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When the power conversion efficiency (PCE) of perovskite solar cells (PSCs) rapidly approaches that of

commercial solar cells, the stability becomes the most important obstacle for the commercialization of

PSCs. Aside from the widely studied slow PCE degradation, the PSCs also show a unique rapid PCE

degradation. Although the degradation due to oxygen and humidity can be avoided by encapsulation,

that due to bias voltage, light and heat could not be effective suppressed and will lead to considerable

degradation. Usually, the rapid PCE degradation is believed to be from ion migration. However,

a systematic investigation is yet to be carried out. This work quantitatively and systematically investigated

the relationships between external fields (bias voltage, light or heat), ion migration and device

performance. By comparing the performance of reference PSCs after 90 min degradation under these

fields, we conclude that (1) the electric field affects the spatial distribution of mobile ions; (2) the light

field changes the mobile ion densities and drives the ion migration; (3) the heat field results in perovskite

decomposition as well as changing the mobile ion densities. In addition to the analysis of the reference

device, we experimentally proved that the improved device stability upon introducing

phenethylammonium iodide (PEAI) or poly-methyl methacrylate (PMMA) layers originates from the

inhibition of mobile ion density and migration.
1. Introduction

With power conversion efficiency (PCE) beyond 25% which is
comparable to that of commercial solar cells, organic–inorganic
hybrid perovskite solar cells (PSCs) have attracted intense
interest in solar energy utilization. Despite the rapid develop-
ment in efficiency, the commercialization of perovskite solar
cells is still limited by the device stability.1,2 The degradation of
PSCs briey includes a rapid PCE degradation (<5 h) which is
oen reversible and a slow PCE degradation (>5 h) which is
irreversible.3 Usually, stability studies of PSCs focus on the slow
PCE degradation. However, although the rapid PCE degradation
is reversible, it still results in ca. 30% PCE loss when the PSCs
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are employed in practical power plants.3,4 The behavior and
degradation mechanism of the rapid PCE degradation is
fundamentally different from the slow one both in timescale
and in reversibility. This is probably because the initial rapid
PCE degradation process mainly stems from the migration of
organic cations,3,5 while the slow PCE degradation mainly stems
from material decomposition.2,6,7 Reported reasons for degra-
dation of device performance include light, temperature, bias
voltage, oxygen, and humidity. Although the degradation due to
oxygen and humidity can be avoided by encapsulation, that due
to external elds (including bias voltage, light and heat) could
not be effectively suppressed and will lead to considerable
degradation.9–11 Because the degradation under the different
external eld conditions cannot be solved by encapsulation and
the degradation mechanism under different external eld
conditions is complex and unclear, investigating the degrada-
tion process of encapsulated devices under bias voltage, light
and heat conditions is particularly important for the PSCs'
commercial application. In this paper, we will systematically
study the relationship between external elds, ion migration
and device degradation. The eld-assisted ion migration, which
has been conrmed by in situ SEM, AFM, PL, etc.,12–15 can lead to
perovskite phase segregation, ion accumulation at the interface
and tuning of the band energy diagram. However, we still need
© 2021 The Author(s). Published by the Royal Society of Chemistry
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a systematic and quantitative study to clarify the relationship
between the external eld, ion migration and device perfor-
mance which is necessary for PSCs.

Recently, various passivation materials have been reported
to be capable of suppressing the ion migration and conse-
quently the rapid PCE degradation. The passivation materials
include low dimensional perovskites (e.g. PEAI)16–19 and organic
polymer layers (e.g. PMMA).20,21 Meanwhile, these two passiv-
ation materials are believed to effectively suppress oxygen and
humidity induced perovskite decomposition.19,21 However, at
present, work on these materials mainly involves phenomeno-
logical research on device performance. To further understand
the mechanism of the stability improvement, we need to
quantitatively investigate the dynamic evolution of the device
performance and the behavior of mobile ions under the external
elds with or without the passivation layer. In addition, we need
to study the impacts of ions on free carrier migration and device
performance, namely, (1) the static ions in the perovskite bulk
are dopants that inuence the free carrier lifetime and (2) the
accumulation of the mobile ions near the perovskite interface
which suppresses the device's built-in electric eld. Therefore,
we employed two methods under various external elds, (1) the
capacitance–voltage Mott–Schottky relationship (M–S) which is
the classical tool to analyze the semiconductor doping
concentration and built-in electric eld,22 and (2) electro-
chemical impedance spectroscopy (EIS), which is widely used in
analyzing the free carrier lifetime and ion migration.23–25

2. Results and discussion
2.1. Performance of the as-prepared devices

A schematic of the involved planar PSCs is shown in Fig. 1,
including the ITO/SnO2/FAxMA1�xPbIyCl1�y/passivation layer/
Spiro-OMeTAD/Au (with the experimental details given in the
ESI†). Three types of device are involved in this study, namely,
(1) the reference devices without an interface passivation layer,
(2) the PEAI devices with PEAI passivation and (3) the PMMA
devices with PMMA passivation. As shown by the J–V curves in
Fig. S2a,† before degradation, the PCE of the champion refer-
ence device is 18.8%, which is similar to the reported
values.17,26,27 Aer the introduction of PMMA or PEAI, the PCE
increased to 20.2% and 19.8%, respectively, which is further
conrmed by the statistical PCE values shown in Fig. S2b.† This
Fig. 1 (a) Architecture of a planar perovskite solar cell fabricated with
the two-step deposition method. (b) Cross-sectional SEM images of
the PMMA device.

© 2021 The Author(s). Published by the Royal Society of Chemistry
PCE improvement stems from the interface passivation of the
PSCs.17,18 To further clarify the reasons for the PCE improve-
ment, other device performance characteristics (spectroscopic
EQE, light absorption, dependence of Voc on light intensity,
space-charge-limited current of the champion devices and the
statistical hysteresis index) have been investigated and the
results are shown in Fig. S4.† As mentioned in the introduction,
the device degradation is apparently divided in two stages as
shown in Fig. S5,† (1) the rapid PCE degradation stage and (2)
the slow PCE degradation stage. We nd that only the initial
rapid decay (<90 min) is a reversible degradation process, which
is related to ion migration in the perovskite layer. Aer 90 min
light soaking treatment (Fig. S5†), the PCE degradation occurs
in a very slow and irreversible degradation stage, which involves
the failure of the functional layer (for example, materials
decomposition or mobile ion migration into the charge trans-
port layer/metal electrode layer).3,8,28,29 Halide ion migration
induced hysteresis (timescale from 10�1 to 102 s) and materials
decomposition induced PCE irreversible degradation (timescale
above 5 h) have been widely studied.15,30–37 However, some
mechanisms of this rapid PCE degradation behavior (timescale
from 102 s to 5 h) still remain unclear. Therefore, this paper only
focuses on the dynamic process of the reversible and rapid
decay stage and thus the selected aging time of the device is
within 90 min.

In the following sections, we consecutively discuss the
degradation induced by a bias voltage, light or heat eld. To
eliminate the effects of water and oxygen, all devices were
encapsulated using glass and epoxy resin. The bias voltage
aging process was measured under 1 V under dark conditions
and at controlled temperature (25 �C). The entire light aging
process was measured using an AM1.5 solar simulator under
open circuit conditions and at controlled temperature (25 �C).
The heat aging process was measured at controlled temperature
(85 �C) under dark conditions. Under the abovementioned
aging conditions, the corresponding results of the device
performance degradation or kinetic process are discussed in the
following sections.
2.2. Voltage-induced rapid degradation

The fast PCE degradation of the encapsulated device in the dark
under 1 V is studied. A 1 V bias was applied in the voltage-aging
test because the goal of this experiment was to study the effect
of 1 V bias on device degradation. However, the 1 V bias can
affect the device performance during the measurements.
Therefore, no DC bias was applied in the following light-aging
and heat-aging tests. In these two experiments, only 10 mV
perturbation voltage was applied to the devices. We believe that
the perturbation voltage would not lead to signicant degra-
dation because its amplitude was negligible compared to the 1 V
DC bias and it was applied only for ca. 1 min during each
measurement. As shown in Fig. 2, the modied cells have
a much better voltage-stability than the reference devices. Using
the PEAI or PMMA device, the efficiency can conserve up to 90%
of the initial value aer 90 min continuous bias voltage appli-
cation. The reference device has the worst stability, retaining
Nanoscale Adv., 2021, 3, 6128–6137 | 6129
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Fig. 2 Bias voltage-induced rapid degradation behavior of performance parameters of the encapsulated reference device (a), PEAI device (b) and
PMMA device (c) with tvoltage, in the air at 25 �C. M–S plots of the degradation process over tvoltage of the reference device (d), PEAI device (e) and
PMMA device (f) measured at 1 kHz and in the dark.
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only 80.4% of its original value. The decrease of Jsc is the most
signicant (85.6%) while the Voc and FF retained 98.8% and
95.1% of their initial values. To investigate the evolution of bulk
doping density (N) and the built-in eld (Vbi) throughout the
voltage-induced rapid degradation, M–S measurement results
(capacitance–voltage relationship) measured in the dark
(Fig. 2d–f) are analyzed according to the Mott–Schottky
relationship,22

1

C2
¼ 2

�
Vbi � Vapp

�
A2N303rq

(1)

where Vapp, A, 3r, 30, and q are the applied voltage, active area of
the device, relative permittivity of the perovskite, vacuum
permittivity and elementary charge, respectively. Two issues
should be noted when using the Mott–Schottky relationship.
First, the depletion region width must be smaller than the
perovskite layer thickness, which is 800 nm in this work. This
criterion requires that the doping density be larger than
a specic value introduced by Ravishankar et al.38 Under our
conditions, the minimum doping density is calculated to be ca.
8 � 1014 cm�3. Otherwise, the effect from geometric and
injection capacitances will overtake the contribution from the
depletion region. Next, the calculated apparent doping density
in the bulk is a statistical value for the entire perovskite layer,
which corresponds to the linear apparent Mott–Schottky
regime.38 More details of the validation and prerequisites for
using the M–S analysis are given in the ESI.†

According to calculation, aer the 90 min voltage-induced
rapid degradation, N values of the reference, PEAI and PMMA
devices increased from 1.29� 1016 cm�3 to 1.63� 1016 (26.4%[),
6130 | Nanoscale Adv., 2021, 3, 6128–6137
from 1.76 � 1016 to 1.98 � 1016 (12.5%[) and from 1.37 � 1016

cm�3 to 1.48 � 1016 cm�3 (8.0%[), respectively. Namely, N of
both modied devices barely changed, implying that the passiv-
ation layer can effectively inhibit the voltage-induced doping
density increase in the perovskite bulk. This can be attributed to
the fact that PEAI and PMMA surface treatments can suppress
the formation of charged defects at grain boundaries and
surfaces. For example, (1) the p-conjugation structure of the
benzene ring of PEAI reduces the neutral iodine related defects;
(2) the amine group of PEAI and methyl group of PMMA form
a hydrogen bond with the iodide ion and coordinate with the
Pb2+ interstitials; and (3) the iodide ions of PEAI ll the iodine
vacancies.17,29,39 Simultaneously, the Vbi decreases by 31 mV for
the reference devices (from 0.872 to 0.841 V) while it stays almost
unchanged for the PMMA and the PEAI devices which agrees with
their stable Voc shown in Fig. 2b and c. The apparent inhibition of
Vbi and Voc degradation by interface passivation indicates that the
Voc degradation of the reference device stems from the interface
at the perovskite/charge transport layer, as conrmed by the
following discussion based on the EIS results.

As shown in Fig. 3, the evolution of the EIS results in the
Nyquist plots of the reference (a), PEAI (b) and PMMA (c) devices
with increasing bias voltage time (tvoltage) under the dark and 1 V
conditions is characterized. Each Nyquist plot consists of two
obvious features which could be analyzed according to the
model and equivalent circuit proposed in previous literature
(Fig. 3d).40 In this model, (1) the feature at higher frequency is
an arc dominated by free carrier recombination, and (2) the
feature at lower frequency is dominated by ion migration which
could be modeled with a Warburg element (ZW)23,40
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Nyquist plots of three devices with the bias voltage time ((a) for reference, (b) for PEAI and (c) for PMMA devices). The EIS were measured
under a 1 V bias under dark conditions and at controlled temperature (25 �C). The symbols and solid lines represent the experiment data points
and fitting curves, respectively. (d) Equivalent circuit diagram used in this work, along with the fitted (e) Nion and Rele, and (f) Cdl and Rct of the
equivalent circuit components with tvoltage.
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ZW ¼ AW

ðiuÞ1=2
tanh

�
ðiusÞ12

�
zAWðiuÞ�

1
2 (2)

where AW, s, and u represent the Warburg coefficient, the
Warburg time constant and angular frequency, respectively.
Among these parameters, AW is determined by the mobile ion
density (Nion) and ion diffusion coefficient (D, which is 1.6 �
10�9 cm2 s�1 according to a previous report23) according to23,40

AW ¼ kBT

Av2q2
1

Nion

ffiffiffiffi
D

p (3)

where kB, T, and v are the Boltzmann constant, temperature,
and charge transfer valency (v ¼ 1 for I�). In this equivalent
circuit, Cdl is the capacitance of the electric double layer that
describes the electronic and ionic charge accumulation at the
interfaces (perovskite/electron transport layer, ETL and
perovskite/hole transport layer, HTL). Cb is the bulk capacitance
element of the depletion width determined by static ion
dopants distributed in the perovskite depletion region. Rtr is the
bulk charge transport resistance. Rct is the interfacial recom-
bination resistance, which relates to mobile ions. The recom-
bination of the free electrons and holes is modeled using
another resistance term (Rele). Series resistance (Rs) represents
contact resistance, contributed by circuit imperfections during
the measurement process.40

According to Fig. 3a–c, during the voltage aging test, the time
constants of the resonance peaks stayed almost unchanged
(�10 ms) for all three devices (Fig. S6†), indicating that the free
© 2021 The Author(s). Published by the Royal Society of Chemistry
carrier recombination inside the perovskite bulk is unchanged.
This agrees with the almost unchanged N and FF.37 Different
from the unchanged time constant, Nion shows a moderate
increase (Fig. 3e) while Cdl increases the most (Fig. 3f),
according to the calculation based on the equivalent circuit
tting and eqn (2) and (3). The signicant increase of Cdl indi-
cates the serious accumulation of the mobile ions near the
perovskite/charge transport layer interface.40,41 Previous studies
showed that the accumulated mobile ions can capture free
carriers,42,43 as proved by the signicant Rct reduction of the
reference device (Fig. 3f). The evolutions of Nion, Cdl and Rct are
more obvious in the reference devices than in the passivated
devices. In particular, Cdl of the reference device increased by
82.1% which should be responsible for the Jsc loss shown in
Fig. 2. In contrast, when the devices are passivated by PEAI or
PMMA, Cdl increased by only 28.7% and 20.1%, respectively.
According to the above discussion, we conclude that bias
voltage mainly affects the interfacial capacitance Cdl (namely,
changes the spatial distribution of mobile ions) instead of
mobile ion density or static ion dopants. The increase of Cdl

originates from ion accumulation at the interface between the
perovskite and the charge transport layer,41 which can lead to
the perovskite phase segregation, tuning of the band energy
diagram, reduction of the free carrier lifetime and shielding of
the built-in electric eld, thus deteriorating device perfor-
mance.44–46 The processes involved in the degradation include
the halide ion migration, organic cation migration, material
decomposition, etc., with timescales of minutes, hours and
days, respectively.3,8 Since this work focuses on a reversible and
Nanoscale Adv., 2021, 3, 6128–6137 | 6131

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1na00495f


Nanoscale Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
A

ug
us

t 2
02

1.
 D

ow
nl

oa
de

d 
on

 1
0/

25
/2

02
5 

5:
55

:4
0 

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
rapid decay process (ca. hours), we believe that the organic
cation migration is dominant. Under the bias voltage aging
conditions, the direction of the internal electric eld is from the
ETL to the HTL. Consequently, MA+ ions accumulated at the
HTL/perovskite and VMA

+ ions at the ETL/perovskite (detailed
discussion in ESI Section 2.2).†

Based on previous reports, the Nion increase is related to the
decrease of activation energy (Ea).47,48 Non-stoichiometric
perovskite can be generated due to phase segregation under
the bias voltage conditions.4 Namely, the molar ratio of I to Pb
can change from $3 (lead-poor or lead-moderate phase) to <3
(lead-rich phase), leading to the lowered Ea of iodine vacancies
and interstitial MA+ as conrmed by the rst-principles calcu-
lation.49 According to the above discussion, we conclude that
bias voltage mainly affects the accumulated mobile ions near
the interface capacitance Cdl (namely the spatial distribution of
mobile ions) which consequently leads to more captured free
carriers and lower Jsc. Meanwhile, the mobile ion density
increased moderately and the static ion dopant density remains
almost unchanged.
2.3. Light-induced rapid degradation

Next, the rapid PCE degradation of the encapsulated devices
under AM1.5G continuous illumination is studied. As shown in
Fig. 4a–c, aer 90 min storage under a light eld, the PCEs of
the reference, PEAI and PMMA devices decrease to only 67%,
83% and 80% of the initial values, respectively. The PCE loss
primarily stems from the FF loss and the Voc loss, although Jsc
also dropped a little (3.76%, 1.61% and 2.45% for the reference,
PEAI and PMMA devices) like in the voltage aging test. Both the
Fig. 4 Light-induced rapid degradation behavior of performance parame
device (c) with tlight, in the air at 25 �C. M–S plots of the degradation pro
device (f) measured at 1 kHz and in the air at 25 �C.

6132 | Nanoscale Adv., 2021, 3, 6128–6137
FF loss and the Voc loss can be effectively suppressed by PMMA
or PEAI, which agrees with previous research.17,20,23 From the
measured M–S results, the initial N of the three devices are
calculated to be 1.28 � 1016, 1.17 � 1016 and 1.05 � 1016 cm�3

for the reference, PEAI and PMMA devices, respectively. Aer
the 90 min light soaking, the bulk doping densities of all
devices only slightly increased to 1.46 � 1016 (14.0%[), 1.30 �
1016 (11.1%[), and 1.15 � 1016 (9.5%[) cm�3 for the reference,
PEAI and PMMA devices, respectively, implying no signicant
change in the concentration of static ions in the perovskite
bulk. Aside fromN, Vbi of the reference, PEAI and PMMA devices
reduced by 83, 47 and 28 mV, respectively, which agrees with
their corresponding Voc loss. The apparent inhibition of Vbi and
Voc degradation by interface passivation indicates that the light-
induced device degradation stems from the interface at the
perovskite/carrier transport layer. In the following discussion
based on the EIS results, we will show how the light eld
changes the interface properties and results in Voc reduction.

The evolution of the EIS results in the Nyquist plots of the
reference (a), PEAI (b) and PMMA (c) devices with increasing
light soaking time (tlight) under AM1.5G continuous illumina-
tion and open-circuit conditions is characterized. Meanwhile,
the corresponding ttings are displayed in Fig. 5d–f. From
Fig. 5e, we observe that, with increasing tlight, the Nion for the
reference device increases signicantly by 52%. These photo-
induced mobile ions in the reference device result in the
severe FF loss shown in Fig. 4 via non-radiative recombina-
tion.42 In contrast, the increment ratios in the PMMA and the
PEAI devices are only 28% and 34%, respectively. Compared
with the reference device, the lower Nion increase in the
ters of the encapsulated reference device (a), PEAI device (b) and PMMA
cess over tlight of the reference device (d), PEAI device (e) and PMMA

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Nyquist plots of the degradation process over tlight of the reference device (a), PEAI device (b) and PMMA device (c). The EIS measured
using an AM1.5 solar simulator under the 0 V bias and at controlled temperature (25 �C). The symbols and solid lines represent the experiment
data points and fitting curves, respectively. The fitting parameters of three devices with tlight from the equivalent circuit diagram ((d) for Nion and
Rele, (e) for Cdl and Cb, and (f) for Rct and Rtr).
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modied devices proves that the PMMA or PEAI molecules
efficiently suppress the conversion of lattice ions on the surface
to mobile ions. This is because these passivation molecules
tightly bind with the dangling bonds on the lattice surfaces and
grain boundaries.17,27,40,50,51 Consequently, the FF reduction of
the passivated devices is largely suppressed. Meanwhile, the
non-radiative recombination rate of free carriers is studied
through analyzing the recombination resistance (Rele).40,52 As
shown in Fig. 5d, with increasing tlight, the decrease in Rele for
the reference, PEAI and PMMA devices is 30.6%, 19.8% and
12.6%, respectively, indicating that the enhanced recombina-
tion probability of the reference is the highest among the three
devices. In addition, like in the voltage aging test, the degra-
dation of Cdl and Rct may be the reasons for the slight Jsc drop.
The 34% increase in Cdl for the reference device suggests a bad
effect on free carrier transport at the interface, which leads to
increased interfacial recombination, reected by the decreased
Rct (shown in Fig. 5e). In contrast, when the perovskite was
passivated by PEAI or PMMA, the variation of Cdl and Rct

became less than 10%. As shown in Fig. 5e and f, we notice that
the variation of interface parameters (Cdl, Rct) is greater than the
variation of bulk parameters (Cb, Rtr) in both the modied and
reference devices. Namely, aside from the interface accumula-
tion observed in the voltage-aging test, the light eld also
increases Nion, leading to a drop in FF and Voc. Under the light
aging conditions, the direction of the internal electric eld is
from the ETL to the HTL. Consequently, MA+ ions accumulated
at the HTL/perovskite and VMA

+ ions at the ETL/perovskite
(detailed discussion in ESI Section 2.2).† In addition, the
PEAI- and PMMA-passivation layer can enhance their stability,
© 2021 The Author(s). Published by the Royal Society of Chemistry
leading to slower degradation. Apart from suppression of the
formation of charged defects at grain boundaries and surfaces
as discussed above, PEAI and PMMA surface treatments can
also increase the migration barrier of charged defects. For
example, aer the conventional 3D perovskite is modied with
a 2D perovskite (PEA2PbI4), the migration barrier of ionic
defects could increase from 0.680 eV to 0.905 eV, which thereby
needs a much higher external eld or much longer aging time.53

Based on the above discussion, we consider that PMMA and
PEAI modied layers can efficiently suppress ionmigration, and
consequently slow the performance degradation.

We notice that the PCE drop under the bias voltage aging test
process is less signicant than under the light aging test. The
accelerated degradation under the light aging conditions can be
ascribed to (1) phase separation, (2) excess free carriers, and (3)
trap charging (neutral iodide).54 Firstly, ion migration is one of
the main causes of phase separation, which will result in PCE
degradation. In this article, the Nion in the bias voltage (dark)
aging test is two orders of magnitude smaller than that in the
light aging test which agrees with a previous report, in which
the mobile ion density was related to light power.23 Therefore,
the phase separation induced degradation phenomenon in the
light aging measurement process is more prominent than that
under bias voltage aging conditions. Secondly, it has been re-
ported that the excess holes and electrons reduce the Ea for ion
migration within PSCs.55 Compared to the bias voltage aging
measurement, PSCs in the light aging measurement have
a higher concentration of accumulated carriers and conse-
quently lower Ea, resulting in the most severe phase separa-
tion.44,45 Thirdly, the accumulated carriers can result in mobile
Nanoscale Adv., 2021, 3, 6128–6137 | 6133
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ions becoming trap charging states. For example, the interstitial
iodide defect absorbs a free hole to form neutral iodide, which
can accelerate the perovskite material's decomposition.54 Based
on the above discussion, we conclude that under the bias
voltage aging test, the applied electric eld mainly drives the
preexisting mobile ion accumulation interface and maintains
the preexisting mobile ion density. In contrast, under the light
aging test, the applied light elds mainly increase the mobile
ion density, which subsequently leads to more severe device
degradation.
2.4. Heat-induced rapid degradation

The rapid degradation photovoltaic parameters of the encap-
sulated devices ((a) for the reference device, (b) for the PEAI
device and (c) for the PMMA device) were examined at 85 �C
using a thermo plate in the dark. As shown in Fig. 6, aer the
90 min heating treatment, the PEAI and PMMA devices retain
79% and 84% of their initial values while the reference perov-
skite device retains only 74%. The PMMA device has the best
stability; the photovoltaic parameters Jsc, Voc and FF retain 92%,
97% and 94% of their initial values.

According to the Mott–Schottky relation (Fig. S7†), the
calculated N is about 1.49 � 1016 cm�3 (2.59 � 1016 cm�3,
73.8%[ aer heating treatment) for the reference device, 8 �
1015 cm�3 (1.32 � 1016 cm�3, 65.0%[) for the PEAI device and
7.6 � 1015 cm�3 (1.49 � 1016 cm�3, 96.1%[) for the PMMA
device. Compared to the bias voltage and light aging experi-
ment, aer the 90 min heating treatment of the reference
device, the relative increases of the static ion dopants in all
Fig. 6 Heat-induced rapid degradation behavior of performance parame
device (c) at 85 �C in the dark. Fitted values of the equivalent circuit com

6134 | Nanoscale Adv., 2021, 3, 6128–6137
three devices are signicantly higher, regardless of passivation.
Therefore, we consider that heat-induced degradation origi-
nates from the increased bulk doping densities, instead of
interfacial degradation which dominates the bias voltage- or
light-induced degradation.

Aside from the increased N, Nion increases with theat, leading
to the increase of Cdl (Fig. 6f). Like in voltage and light aging
tests, the variation of Nion and Cdl results in a reduced FF and
Jsc. Although PEAI and PMMA can alleviate the variation of Nion

and Cdl, the performances of the three devices show obvious
degradation. Meanwhile, the Rele values of all three devices
decrease as shown in Fig. 6e, implying a signicantly increased
capture probability of the free carriers in the three device types.
Therefore, we consider that in the heat aging test, the PCE
degradation is largely determined by the decomposition of the
perovskite material itself. For example, deep level defects (e.g.
metal Pb) could be formed during the decomposition process
which could serve as recombination centers, leading to severely
reduced FF and PCE.11 In order to conrm the perovskite
decomposition, the corresponding XRD experiments were con-
ducted. Compared with light eld treatment, the (220) orien-
tation diffraction peaks of all devices are obviously weakened,
and almost disappear aer 90 min heat eld treatment
(Fig. S8†), implying more severe perovskite decomposition
through volatilization of halide anions or the organic cation,4,9,11

regardless of passivation. In addition, mobile ion migration
into the electron/hole transport layer or metal electrode can
cause failure of the corresponding functional layer, which will
consequently lead to irreversible PCE degradation.56,57 There-
fore, during the heat aging process, the decomposition of
ters of the encapsulated reference device (a), PEAI device (b) and PMMA
ponents: (d) Nion, (e) Rele, and (f) Cdl.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Schematic of the effect of the external field on mobile ions under light (a), bias voltage (b) and heat conditions (c).
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materials (including the perovskite and functional layer) should
be responsible for the degradation of all devices' PCE, which is
of distinct difference from the voltage and light aging tests.

In addition, the reason for the increase of Nion under heating
can also be ascribed to perovskite decomposition. It is well
known that perovskite thermal decomposition can generate
more voids or pinholes conrmed by scanning electron
microscopy,4 which results in a higher surface/volume ratio
than in the fresh perovskite. Experiment and theory have proved
that perovskites with a higher surface/volume ratio have a lower
Ea than those with a smaller surface/volume ratio.47,58 Conse-
quently, under the heat aging process, the evolution of micro-
morphology is one of the reasons leading to the change of Ea,
which leads to increased Nion.
3. Conclusion

By comparing the three aging tests, we nd that the bias voltage
eld is the least effective in facilitating device degradation while
the light eld and heat eld are similarly effective. The light-
induced and heat-induced degradation processes are both
dominant with reduced FF while the voltage-induced degrada-
tion is dominant with reduced Jsc. The dominant mechanisms
of the degradation under voltage, light and heat elds are
different (Fig. 7). (a) The voltage eld only results in accumu-
lation of preexisting mobile ions near the interface; (b) the light
eld results in photo-induced mobile ions, leading to more
severe mobile ion accumulation than in the voltage aging test;
(c) the heat eld results in material decomposition (including
that of perovskite and functional layers). Through the compar-
ison of the three types of device, we nd that the polymer
organic layer (PMMA) and low dimensional perovskite (PEAI)
can efficiently suppress ion migration, especially the voltage
and light-induced migration, which consequently improve the
stability. However, the modied layer can't effectively alleviate
the heat-induced degradation, which stems from perovskite
decomposition. Therefore, to improve its thermal stability, it is
© 2021 The Author(s). Published by the Royal Society of Chemistry
not only necessary to inhibit ion migration from the perspective
of interface engineering, but also to enhance the Ea of ion
migration of the material itself through component
engineering.
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