China) was used as the solvent. All the chemicals were of
reagent grade and used without further purication. Trans-
parent uorine-doped tin oxide (FTO, TEC-15, LOF) conductive
glasses (20 mm × 20 mm) were employed as substrates. Before
the lm deposition, the substrates were cleaned successively in
deionized water and alcohol, and dried with N2 ow.
2.2 Preparation of the MAPbI3 lm

For MAPbI3 lm preparation, rst, PbI2 and MAI are dissolved
in the DMF solvent with a concentration of 460 mg ml−1, and
then kept at 70 °C for 30 min by using a laboratory type
32980 | RSC Adv., 2022, 12, 32979–32985
magnetic stirrer. Second, the prepared MAPbI3 precursor solu-
tion was dropped on the surface of the FTO substrate, and
subsequently, the substrate was spin-coated at 3000 rpm for 10 s
and then was dried under a gas pumping pressure of 3000 Pa,
which was controlled automatically by the equipment control
unit.20–22 Finally, the MAPbI3 lm was prepared. All the
processes were carried out in air without inert gas protection,
and the laboratory temperature was kept below 20 °C during the
lm preparation.
2.3 Long time aging test of the MAPbI3 lm

The full spectrum light source was provided by a solar simulator
(Newport, Class AAA) with a 100 mW cm−2 xenon lamp (Sol3A,
Oriel), and the UV source was proved by a monochromatic UV
lamp with a wavelength of 365 nm and intensity of 20 mW cm−2

(S-939, Saibao). The aging test proceeded under full spectrum
light and under an atmosphere, indicating with sunlight with
air, coded as Air-AM 1.5. The aging test proceeded under full
spectrum light in a N2 glove box, indicating with sunlight
without air, coded as N2-AM 1.5. The aging test proceeded under
UV irradiation and under an atmosphere, indicating with UV
with air, coded as Air-UV.

During the long time aging process, the phase construction
of the perovskite lms was measured using an X-ray diffrac-
tometer with Cu Ka radiation (XRD, Bruker, Germany). The
absorption ability of the perovskite lms was quantitatively
analyzed using a UV-visible spectrophotometer (UV-vis., Shi-
madzu U-2700, Japan). The uorescence quenching ability is
measured using a high sensitivity spectrometer (PL,
Maya2000Pro, Ocean Optics, China) at an excitation wavelength
of 560 nm. The morphology of the MAPbI3 lm was character-
ized using a scanning electron microscope (TSCAN, The Czech
Republic).
2.4 Calculation methods and models

All the calculations are accomplished by density functional
theory (DFT) using the generalized gradient approximation
(GGA) within the Perdew–Burke–Ernzerhof (PBE)23 level and the
plane-wave pseudopotential approach as implemented in the
Vienna ab initio simulation package (VASP).24 A kinetic energy
cutoff of 400 eV is used for the plane-wave basis set and
geometries are relaxed until a residual force less than 0.02 eV
per Å per atom. The supercell containing 2 × 2 unit cells is
employed to make sure enough distance (>12 Å) and avoid the
interaction between defects. It is important to determine the
number of layers of the surface structure. Because the surface
energy changes little with the atomic layer thickness larger than
three layers, the thickness of four atomic layers was selected to
calculate the surface defect properties, and the bottom xed two
layers were chosen as the bulk properties in the further calcu-
lation. The total energy of a charged system was not considered
due to the electrostatic repulsion between slabs.25 The DFT
simulations also include van der Waals correction of Grimme
and coworkers26,27 to treat the weak interaction of organic–
inorganic perovskites. The activation energy of iodine vacancy-
© 2022 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
assisted ion diffusion was obtained by the climbing image
nudged elastic band (CI-NEB) method.28

3. Results and discussion
3.1 Microstructures of the MAPbI3 lms

The architecture of the prepared MAPbI3 sample is presented in
Fig. 1a. It is composed of a rough FTO substrate and a ∼400 nm
MAPbI3 lm, and the detailed morphology information was
discussed in the previous literature.29 The appearance of the
MAPbI3 lm by the naked eyes is shown in Fig. 1b and c, and all
the samples show a uniform dark brown color and mirror like
surface. The surface microstructure of the perovskite lm is
shown in Fig. 1d and e, as can be seen there is a uniform full
Fig. 1 The MAPbI3 film deposited on the substrate: (a) schematic diagram
microscope images under high and low resolutions.

Fig. 2 The long time aging behaviors of the MAPbI3 under the series con
(b) under a N2 atmosphere with AM1.5 illumination (N2-AM1.5) and (c) und
listed in Fig. S1 to S3.† To reach Fig. 2, the reference wavelength of the PL
as 500 nm, and also the reference 2q degree of XRD is chosen as 12.7°.

© 2022 The Author(s). Published by the Royal Society of Chemistry
coverage surface and condensed grains without pinholes in low
magnication, and the grain size is less than 500 nm in high
magnication.

Furthermore, the MAPbI3 lms are divided into three
groups, which individually undergo a long time aging test for
6 h under an air atmosphere with AM1.5 illumination, under
a N2 atmosphere with AM1.5 illumination, and under an air
atmosphere with UV 365 nm irradiation. The samples are coded
as Air-AM1.5, N2-AM1.5 and Air-UV correspondingly.
3.2 The long time aging behaviors of the MAPbI3 lm

The PL, UV-vis and XRD data have been characterized each
hour. The original data are added in the ESI,† as shown in
, (b) and (c) photograph appearance, and (d) and (e) scanning electron

ditions: (a) under an air atmosphere with AM1.5 illumination (Air-AM1.5),
er an air atmosphere with UV illumination (Air-UV). The original data are
is chosen as 770 nm, and the reference wavelength of UV-vis is chosen
The PL, UV-vis and XRD data at 0 h are defined as 100%.

RSC Adv., 2022, 12, 32979–32985 | 32981
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Fig. S1 (Air-AM1.5), S2 (N2-AM1.5) and S3† (Air-UV), and the
relative intensity trends of the three conditions are listed in
Fig. 2. To summarize the results in Fig. 2, the reference wave-
length of the PL is chosen as 770 nm, and the reference wave-
length of UV-vis is chosen as 500 nm, and also, the reference 2q
degree of XRD is chosen as 12.7°. The PL, UV-vis and XRD data
at 0 h are dened as 100%.

As can be seen in Fig. 2, the absorption ability and uores-
cence quenching ability of the MAPbI3 lm under the three
conditions, Air-AM1.5, N2-AM1.5 and Air-UV, all decline obvi-
ously at the original aging time; however, the XRD results
coming from the (001) plane of PbI2 appear when the aging test
reaches a certain time; for example, the PbI2 appears at the
aging time of 1 h, 3 h and 3 h for Air-AM1.5, N2-AM1.5 and Air-UV
based on Fig. S1(a), S2(a) and S3(a),† respectively. In addition,
a faster failure rate under Air-AM1.5 compared with both of N2-
AM1.5 and Air-UV is found in this experiment.

Compared with the PL and XRD data, we found that the
uorescence quenching seems more sensitive to the aging
process compared with phase decomposition. As can be seen in
Fig. 2a, the uorescence quenching ability decreased ∼60%;
however, the PbI2 phase only increased ∼5% when the aging
time went on to 1 h under the Air-AM1.5 condition. The uo-
rescence quenching ability decreased to 80%, and only ∼20%
increase of PbI2 was characterized when the aging time went on
to 4 h. The relative intensities show the same tendency under
N2-AM1.5 and Air-UV conditions, indicating that there is
a serious PL quenching at rst, and the phase decomposition of
the MAPbI3 lm lags behind the uorescence quenching.
Considering that both the defect properties and ion diffusion
play an important role in the degradation process of the MAPbI3
Fig. 3 The four possible surfaces of the MAPbI3 crystal are stoichiometric
nonstoichiometric atom ratio with MAI-termination (c) and with PbI2-te

32982 | RSC Adv., 2022, 12, 32979–32985
lms, we use the rst-principles simulation to establish the
fundamental physics interpretation from the original uores-
cence quenching and the subsequent phase decomposition in
the following.

3.3 The initial serious PL quenching of the MAPbI3 lm

The defect states in the MAPbI3 lm have been simulated. The
as-prepared MAPbI3 crystal lm is a tetragonal structure with
the parameters of a = b = 8.91 Å and c = 13.14 Å, which is in
agreement with the previous XRD results (a = b = 8.97 Å, c =
13.16 Å).29 When it is cut parallel to the (110) panel, the possible
surface forms of the MAPbI3 crystal are listed in Fig. 3. The
surface energies of the stoichiometric atom ratio and the non-
stoichiometric atom ratio of MAPbI3 surfaces are calculated
based on eqn (1) and eqn (2), separately. All the calculated
surface energies are shown in Table 1, which shows that the
surface energy of MAI-termination with a nonstoichiometric
atom ratio of MAPbI3 (MAI-non) is the lowest compared to those
of the other three surfaces, which is chosen and considered in
the following investigation.

Esurface ¼ 1

2A
ðEslad � nEbulkÞ (1)

Esurface ¼ 1

2A

�
Eslad � nMAImMAI � nPbI2mPbI2

�
(2)

where n refers to the number of atoms in the unit cell, and m

refers to the total energy of MAI or PbI2.
In order to determine the easily formed defect types, we

calculated the phase diagram of MAPbI3, and the stable MAPbI3
phase is shown in Fig. S4,† which will provide the chemical
potential for the following defect formation energy calculation.
atom ratio with MAI-termination (a) and with PbI2-termination (b), and
rmination (d).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The surface energies of the four MAPbI3 surfaces (meV Å−2)

PbI2-termination MAI-termination

Stoichiometric atom ratio 26.42 20.24
Nonstoichiometric atom
ratio

31.38 17.72

Table 2 Considered types of surface defects and their formation
energy (in eV) under different conditions; the types of surface defects
include vacancies (VMA, VPb, and VI), interstitials (MAi, Pbi, and Ii) and
anti-site substitutions (MAI, IMA, PbI, IPb, MAPb, PbMA, and ABmeans A on
B site)

MAI-non I-poor I-rich

VMA 2.638 0.880
VI 0.423 2.180
VPb 2.226 −1.289
MAi 0.011 1.769
Pbi 2.028 5.543
Ii 1.835 0.077
IMA 3.700 0.185
MAI 0.961 4.476
IPb 4.160 −1.112
PbI 2.106 7.379
MAPb 0.683 −1.075
PbMA 2.104 3.861
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The defect types in the MAPbI3 crystal and corresponding defect
formation energies under both I-poor and I-rich chemical
conditions are shown in Table 2. In general, the MAPbI3 lm
prepared by the one-step solutionmethod always produces a Pb-
poor/I-rich component in the lm,30,31 and then, the corre-
sponding defect energy level positions for the I-rich component
are calculated and listed in Fig. 4. Based on Table 2 and Fig. 4,
the defects of VPb and IPb not only show the lowest formation
energy (negative data) but also are the deep level defect types,
indicating their easy formation and easy to be non-radiation
recombination centers.

In fact, in order to reach the uniform and full-coverage
morphology, the rapid crystallization process is always chosen
Fig. 4 The various defect types in MAPbI3 crystals and the corre-
sponding energy level positions.

© 2022 The Author(s). Published by the Royal Society of Chemistry
to prepare the perovskite lm, for example the low pressure gap
pumping method used in this research, and it usually results in
a large amount of surface defects. At the same time, the external
stimuli will also stimulate a large amount of defects under the
long-time aging process. Based on these reasons, the large
amount of defects, particularly the deep level defects VPb and IPb
with low formation energies, will form non-radiation recombi-
nation centers and capture carriers, which may induce a serious
uorescence quenching at the early aging time.
3.4 The lag behind phase degradation of the MAPbI3 lm

Then, the lag behind phase decomposition of the MAPbI3 has
also been analyzed. Previous results have proved that the
abundant surface defects, mainly shallow-level defect halide
vacancies, will act as ion diffusion channels, which will
enlarge open circuit voltage loss, and hinder device advance-
ments.32 In the working environment, the formation of
shallow-level defects is promoted through the inuence of
light and electricity, resulting in enhanced ion diffusion. In
addition, the chemical bond is easy to break down under light,
heat and other conditions. Taking the Pb–I bond as an
example, the diffusion energy of I− in MAPbI3 crystals has
been calculated and is shown in Fig. 5. The energy barrier for
I− diffusion is 0.286 eV.

Previous results not only proved that the ionic diffusion can
recover when the trigger was removed,33 but also pointed that
the more easy the diffusion of ions, for example I−, the more
easy the escape of CH3NH3

+ from being bound by the I–Pb
octahedra,34 which would induce the collapse of the octahedron
structure in the long time aging process. Therefore, the phase
decomposition lags behind the uorescence quenching, can be
illustrated that, more and more defects appear with proceeding
the light irradiation, and the ion diffusion is not only enhanced,
but also be irreversible, therefore both the continuous decrease
of the uorescence quenching and a lag behind phase decom-
position are two important effect factors for the high perfor-
mance and stability MAPbI3 lm.
Fig. 5 The diffusion energy of I− in the MAPbI3 surface. The inset
figure is the diffusion path of I− when I vacancy defects exist.

RSC Adv., 2022, 12, 32979–32985 | 32983
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4. Conclusion

In this study, uorescence quenching and phase decomposi-
tion, both important for identifying the quality of the perovskite
lm, have been investigated through a long time aging analysis.
Based on the experimental results, it can be noticed that there is
a serious PL quenching in the rst stage, followed by a lag
behind phase degradation. Combined with the rst-principles
simulation to analyze the defect properties and ion diffusion,
there are deep level defect types with low formation energies,
including VPb and IPb in the MAPbI3 lm, and the diffusion
energy barrier of the I− in the MAPbI3 lm is 0.286 eV. There-
fore, it can be concluded that the degradation process is
composed of two periods, the original uorescence quenching
and the subsequent phase decomposition. At the early aging
stage, the easily formed deep level defects are responsible for
the decrease of the uorescence quenching. With the
proceeding of the aging time, the irreversible ion diffusion will
lead to the phase decomposition. The degradation processes
gained from this study are important for designing stable
perovskite lms, and it proves that both the defect passivation
and preventing the ion diffusion are necessary for achieving
a stable perovskite lm.
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