
Journal of
Materials Chemistry A

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
A

pr
il 

20
19

. D
ow

nl
oa

de
d 

on
 4

/2
0/

20
26

 7
:1

2:
53

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Degradation of C
aGlobal Frontier Center for Multitscale En

Seoul, Republic of Korea. E-mail: mchoi@sn
bDepartment of Chemistry, Seoul National U
cSchool of Advanced Materials Science &

Suwon, Gyeonggi-do, Republic of Korea. E-m
dDepartment of Green Chemical Engineering,

Korea
eDepartment of Mechanical Engineering, Seo

Korea

† Electronic supplementary informa
10.1039/c9ta03180d

‡ These authors contributed equally to th

§ Present address: Department of NanoEn
Diego, 9500 Gilman Drive, La Jolla, Califo

Cite this: J. Mater. Chem. A, 2019, 7,
12075

Received 25th March 2019
Accepted 11th April 2019

DOI: 10.1039/c9ta03180d

rsc.li/materials-a

This journal is © The Royal Society of C
H3NH3PbI3 perovskite materials by
localized charges and its polarity dependency†

Min-cheol Kim,‡§a Namyoung Ahn,‡a Eunhak Lim,b Young Un Jin,c Peter V. Pikhitsa,a

Jiyoung Heo, d Seong Keun Kim, b Hyun Suk Jung *c and Mansoo Choi *ae

Despite the excellent performance of organic–inorganic hybrid perovskite materials in recent years, the

mechanism of their decomposition under actual operating conditions has not yet been elucidated. Herein,

we elucidated the breakdown process of CH3NH3PbI3 perovskite crystals and identified the polarity-

dependent degradation pathway via localized charges by performing time-evolution measurements of the

absorption spectra of perovskite films with different underlying charge transport layers and ab initio

molecular dynamics calculations. It was found that the carrier polarity (hole-rich or electron-rich) inside the

perovskite films played a critical role in the degradation rate, and the polarity-dependent degradation

pathway strongly depended on the combination of the surrounding gaseous molecules. The hole-rich

perovskite films degraded more rapidly than the electron-rich ones in the presence of H2O, while this

degradation trend was reversed in oxygen-only ambient environments. Interestingly, the hole-rich film is

extremely unstable in atmospheric air containing both H2O and O2, whereas the MAPbI3 film with excessive

electrons was stable in air. An ab initio molecular dynamics simulation was performed to obtain the detailed

degradation pathway of MAPbI3 under atmospheric conditions for different polarities of the localized charge.

The simulation results are in good agreement with experimental results, and the production of Pb(OH)I

predicted in our simulations is confirmed by X-ray-assisted spectroscopic measurements.
Introduction

A perovskite is an ionic crystal with three types of ions, in which
the cation and anion are held together by electrostatic forces. As
a perovskite material, organic–inorganic hybrid perovskites
have recently attracted worldwide attention owing to their
excellent performance in photovoltaics;1–4 however, they have
exhibited unstable characteristics when exposed to light and
air.5,6 As such hybrid perovskites have weaker hydrogen bonding
between the organic cation and octahedral structure than
between inorganic ones composing octahedral,7 organic cations
have been considered to be responsible for easy crystal de-
bonding and chemical reactions with the atmosphere.8,9
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Hybrid perovskites change rapidly into inorganic halides aer
light-induced degradation.10 Such fast decomposition of hybrid
perovskites impedes the commercialization of perovskite-based
photovoltaics.

The degradation of these perovskite materials has been
studied in the past few years;11–14 however, there remain several
unknowns in and debates on the degradation mechanism
because the process occurs in extremely complicated multi-
molecular systems under real operating conditions.10,15,16 As
possible causes, researchers have previously suggested ion
migration of a halide anion and the resulting deprotonation of
an organic cation.5,11,17,18 Furthermore, the role of gaseous
molecules such as oxygen and moisture in perovskite material
degradation has been researched extensively.19–22 However, it is
possible that the observed ion migration and deprotonation
were merely a result of degradation and not the cause of
degradation. Accordingly, determining the fundamental reason
for the degradation is urgent for solving the stability issue.

We identied trapped charges in perovskite ionic crystals as
the fundamental origin of perovskite material degradation
under exposure to light illumination and the atmosphere.23,24

We experimentally demonstrated that trapped charges accu-
mulated along the grain boundaries and on grain surfaces
induced irreversible degradation in the presence of water,
oxygen, or air. We also performed an ab initio molecular
dynamics (AIMD) simulation for CH3NH3PbI3 (MAPbI3) crystals
J. Mater. Chem. A, 2019, 7, 12075–12085 | 12075
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with adsorbates of either H2O or O2 to examine whether the
trapped charges could trigger the degradation of MAPbI3. From
these experiments and simulations, we determined the atom-
istic mechanism for the trapped-charge-driven degradation of
MAPbI3, in which trapped charges play a decisive role in
breaking MAPbI3 lattices owing to the intermolecular interac-
tion with gaseous molecules under light soaking. However,
whether the polarity of trapped charges could result in different
pathways of the degradation of perovskite materials with the
interaction with multi-molecular species under real operating
conditions is still unknown.

In the present work, we elucidate the breakdown process of
perovskite crystals caused by localized charges and its polarity-
dependent characteristics through light-induced degradation
experiments on MAPbI3 perovskite lms coated on different
charge-selective layers.25,26 The hole- and electron-rich MAPbI3
layer can be realized in half devices, which are fabricated using
the underlying charge-transporting layers. The existence of
unbalanced hole and electron densities was evidenced by pho-
toluminescence (PL), Kelvin probe force microscopy (KPFM)
measurements, and theoretical calculations. These electron- or
hole-rich half devices were exposed to different gaseous mole-
cules under light illumination to determine the role of polarity-
dependent localized charges on the degradation. In a moisture-
only ambient environment, the degradation rate of the hole-rich
MAPbI3 lm was much greater than that of the electron-rich
one, while the oxygen-only case showed completely inverted
results with respect to the degradation rates. More importantly,
the actual atmospheric conditions (when oxygen exists with
moisture) were highly aggressive only for the hole-rich MAPbI3
lm, whereas the electron-rich one was relatively stable (even
more stable than in the oxygen-only case). Such interesting
results suggest that there exists a direct correlation between
polarity-dependent localized charges and degradation. To
explain why and how the charge polarity inuences the degra-
dation rates depending on environments, we conducted AIMD
simulations to study the intermolecular interactions between
the MAPbI3 components and gas mixture (oxygen and water)
with different charge states (charge polarity of MAPbI3). In the
simulations, with a mixture of oxygen and water, it was found in
the hole-rich case (with positive charge) that strong Pb–O
bonding initially occurs, and this Pb–O bonding induces the
vigorous destruction of the PbI6 octahedron and nally
produces hydroxide species owing to proton transfer from H2O,
which has been experimentally conrmed through X-ray-
assisted spectroscopic measurements in the present study.

Results
Different degradation rates of MAPbI3 depending on
underlying transport layers

We employed perovskite lms with different underlying layers
to investigate the effect of the underlying layers on the degra-
dation rates under light illumination and identical ambient
conditions. We congured the half device with ITO/selective
charge-extraction layer/MAPbI3, in which the surfaces of the
MAPbI3 lms were directly exposed to air without any
12076 | J. Mater. Chem. A, 2019, 7, 12075–12085
passivation layer, and this conguration enabled lms to be
exposed to the same ambient conditions under light illumina-
tion. As discussed in detail in a later section, the half devices
have unbalanced polarity of charge carriers in the MAPbI3 lms
(owing to the selective charge-extraction, which results in
unbalanced surface-localized charges that are conrmed by
SKPM).27 We performed degradation tests under different
ambient conditions using our customized experimental setup
in order to maintain a specic ambient condition inside the
chamber (Fig. 1a). Interestingly, the degradation of the
PEDOT:PSS/MAPbI3 half device, which has excessive electrons,
occurred much faster than that of the C60/MAPbI3 half device,
which has excessive holes in a dry-air ambient environment
(N2(80%) + O2(20%)) (Fig. 1b and c), while the humidied
nitrogen ambient environment (N2 + H2O R.H. � 80%) yielded
totally inverted results, i.e., in this case, the C60/MAPbI3 half
device containing excessive holes was degraded much faster
than the PEDOT:PSS/MAPbI3 (Fig. 1d and e). Under 100%
oxygen ambient conditions, the degradation occurred more
rapidly than under dry-air ambient conditions, but exhibited
the same trend depending on the underlying layers (ESI Fig. 1†).
It should be noted that the PEDOT:PSS/MAPbI3 half device
exhibits very slow degradation in the humidied nitrogen
ambient environment in contrast to the C60/MAPbI3 half device.
When surrounded only by nitrogen, no light-induced degrada-
tion of the MAPbI3 lm was observed regardless of the under-
lying transport layers (ESI Fig. 2†), which is consistent with
previous studies.5,23 This means that the underlying transport
layers cannot deteriorate the MAPbI3 lms even with unbal-
anced localized charges.

Previously, it was found that MAPbI3 lms could be decom-
posed under light illumination under dry air ambient condi-
tions even without moisture.5,11 This study demonstrated that
superoxide (O2

�) formed by the reaction of oxygen molecules
with photo-generated electrons could degrade MAPbI3 perov-
skites even in the absence of water molecules. We claim that, in
the case of the TiO2/MAPbI3 half device, which can selectively
quench electrons, the superoxide generation decreased as
compared to the case of either the glass/MAPbI3 or Al2O3/
MAPbI3 half device, which nally resulted in relatively slow
degradation. Our experimental results also show similar results
under dry air ambient conditions (Fig. 1b and c). However, the
degradation rate under humidied nitrogen ambient condi-
tions was completely reversed, which has not been observed
before. These observations clearly show a strong dependency of
the degradation rate on the type of underlying layers and
surrounding ambient conditions. Obviously, a different charge
transport layer changes the distribution of the charge-carrier
polarity in the MAPbI3 layer (explained below).
Unbalanced charge-carrier polarity in MAPbI3 layers

The type of underlying layer inuences the carrier density
distributions in the MAPbI3 layer under light illumination.27 We
prepared four different half devices to examine the change in
carrier densities depending on the underlying layers via PL
measurements. We used C60 (ref. 28) and PC60BM29 as electron
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Light-induced degradation test of perovskite films depending on the excessive charge polarity under different atmospheric conditions. (a)
Schematic of customized experimental systems for light-induced degradation with a solar simulator, customized chamber and gas flow
controller. Time evolution of absorption spectra for (b) the C60/MAPbI3 (hole-rich) and (c) the PEDOT:PSS/MAPbI3 (electron-rich) half devices in
a chamber filled with dry air (80% nitrogen and 20% oxygen). Time evolution of absorption spectra for (d) the C60/MAPbI3 and (e) the PEDOT:PSS/
MAPbI3 half devices in a chamber filled with nitrogen and water vapor (R.H. � 80%). Every sample was kept under continuous light illumination
except when measuring absorption spectra.
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transport layers (ETLs), and PEDOT:PSS30 and Spiro-MeOTAD31

as hole transport layers (HTLs) for the half-device congura-
tions. As the radiative recombination is proportional to the
electron and hole densities,32 the PL intensities are indicative of
the carrier densities in theMAPbI3 layers. Dramatic decreases in
the PL intensities were observed in the case of either ETL/
MAPbI3 or HTL/MAPbI3 half devices as compared to the case
without transport layers, which indicates that photo-generated
electrons and holes are selectively collected at the interface,
respectively (ESI Fig. 3†). In the Spiro-MeOTAD case, additives
This journal is © The Royal Society of Chemistry 2019
such as 4-tert-butylpyridine (tBP) and bis(triuoromethane)
sulfonimide lithium salt (Li-TFSI) were not added in order to
avoid the controversial issue regarding the effect of their
corrosive properties.33,34 Its charge-extraction property was not
signicantly inuenced by the absence of additives, as indi-
cated by the results of the PL measurements (ESI Fig. 4†).
Similarly, time-resolved PL data also presented the strong
carrier-extraction properties of ETL/MAPbI3 and HTL/MAPbI3
half devices (ESI Fig. 3†). The values of s1 (the fastest decay
component) for these half devices, which correspond to the
J. Mater. Chem. A, 2019, 7, 12075–12085 | 12077
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charge injection,35 were much smaller than those for the glass/
MAPbI3 lm, as can be observed in ESI Table 1.† In other words,
these results imply that such charge-selective layers strongly
attract a particular carrier from MAPbI3 lms at the interfaces.

Based on the PL results, we can assume that the electron and
hole densities at the interface are zero in the case of the ETL/
MAPbI3 and HTL/MAPbI3 devices, respectively. By solving the
carrier continuity equation while considering light absorption,
carrier mobility, carrier recombination, carrier dri and diffu-
sion, the electron and hole densities are obtained as a function
of the thickness displacement under 1-sun illumination for
different underlying layers (calculation details in the ESI†).
Fig. 2c–e show the calculation results of the electron (ne, indi-
cated by the red line) and hole (nh, indicated by the blue line)
density distributions depending on the different underlying
layers. The glass/MAPbI3 device has uniform distributions
owing to the absence of the charge selection layer, in which the
orders of magnitude of the hole and electron densities are
similar. A small difference originates from the mobility differ-
ence between the electron and hole.36 In contrast, in the ETL/
MAPbI3 device, the hole densities are much higher than the
electron densities owing to electron quenching at the ETL
interface. Strong and fast electron transfer from MAPbI3 to the
ETL is inferred from the steep slope of the electron densities
near the ETL interface. In contrast, the HTL/MAPbI3 devices
have inverted carrier distributions. In addition, it is not only
Fig. 2 Imbalance of charge polarity for charge-selective transporting ha
transporting half devices ((a) ETL/MAPbI3 and (b) HTL/MAPbI3 ones). Calcu
the MAPbI3 film deposited on (c) glass/ETL, (d) glass/HTL and (e) the glas
scanning Kelvin probe microscopy (SKPM) for the MAPbI3 film deposite
Surface potential plot along the marked lines in (f–h), respectively. All th

12078 | J. Mater. Chem. A, 2019, 7, 12075–12085
conrmed that the hole densities change dramatically near the
HTL interface in a manner similar to that in the ETL/MAPbI3
case, but also that the electron density is greater than the hole
density. It is clearly shown that the type of underlying layer
results in an unbalanced carrier polarity (positive) in the
MAPbI3 lm when photo-carriers are generated by light illu-
mination. Moreover, we performed KPFMmeasurements.37 The
unbalanced carrier concentration in the MAPbI3 layer can alter
the quasi-Fermi level, as depicted in ESI Fig. 5,† which could
correspondingly change the surface potential. Fig. 2f–h clearly
show the different surface potentials depending on the under-
lying layer, which is in good agreement with the density distri-
bution calculations. As the hole densities are much greater than
the electron densities in the ETL/MAPbI3 half device regardless
of the thickness displacement, the device shows the highest
potentials among the three types of half devices (Fig. 2i). Based
on the trapped charge-driven degradation mechanism,23 we can
hypothesize that the different experimentally obtained degra-
dation results for different charge selective layers can be
attributed to the different charge polarities (electron-rich or
hole-rich) in the MAPbI3 lms.

Correlation between degradation rates and charge polarity
under different ambient conditions

In addition to the light-induced degradation of the half device
congurations under the oxygen-only or humidied nitrogen-
lf devices. Schematic of the experimental setup and charge-selective
lated carrier concentration as a function of thickness displacement for
s substrate. Surface potential energy distribution images measured by
d on (f) C60 (ETL), (g) PEDOT:PSS (HTL) and (h) the glass substrate. (i)
e scale bars are 150 nm.

This journal is © The Royal Society of Chemistry 2019
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only conditions, we also performed degradation experiments
under atmospheric air conditions with both oxygen and water
(see Fig. 3a and b and ESI Fig. 6†). We observed unexpected
outcomes in these experiments in terms of the degradation
rates. The complete deterioration of the ETL/MAPbI3 device
occurred within 12 h, as shown in Fig. 3a. The degradation rates
were much faster than those under either dry air or humidied
nitrogen ambient conditions (see Fig. 3c). Furthermore, the
mixture of oxygen and water violently destroyed the ETL/
MAPbI3 devices as compared to the case of oxygen-only or water-
only ambient conditions. In contrast, the HTL/MAPbI3 devices
showed a surprisingly enhanced stability in humidied air, as
observed in Fig. 3b. One remarkable observation in the case of
HTL/MAPbI3 is that the degradation in air with moisture
occurred more slowly than the degradation in either air without
moisture or humidied nitrogen without oxygen (Fig. 3d).
Surprisingly, the addition of moisture improved the stability of
the HTL/MAPbI3 device. Analogous degradation trends were
observed at any wavelength (550 nm, 650 nm and 750 nm) as
can be seen in ESI Fig. 7.† Consequently, the mixture of oxygen
and water results in extremely diametrical effects on the
degradation rate depending on the type of underlying layer
(different excessive carrier polarity). The origin of such different
degradation rates is further studied at the atomic scale via
AIMD simulations, the results of which are discussed below.

The X-ray diffraction (XRD) patterns for the pristine and
illuminated MAPbI3 lms deposited on different charge trans-
port layers support the observation (ESI Fig. 8†). The MAPbI3
Fig. 3 Light-induced degradation in the mixture of ambient O2 and H2O
spectra from 0 h to 12 h for (a) ETL/MAPbI3 and (b) HTL/MAPbI3 samples. C
and Spiro-MeOTAD for HTL/MAPbI3 configuration. Time evolution of a
650 nm for (c) ETL/MAPbI3 and (d) HTL/MAPbI3 under 3 different ambien
(R.H. � 80%)).

This journal is © The Royal Society of Chemistry 2019
lms with localized holes were characterized by the stronger
intensities of their PbI2 (100) peaks as compared to those with
localized electron samples, which was in good agreement with
the results of absorption studies. The observed change in the
PbI2 (100)/MAPbI3 (110) peak intensity ratio before and aer
illumination is summarized in ESI Table 2.† The obtained SEM
images demonstrate the same light stability trends that were
observed during the absorption and XRD studies (ESI Fig. 9 and
10†). These results from the optical, spectroscopic, and
morphological analysis indicate that gaseous molecules and
their combination result in different degradation pathways
depending on the localized charge polarity in MAPbI3 crystals.

We also investigated the balanced charge-carrier density case
by testing the MAPbI3 lm with no transporting layer (glass/
MAPbI3). In this case, the light-induced degradation occurred at
a rate similar to that of the ETL/MAPbI3, as shown in ESI Fig. 6.†
Even if the MAPbI3 had balanced carrier densities of electrons
and holes, the magnitude of the carrier densities is much larger
than that of the ETL or HTL/MAPbI3 (Fig. 2c–e), which could
induce faster degradation than that in the case of lower local-
ized charges.

Discussion
Different degradation rates of MAPbI3 under H2O-only and O2-
only ambient conditions

It should be noted that the degradation rates of MAPbI3 depend
on the charge-carrier density and surrounding ambient
depending on localized charge polarity. Time evolution of absorption

60 and PCBMwere used for ETL/MAPbI3 configuration and PEDOT:PSS
bsorption spectra is summarized by plotting the absorption peak at
t conditions (the ambient mixture, ambient O2 (20%) and ambient H2O

J. Mater. Chem. A, 2019, 7, 12075–12085 | 12079
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environment to a great extent. We showed that the trapped-
charge driven degradation mechanism is evidenced by experi-
mental results and AIMD simulations in our previous
studies.23,24 As additional evidence for trapped-charge driven
degradation, we discovered that the imbalance of the charge
carrier (charge polarity) plays a different role in degradation
rates in the present work. Based on the AIMD simulation results
in our previous work,24 we could determine how the charge
polarity determines different degradation rates under H2O-only
and O2-only ambient conditions. Most of the excess charges
localized on the MAPbI3 slab in the initial geometry. During the
simulations, the charges were nally transferred to oxygen or
water molecules, leading to different degradation pathways.
According to the simulation results, the H2O-only ambient
environment shows different solvation characteristics depend-
ing on the polarity of MAPbI3 crystals.24 Water molecules solvate
methylammonium cations (MA+) at the surface of the MAPbI3
crystal with localized holes (positive polarity), while in the case
of a negative polarity, water molecules surround and solvate the
iodide anions (I�) and form hydrogen bonds (HI). As hydrogen
bonding between MA+ and PbI6

� is weaker than the covalent
bonding between Pb and I in the PbI6 octahedron, MA+ could be
more easily solvated by water owing to such a weak bond
strength. As a result, the MAPbI3 crystals with localized holes
became unstable in the moisture-only case owing to the easy
solvation of MA+. The relatively heavy I� anions with strong
bonding are more durable against water solvation in the case of
MAPbI3 with a negative polarity. These observations are in good
agreement with our present experimental results of the
moisture-only degradation test (Fig. 1d and e). In the oxygen-
only case, MAPbI3 crystals with a negative polarity were
broken down faster than the ones with localized holes, which
was attributed to highly reactive superoxide generation. In our
previous AIMD simulation results,24 the generated superoxide
formed Pb–O bonding, thereby breaking down the PbI6

� octa-
hedron. Different quantities of generated superoxide depending
on the charge polarity were obtained in these simulation
results. The MAPbI3 crystals with a negative polarity generate
more superoxides than those in the positive polarity case, which
is consistent with the results reported by Haque et al.5,11 The
difference in the degradation rates from our experimental
results under oxygen-only ambient conditions (Fig. 1b and c)
can be clearly explained by the difference in the quantity of
superoxide generated.
AIMD simulations for MAPbI3 breakdown in a mixture of O2

and H2O

We observed completely different degradation behavior in the
presence of both oxygen and water (Fig. 3a and b), the reason for
which is yet to be determined. A completely different degrada-
tion behavior in the combination of oxygen and water indicates
that there exist distinct and complicated intermolecular
reactions depending on the charge polarity of the MAPbI3
crystals. Therefore, it is of great importance to investigate the
mechanism of the degradation of MAPbI3 under real operating
conditions comprising both oxygen and water. In order to
12080 | J. Mater. Chem. A, 2019, 7, 12075–12085
explore the intermolecular dynamics of oxygen and water
depending on the polarity of the localized charges, AIMD
simulations with a conguration containing both oxygen and
water molecules were performed for the rst time. We set an
initial geometry with two rigidly xed MAPbI3 units at the
bottom, two relaxed MAPbI3 units at the top to form the surface,
and embedded oxygen and water molecules into the gaps
between the atoms. The surfaces of the MAPbI3 crystals are
terminated by MA cations and I anions and given different net
charges (+1, 0, or �1) in the unit cell to model the localized
charges. Fig. 4a–c present the molecular dynamics of MAPbI3
crystals with the surrounding single oxygen molecule and three
water molecules depending on the charge state (+1, 0, or �1).
Interestingly, in the case of a +1 charge, the PbI6

� octahedron at
the surface is easily destroyed, while other charge states present
a stable octahedral structure of PbI6

� with the same
surrounding molecules (see ESI Video 1† for detailed informa-
tion). To check the effect of the initial congurations of mole-
cules, we additionally studied different initial geometries (2H2O
and 1O2) as shown in ESI Fig. 11.† Both simulation results are in
agreement with those of the present experiment that shows the
fast degradation of the hole-rich half device in the mixture of
water and O2. The destruction of the PbI6 octahedral structure
in the +1-charge state can be attributed mainly to the formation
of a strong Pb–O bond, which was not observed in the neutral
and �1-charge states. Furthermore, aer the Pb–O bond
generation, a domino effect of proton transfer from the
surrounding water molecules nally results in the deprotona-
tion of the MA+ cations, which are turned into methylamine
gases (750 fs in Fig. 4a). Such molecular dynamics in the +1-
charge state would explain why the fastest degradation of the
ETL/MAPbI3 device (MAPbI3 with localized holes) was observed
in humidied air. In the neutral charge state, the oxygen
molecules gradually dri apart from the MAPbI3 surface, and
the water molecules do not react with any MAPbI3 components
(see Fig. 4b and ESI Video 2†). This again conrms the trapped-
charge-driven degradation in which the degradation of the
perovskite materials occurs only in the case of the existence of
trapped charges. Furthermore, the �1-charge state results in
interesting molecular interactions, in that an oxygen molecule
attaches to an iodide anion, but there is no further destruction
of the PbI6

� octahedron (Fig. 4c and ESI Video 3†), which
indicates that the oxygen could not directly attack the Pb atom
at the center of the PbI6 octahedron in the MAPbI3 crystals with
the localized electrons.

To clearly compare the intermolecular interactions in these
systems, we analyzed the Pb–O, I–O, and O–H distances for
atoms of interest during the simulation, respectively (Fig. 4d–f).
In the +1-charge state, the Pb and I atoms of the MAPbI3 crystal
have the strongest interactions with oxygen molecules, which is
evidenced by the shortest Pb–O and I–O distance in Fig. 4d and
e. In contrast, there seems to be a weak intermolecular inter-
action between the MAPbI3 components and gaseous molecules
in the case of both the neutral and �1-charge states (Fig. 4d–f).
Furthermore, we compared the O–H distance to verify the
deprotonation of the MA+ cation. The hydrogen and oxygen
atoms are components of the MA+ cation and water molecules,
This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Atomic scale investigation on molecular dynamics by AIMD simulation. Time evolution of molecular dynamics simulations of the MAPbI3
surface for (a) +1 unit charge (one localized hole), (b) neutral, (c) �1 unit charge (one localized electron) under a 3H2O and 1O2 ambient
atmosphere. Tracking of atomic bonding distance of (d) Pb–O, (e) I–O and (f) O–H bonds for 1 ps, respectively.
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respectively. The shortened O–H distance of 1 Å directly indi-
cates the deprotonation of the MA+ cation, which is only
observed in the +1-charge state and not in the other states (see
Fig. 4f). Overall, the intermolecular interactions between the
MAPbI3 components and gaseous molecules actively take place
when the MAPbI3 crystals are in the presence of localized holes,
which clearly explains the experimentally observed fastest
degradation of MAPbI3 with localized holes.
Possible scenario of breakdown of MAPbI3 crystals in the
mixture of O2 and H2O

Based on the experimental results and AIMD simulations, we
suggest a detailed scenario for the degradation of MAPbI3
This journal is © The Royal Society of Chemistry 2019
crystals in a mixture of O2 and H2O. In the present AIMD
simulation, the observed intermolecular interactions are
completely different from those in the case in which only O2 or
H2O exists.24 In the initial state, the O2 molecule is easily
adsorbed near the I� anion at the surface of MAPbI3 irrespective
of the charge state (see lled square line 0–80 fs of Fig. 4e), and
it attempts to directly interact with Pb atoms (see 0–180 fs of
Fig. 4d). However, different interplays of H2O and O2 molecules
with MAPbI3 components occur depending on the charge state
(see Fig. 4e and f). In the case of a +1-charge state (one localized
hole), the I–O interaction stabilizes (blue-lled square line in
Fig. 4e) and the H2O molecule approaches the I–O (blue-lled
square line in Fig. 4f). As the positive charge of the Pb atom is
J. Mater. Chem. A, 2019, 7, 12075–12085 | 12081

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ta03180d


Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
A

pr
il 

20
19

. D
ow

nl
oa

de
d 

on
 4

/2
0/

20
26

 7
:1

2:
53

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
partially increased by a localized hole in the MAPbI3 slab, the
Pb–O bond is nally formed aer 500 fs (see Fig. 4d). An H2O
molecule could then provide a proton to the Pb-bonded O atom,
which is followed by the formation of stable hydroxide species
(Pb–I–O–OH) (see blue lled square line in Fig. 4f). At the same
time, the MA cation is completely deprotonated owing to the
donation of a proton to deprotonated H2O (OH�) (Fig. 4f). We
studied time evolution of the Bader charge of Pb, I, O, O and H
atoms for the whole simulation (see ESI Table 3†). It was
observed that electrons transferred to O atoms, which is indic-
ative of strong Pb–O and O–H interactions. Consequently, such
generation of hydroxide species and deprotonation of MA
cations cause the rapid destruction of a MAPbI3 unit cell. The
prediction of the formation of Pb–I–O–OH is experimentally
evidenced (see below).
Fig. 5 Observation of hydroxide species and metallic Pb as the result of l
MAPbI3 films deposited on the ETL and HTL in the range between 38� t
recorded for the O atom (O 1s) of the ETL/MAPbI3 film before and after
fresh, ETL/MAPbI3 and HTL/MAPbI3 samples.

12082 | J. Mater. Chem. A, 2019, 7, 12075–12085
In the case of the �1-charge state (one localized electron), the
I–O interaction abruptly weakens aer 100 fs, as shown in Fig. 4e,
which is probably due to the augmented negative charge of I
atoms. Subsequently, the Pb–O interaction is not strengthened
sufficiently to form a stable Pb–O bond (see red line of Fig. 4d),
and the H2O molecule then separates from the adsorbed O2

molecule, which is indicative of the lack of proton transfer (see red
square line at approximately 500–600 fs in Fig. 4f). In this case, the
PbI6

� octahedron is stabilized owing to the absence of proton
transfer. In the neutral charge state case (no localized charge), no
intermolecular interaction between the gas molecules and
components of MAPbI3 occurs, which means that no degradation
of the MAPbI3 crystal occurs, as expected (see Fig. 4b and black
lines of Fig. 4d–f). In summary, the vigorous decomposition of
ight-induced perovskite film degradation. (a) XRD patterns of degraded
o 44� 2q. MAPbI3, Pb(OH)I and PbI2 peaks are indexed. (b) XPS spectra
degradation. (c) XPS spectra recorded for the Pb atom (Pb 4f7/2) of the

This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ta03180d


Paper Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
A

pr
il 

20
19

. D
ow

nl
oa

de
d 

on
 4

/2
0/

20
26

 7
:1

2:
53

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
MAPbI3 crystals occurs in an environment of a mixture of O2 and
H2O through deprotonation with localized holes.
X-ray-assisted spectroscopic results supporting degradation
scenario

To obtain experimental evidence of our degradation scenario, we
measured and analyzed X-ray-assisted spectroscopy data of fresh
and degradedMAPbI3 samples. First, we detected solid Pb(OH)I as
one of the lead hydroxide products appearing at 38.7� in the XRD
patterns of the degraded MAPbI3 lms in Fig. 5a.38 These results
agree with the generation of lead hydroxide species in our AIMD
simulation in the environment of the O2 and H2O mixture. The
existence of hydroxide was also observed from the comparison of
the X-ray photoelectron spectroscopy (XPS) data for the fresh and
degradedMAPbI3 lm. As shown in Fig. 5b, the O 1s peak shis to
the higher binding energy region for the degraded sample, which
means that the O–H bonding character is reinforced.39–41 In other
words, hydroxide species are produced as an end product of the
degradation, as we hypothesized previously. The XPS spectra
highlight another piece of crucial evidence in terms of iodine loss.
Fig. 5c shows the XPS spectra of the fresh MAPbI3, degraded ETL/
MAPbI3, and degraded HTL/MAPbI3 within the range from 135 eV
to 140 eV. In the fresh sample, only a Pb–I bond is detected, as
identied from the Pb 4f7/2 peak appearing at 138.0 eV. Aer the
degradation, the distinct peak of 136.3 eV corresponding to
metallic Pb appears in both cases of the ETL/MAPbI3 and HTL/
MAPbI3 sample, which is indicative of iodine loss, i.e., the
complete destruction of the PbI6

� octahedra.42–44 The peak
intensity of the ETL/MAPbI3 is much higher than that of the HTL/
MAPbI3, which is consistent with our simulation results, in that
the MAPbI3 crystal is more unstable at the +1-charge state as
compared to the �1-charge state.
Conclusions

We report different light-induced degradation rates of MAPbI3
lms depending on the charge polarity selectivity of the
underlying transporting layer under various surrounding
ambient conditions. It was conrmed that localized carrier
polarities occurred in the MAPbI3 lm as the charge selectivity
of the underlying layer plays a decisive role in determining the
degradation rate of the MAPbI3 lms. The MAPbI3 lms with
localized holes were more rapidly degraded in the presence of
H2O than the ones with localized electrons, whereas an inverted
trend of the degradation rate appeared under O2-only ambient
conditions. Interestingly, the combination of H2O and O2

resulted in the fastest degradation for the localized hole-rich
MAPbI3 lm, while the MAPbI3 lm with localized electrons
was unexpectedly stabilized in contrast to the case of the O2-
only condition. To explain these observations, we investigated
the intermolecular dynamics of H2O, O2, and the components
of MAPbI3 for different charge states through DFT-based AIMD
simulations. The dramatic difference in the degradation rates
under mixed atmosphere conditions is mainly attributed to the
formation of strong Pb–O interactions and the subsequent
generation of lead hydroxide species for MAPbI3 crystals with
This journal is © The Royal Society of Chemistry 2019
localized holes, which was evidenced by the XPS and XRD
results. Our study suggests that the positive localized charge in
the MAPbI3 crystals drives fast de-crystallization under actual
atmospheric conditions and, thus, provides the future direction
for the secure long-term stability of perovskite solar cells.

Methods
Materials and device fabrication

All the materials were used as received. The ITO glass substrates
(AMG, 9.5 U cm�2) were cleaned by sonication in acetone, iso-
propanol, and deionized water followed by the deposition of the
transporting materials. A 35 nm thick C60 layer was coated onto
the ITO glass substrate using a vacuum thermal evaporator at
a deposition rate of 0.2 �A s�1 and pressure of 10�7 torr. A single
6,6-phenyl-C61-butyric acid methyl ester (PC60BM) layer was spin-
coated at a rotation speed of 2000 rpm for 60 s using its 10 mg
mL�1 solution in chlorobenzene (Sigma-Aldrich Corporation) and
then annealed at a temperature of 100 �C for 10 min. A Spiro-
MeOTAD (Merck) layer was drop-cast on a spinning substrate at
a rotation speed of 3000 rpm for 30 s using its 72.3 mg mL�1

solution in chlorobenzene. A PEDOT:PSS (Clevios, AI4083) layer
was spin-coated at a speed of 5000 rpm for 40 s using its 1 : 1 (v/v)
diluted solution in deionized water and then annealed at 130 �C
for a minimum of 30 min. MAPbI3 perovskite solutions were
prepared by mixing PbI2 (Alfa Aesar), MAI (Xi'an Chemical),
dimethyl sulfoxide (DMSO, Sigma-Aldrich), and dimethylforma-
mide (DMF, Sigma-Aldrich) in specied proportions. For example,
to prepare 52 wt% precursor in a DMF solvent with the molecular
ratio of PbI2 : MAI : DMSO ¼ 1 : 1 : 1, 461 mg of PbI2, 159 mg of
MAI, and 78 mg of dimethyl sulfoxide were mixed in 0.60 mL of
DMF. Aer spin-coating the obtained precursor at a speed of
4000 rpm for 20 s and performing a diethyl ether dripping
procedure, the resulting intermediate lms were annealed at
100 �C for 10 min. All the spin-coating procedures in this study
were performed in a dry roomwith a relative humidity of less than
10% and temperature of 25 �C.

Ageing conditions

All the perovskite lms were exposed to light in a controlled
environment using a customized chamber. Dry-air conditions
were congured by supplying dry air (80% nitrogen/20%
oxygen) at 0.5 L m�1. The H2O conditions were congured by
supplying nitrogen gas with an H2O bubbler at 0.5 L m�1. The
mixed ambient conditions were congured by supplying dry air
with an H2O bubbler at 0.5 L m�1. Light illumination was per-
formed under 1-sun conditions using an AAA solar simulator
(Newport Oriel Solar 3A Class AAA, 64023A). The light intensity
was calibrated using a KG-5 standard silicon solar cell (Oriel,
VLSI Standards).

Characterization

Time-resolved and steady-state PL measurements were con-
ducted using a FluoroMax-4 spectrouorometer (Horiba). The
studied lms were photo-excited with a 463 nm laser diode
(DeltaDiode-470L, Horiba) pulsed at a frequency of 100 MHz.
J. Mater. Chem. A, 2019, 7, 12075–12085 | 12083
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The resulting PL was detected using a high-sensitivity photon-
counting near infrared (NIR) detector. Cross-sectional scan-
ning electron microscopic (SEM) images of the perovskite solar
cell structure were obtained using a eld-emission SEM
(FESEM, AURIGA, Carl Zeiss) combined with a focused ion
beam system (FIB system, AURIGA, Carl Zeiss). The absorbance
spectra and crystalline diffraction patterns were recorded using
an ultraviolet-visible/NIR spectrophotometer (Cary 5000, Agi-
lent Technologies) and an X-ray diffractometer (New D8
Advance, Bruker), respectively. The XPS spectra were obtained
using an electron spectroscopy instrument for chemical anal-
ysis (Sigma Probe, VG Systems). Scanning Kelvin Probe
Microscopy (SKPM) measurements were performed in non-
contact mode using an atomic force microscope (NX10, Park
Systems) equipped with an NSC36/Cr–Au tip.
DFT calculation

The conditions for the DFT calculation and unit cell prepara-
tions were almost identical to those in our previous work.24 All
the calculations were performed using the Vienna Ab initio
Simulation Package (VASP, version 5.3.5),45 and the atomic
geometries were visualized using VESTA (Visualization for
Electronic and STructural Analysis) and the VMD (Visual
Molecular Dynamics) program.46,47 The projector augmented
wave method48,49 was applied to describe the electron-ion
interactions with an energy cutoff of 520.0 eV for the plane
waves. The Perdew–Burke–Ernzerhof exchange–correlation
functional50 was used, and the weak van der Waals interactions
were also considered using the zero damping DFT-D3 method
of Grimme.51 Spin-polarized calculations were performed to
reect the triplet nature of an oxygen molecule, and the
Brillouin-zone was sampled with a G-centered (4 � 1 � 4)
Monkhorst-Pack k-point grid for structural relaxation and
a single G-point for the AIMD simulations. All the AIMD simu-
lations were performed in the canonical ensemble using a Nosé-
Hoover thermostat with a temperature of 298 K and a 1 fs time-
step. The primary unit cell was prepared by placing water and
oxygen molecules (3H2O and 1O2 or 2H2O and 1O2) near the
surface PbI6

� octahedron of the perovskite crystal comprising
four MAPbI3 units, which is reproduced based on the experi-
mentally proven crystal structure52 with a slight modication, as
previously used.24 We conrmed that there was no signicant
effect of simulation size by performing calculations for a 2 � 1
supercell (8H2O units).24 The initial unit cell geometries for the
AIMD simulations were completed by relaxing the water mole-
cules, oxygen molecule, and two upper MAPbI3 units to
a neutral state. In all the relaxations and simulations, the two
MAPbI3 units at the bottom were xed while all the other atoms
that comprise water, oxygen, and the MAPbI3 units at the top
were allowed to move. We showed the simulation for 1 pico-
second because main reactions actively happened in the initial
state. ESI Fig. 12† shows simulation results for 1.5 picoseconds.
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