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ABSTRACT: Perovskite has been known as a promising novel material for
photovoltaics and other fields because of its excellent opto-electric properties and
convenient fabrication. However, its stability has been a widely known haunting
factor that has severely deteriorated its application in reality. In this work, it has been
discovered for the first time that perovskite can become significantly chemically
unstable with the existence of a temperature gradient in the system, even at
temperature far below its thermal decomposition condition. A study of the detailed
mechanism has revealed that the existence of a temperature gradient could induce a
mass transport process of extrinsic ionic species into the perovskite layer, which
enhances its decomposition process. Moreover, this instability could be effectively
suppressed with a reduced temperature gradient by simple structural modification of
the device. Further experiments have proved the existence of this phenomenon in
different perovskites with various mainstream substrates, indicating the universality
of this phenomenon in many previous studies and future research. Hopefully, this
work may bring deeper understanding of its formation mechanisms and facilitate the general development of perovskite toward
its real application.
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1. INTRODUCTION

Perovskite solar cells (PSCs) have attracted increasing
attention because of their impressive high efficiency, low
cost, and fabrication requirement.1−5 The recent certified
record has reached 22.1%,6 showing potential competence
even with high-performance crystalline Si solar cells. Never-
theless, the instability of perovskite has been for long time a
well-known obstacle toward real applications.7−9 It actually
encompasses the phenomena of following aspects: (1)
deformation or decomposition of perovskite under certain
conditions (chemical and physical environments, substrate);10

(2) drastic decrease of performance when expanding to a scale
larger than 1 cm2;11 and (3) reproducibility issues.12 Among
these problems, the first issue is the most essential one, where
many opinions have been proposed and lots of efforts have
been devoted to resolve it.
Depending on the origin, the instability of perovskite can be

induced by light, electricity, chemicals, and heat. According to
current mainstream opinions, the photo instability of perov-
skite is normally weak under standard illumination.13 The
thermal instability has not been intensively discussed, as the
normal fabrication is carried out under low temperature (<150
°C). It is widely accepted that thermal annealing at about 70−
100 °C would be necessary for the good crystallization of

perovskite and for optimization of PSCs.14−17 The electrical
instability (or the “electrical hysteresis”) is known as a normal
phenomenon for unmodified perovskite that the reverse and
forward scanning results in different J−V curves, which is
reversible and has been claimed to be due to different carrier
mobilities.18,19 The chemical instability has been most
intensively discussed because it can directly lead to actual
decomposition of the perovskite and is irreversible in most
cases.20 This instability has significantly influenced the real
application of not only perovskite itself but also some
promising candidates for other parts of the cell, namely, the
electrodes, the hole-transporting layer (HTL), and the
electron-transporting layer (ETL). For instance, ZnO, which
has 1 order higher mobility and a lower synthesis temperature
than TiO2, was regarded as a good substitutive ETL material
for PSCs.21,22 However, many researchers have demonstrated
the dramatic decomposition of the CH3NH3PbI3 perovskite
film on ZnO ETL during the annealing process (heating
temperature >80 °C).23,24 Hence, most high records have been
either based on modified TiO2 or other ETL materials.
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To resolve the instability problem of perovskite, tremendous
efforts have been devoted, with significant advances achieved
mostly based on doping chemicals in the perovskite layer,
incorporating functional layers, and interface engineering
between different layers (ETL, perovskite, and HTL).20,25−28

Nevertheless, the real solution for this issue would rely on the
understanding of the detailed mechanisms. In early research,
composition of moisture, oxygen, and heat (sometimes with
light too) was widely considered the main reason for
decomposition of perovskite,7,20,29 whereas counterexamples
could also be found; for example, MAPbI3 has shown stability
in aqueous solution under certain conditions.30 For ZnO, some
preliminary research related the less stability of perovskite on
ZnO to the existence of hydroxyl or acetate ligands in it.31,32

More recently, studies have revealed a strong relationship
between the perovskite instability and ion migration, which has
also indicated that the moisture, oxygen, and heat might not be
always necessary for the decomposition of perovskite.33−36 For
instance, different groups reported mass transport of extrinsic
particles (Au) or ions (Li+, etc.) from the adjacent layer into
perovskite, which leads to degradation of the PSC.35,37,38 In
another research, Poglitsch and Weber reported that the
CH3NH3

+ cation (MA+) could not be fixed in the crystal
structure because of the disordered orientation and mobility of
the cation in the crystal.39 Nevertheless, the factors that induce
and influence the transport are still not clear, and a clear and
consistent picture for those processes still remains unknown
(key necessary parameters, species and their interactions, and
any probable simple solutions), which requires more
experimental and theoretical works for an answer.
In this work, we have discovered that perovskite could

thermally decompose below the critical temperature that has
been previously claimed to be stable. A perovskite sample
placed above a hot plate has much faster degradation rate than
that in an oven at the same temperature (100 °C), even with
N2 protection and isolation from light. A detailed experimental
study that followed has revealed a decisive role of the
temperature gradient in this phenomenon. It also proves that
moisture and oxygen are not always necessary for the
instability of perovskite. Further characterization has suggested
a strong relationship of this phenomenon with the migration of
ionic species driven by the temperature gradient other than
thermal diffusion under a concentration gradient. Taking the
example of perovskite/ZnO, the thermal transport of Zn2+ into
the perovskite layer under an asymmetric temperature field can
significantly influence the balance of the decomposition
reaction of perovskite, so that its degradation process is greatly
accelerated. We have found that such a process can be
effectively suppressed when the temperature gradient was
reduced by simple addition of a thermal reflector above the
perovskite layer during the plate heating. Moreover, further
experiments have shown that such a temperature gradient-
driven chemical instability of perovskite widely exists in other
perovskites (such as FAPbI3) on various substrates (e.g., TiO2,
SnO2, and PCBM (the short abbreviation for the fullerene
derivative [6,6]-phenyl-C61-butyric acid methyl ester)) as well
and can also be physically suppressed by the reduction of the
temperature gradient. This has proved the thermal migration of
ions as an important factor for instability of perovskite in many
previous studies and possible developments in the future. It has
also suggested a simple but effective way of stabilizing PSCs
regardless of detailed types of materials and systems.

2. EXPERIMENTAL SECTION
2.1. Preparation of Substrates. Fluorine-doped tin oxide

(FTO) glass (Materwin, 14 Ω·sq−1, 2.2 mm thick) was cleaned
sequentially by ultrasonic bath with deionized water (18.2 MΩ·cm),
acetone (Sinopharm, AR, ≥99.5%), isopropanol (Sinopharm, AR,
≥99.7%), and ethanol (Sinopharm, AR, ≥99.7%) for 30 min, dried
with nitrogen (99.99%), and then cleaned by an ultraviolet-ozone
cleaner (Hwotech, BZS250GF-TS). To prepare ZnO by the sol−gel
(SG) method, a mixture was made with 0.15 M zinc acetate dehydrate
[Zn(CH3COO)2·2H2O, Aladdin reagent, 99.995%] and 0.15 M
diethanolamine (Aladdin reagent, ≥99.7%) in 1-butanol (Aladdin
reagent, ≥99.7%). It was stirred until transparent and then aged for 24
h. Afterward, the solution was spin-coated onto FTO glass at 2000
rpm for 30 s in a spin coater (KW-4B, Jing Lin) three times, with
heating on a hot plate (C-MAG HS7, IKA) at 120 °C for 5 min
between each time. Finally, the products were transferred to a muffle
oven (F48020-33-80CN, Thermo Scientific) and annealed at 350 °C
for 1 h. ZnO was also fabricated by magnetron sputtering (MS) in a
high vacuum chamber (CLUSTER-PECVD350, Xinlantian Techni-
cal) under 100 W ratio frequency sputtering for 7 min. The TiO2
substrates were prepared by the spin-coating of 0.15 M titanium
diisopropoxide bis(acetylacetonate) solution (Materwin, in 1-
butanol) on the FTO glass under the same condition as that for
ZnO and annealing at 500 °C for 15 min. For SnO2, 0.15 M SnCl4·
5H2O (Aldrich, 98%) was dissolved in 30 mL of ethanol (Sinopharm,
AR, ≥99.7%) with stirring for 2 h to form the sol solution. After
filtration, the solution was deposited on the FTO glass by three turns
of spin-coating (3000 rpm, 30 s for each turn with heating on a hot
plate at 120 °C for 5 min between each two turns) and then annealed
in air at 450 °C in the oven for 10 min. The PCBM substrate was
fabricated by spin-coating (2000 rpm for 30 s) with 30 mg mL−1

PCBM (Aldrich, 99.5%) chlorobenzene solution (from Materwin) on
FTO and annealing at 100 °C on a hot plate for 20 min.

2.2. Fabrication and Treatment of Perovskite. For MAPbI3,
60 μL of perovskite precursor solution [461 mg PbI2 (Aldrich,
99.999%)], 159 mg of CH3NH3I (from Materwin), and 78 mg of
dimethylsulfoxide (Aladdin reagent, ≥99.7%) dissolved in 600 mg of
N,N-dimethylformamide (Aldrich, 99.8%) was spin-coated on ZnO
(or TiO2) at 4000 rpm for 30 s, with 0.5 mL of diethyl ether
(Sinopharm, AR, ≥99.5%) being slowly dripped down in 10 s. For
FAPbI3, 60 μL of FAPbI3 perovskite precursor solution (1.0 M,
Materwin) was spin-coated on TiO2 at 4000 rpm for 30 s. Both kinds
of perovskite products were then placed in a N2-protected glove
chamber for 24 h until their colors turned to reddish brown. For
instability experiments on perovskite, the samples were directly placed
on a hot plate and a muffle oven with temperature already having
reached 100 °C. For stability experiments on PSCs, the perovskite was
annealed in the oven at 100 °C for 30 min.

2.3. Assembling of PSCs. For the growth of Spiro-OMeTAD,
73.3 mg of 2,20,7,70-tetrakis(N,N-di-p-methoxyphenylamino)-9,90-
spirobiuorene (Materwin) in 1 mL of chlorobenzene was doped with
17.5 μL of Li-TFSI (520 mg mL−1 in acetonitrile) (Aladdin reagent,
99%) and 28.8 μL of 4-tert-butylpyridine (Aladdin reagent, 96%).
Such a solution (50 μL) was spin-coated on the perovskite layer at
4000 rpm for 30 s. Finally, an 80 nm Au layer was deposited on the
Spiro-OMeTAD layer by thermal evaporation. All PSCs were without
encapsulation and any post-treatment.

2.4. Characterization of Materials and Devices. The
morphological and structural analyses of the samples were
investigated by a field-emission scanning electron microscope (Zeiss
Ultra Plus) and an X-ray polycrystalline diffractometer (D8
ADVANCE Da Vinci, Bruker, Germany), respectively. The profile
analysis was examined by time-of-flight secondary-ion mass
spectrometry (ToF-SIMS, IonTOF, Germany). The real-time voltage
measurement was done by an electronic sourcemeter (Keithley,
2400). The real-time temperature of the sample was detected by two
infrared sensors (MI3, Raytek). The PSCs were characterized by
standard procedures afterward.40−42 The J−V characteristics were
measured by a solar simulator (Newport, Oriel Sol-2A) under 1 sun
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(AM 1.5, 100 mW cm−2) at room temperature (RT, 25 °C) with 10
samples under each condition. The scanning voltage was from −0.3 to
1.2 V (forward) and 1.2 to −0.3 V (reverse) with a rate of 100 mV s−1

and a 10 ms time delay. The size of PSCs was 2 × 2 cm2, with an
effective area of 0.15 cm2 defined by a mask covered on top. A
standard reference Si solar cell (effective area 2 × 2 cm2, certified by
VLSI Standards Inc.) was applied for the calibration of the simulator
and calculation for the spectral mismatch, with a mismatch factor M =
1.003. The external quantum efficiency (EQE) spectrum was
measured by a quantum efficiency/IPCE system (PV Measurements
Inc., QEX10) in the wavelength range of 300−850 nm at RT.

3. RESULTS AND DISCUSSION
The temperature gradient-driven instability was first observed
during our optimization experiment on the thermal treatment
of perovskite on the ZnO substrate, and then systematic
experiments were designed and carried out. First, ZnO
substrates were fabricated by the SG method on the FTO
glass, and then perovskite was grown on the substrates by one-
step spin-coating.43 The annealing processes were carried out
on a programmable hot plate in a glove chamber and a muffle
oven, separately, both set at 100 °C. To minimize the influence
from the temperature ramping in the plate heating, the sample
was only placed on the heating plate after the plate
temperature had actually reached 100 °C. The setups were
protected from the influence of moisture and oxygen by a N2
atmosphere and isolated from light to exclude possible
involvement of photocatalytic effect brought by the ZnO
substrate. In the first method, the color of the sample started to
change at 3 min and turned completely yellow in 5 min, as
shown in Figure 1a,b (with the photograph shown in the

inset). This result indicated significant decomposition of
perovskite even with nitrogen protection under such a
condition. In the second method, the perovskite remained
black even after 1 h of continuous heating (Figure 1c), which
means perovskite remained quite stable under this condition,
though on the ZnO substrate that was previously considered to
facilitate perovskite instability.21,44 This quite distinctive
behavior has been confirmed by the X-ray diffraction (XRD)
results (Figure 1d). On the one hand, the peak position at
12.7° of the sample by plate heating was very similar to that of

crystallized PbI2 ([001] direction). On the other hand, the
sample with oven heating for 1 h showed strong peaks at 14.1°,
20.1°, 28.7°, and 32.0°, corresponding to the [110], [112],
[220], and [310] directions of the typical crystallized
tetragonal perovskite, respectively. The different performance
of the assembled PSCs shown in Figure 1e (for plate-heated
and oven-heated samples, the η under reverse scanning are
13.3 and 1.1%, respectively; other parameters and EQE curves
are in Table S1 and Figure S1 in the Supporting Information,
respectively) also demonstrated the consequence that was
induced by this effect.
According to some opinions from previous studies, the

origin of the instability of perovskite on ZnO should be
attributed to the reactions between perovskite and the contents
of the substrate, for instance, the hydroxyl and acetate groups
on the surface and in the bulk of the ZnO layer.45−47

Therefore, a second experiment was carried out to evaluate the
involvement of these species in the decomposition of
perovskite in plate heating. The ZnO substrates were
synthesized in two routes: (1) MS (with the ZnO substrate
denoted as ZnOMS) in vacuum to rule out the involvement of
common ligands (OH− and COOH−); (2) SG method in air
(the corresponding ZnO layer is denoted as ZnOSG) for
comparison. The result is shown in Figure 2. According to the
SEM images, the surfaces of ZnOSG and ZnOMS appeared quite
similar, and both were covered by many small inlands. For X-
ray photoelectron spectroscopy (XPS) results, in ZnOSG, the O
1s core level spectrum contains three peaks at 530.0, 531.2,

Figure 1. Effect of different heating methods on perovskite/ZnO. (a−
c) Scanning electron microscope (SEM) images and real photographs
of CH3NH3PbI3/ZnOSG (a) heated on the hot plate (100 °C, 3 min),
(b) heated on the hot plate (100 °C, 5 min), and (c) heated in the
oven (100 °C, 1 h). (d) XRD patterns of PbI2/ZnO (RT) and
CH3NH3PbI3/ZnOSG heated in the oven and on the hot plate. (e) J−
V characteristics of the assembled PSCs.

Figure 2. Further study on the thermal instability perovskite. (a,b) O
1s XPS core level spectra of ZnOSG and ZnOMS, respectively, with
SEM images as insets. (c) XRD pattern, photograph, and SEM image
of perovskite/ZnOMS annealed on the hot plate (100 °C, 5 min). (d)
Temperature vs time at different positions of the sample in the plate
heating. (e) Simulation of the temperature gradient near the surface
(∼500 nm below the top surface) of the sample as the heating time
increases. (f) Time dependence of voltage over the sample (taking the
bottom as the positive position of the voltage and the upper side as
grounded).
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and 532.4 eV, corresponding to the Zn−O bond in the
wurtzite structure and oxygen vacancies or defects in the
presence of oxygen-deficient and chemisorbed functional
groups such as hydroxyl and acetate ligands, respectively.48,49

Meanwhile, no peak at 532.4 eV has been observed in ZnOMS,
which means no detectable existence of hydroxide and acetate
ligands can be found, which is reasonable because the vacuum
system contained only very little water vapor. However, the
perovskite on ZnOMS turned yellow soon after plate heating for
about 5 min, with a distinct characteristic peak of PbI2 in XRD
(Figure 2c). The total survival time of perovskite on ZnOMG
was short similar to that on ZnOSG, compared to the much
longer survival time with oven heating (Figure 1c).
Furthermore, stronger perovskite stability has been found
onSG-fabricated TiO2 (shown in Figure S2 in the Supporting
Information), which also contains hydroxyl groups. Therefore,
the chemisorbed groups (hydroxyl and acetate ligands, etc.)
mentioned in previous reports are seemly not a decisive factor
in this experiment.23,47,50,51

Because the samples were all identical with exclusion of the
illumination and the chemical circumstance, the most probable
factor that can cause such a difference should be the
temperature distribution in the two heating systems. On the
one hand, constant heating is symmetrically applied to the
sample in the oven, so the temperature difference over the
sample will soon become small after the heating started. On
the other hand, constant heating is applied only from the
bottom (plate), so the cold side always exists due to the
dissipation to the atmosphere, and the temperature difference
will be comparatively larger than that in the oven heating (can
be seen from the experimental measurement shown in Figure
2d). We have also carried out some calculation on the detailed

temperature distribution according to the basic model and the
boundary temperature condition measured in the experiment
(more detailed description can be found in Figure S3 in the
Supporting Information). The calculated result also shows
quite a high inhomogeneity in the plate heating but quite a
homogeneous distribution in the oven. Moreover, the
evolution of the temperature gradient (Figure 2e, at the
depth of ∼500 nm, close to the thickness of the perovskite and
ZnO substrate) shows that the temperature gradient in plate
heating very rapidly rises up to a high positive value (which
means decreasing temperature from the bottom to the top),
whereas it has only a much smaller negative value in the oven
heating.
To study the exact effect that the asymmetry of heat brings

to the perovskite stability, further work was carried out
physically and chemically. The first suspected factor was the
commonly known thermoelectric effect that exists on PN
junctions or heterojunctions.52,53 It means that this instability
could have been possibly caused by electrochemical decom-
position of perovskite influenced by the thermoelectric voltage
of the heterojunctions in the perovskite/ZnO structure. So, a
time-dependent series voltage measurement was carried out
with an nV voltmeter under different conditions.54,55 As shown
in Figure 2f, the upper surface was grounded, and the voltage
was measured at the FTO side. It can be seen that the voltage
drop across the sample was positive in both cases. In the oven-
heating, the U−t curve was quite flat, with the amplitude in the
range of 10−2 mV through the heating process. On the
contrary, under the plate-heating condition, there was a drastic
increase of voltage at about 100 s and reached the maximum
amplitude of around 1.1 mV at about 180 s. The emergence
time of the voltage peak has been quite comparable to the one

Figure 3. Detailed analysis on the formation and composition of CH3NH3PbI3/ZnO under different heating conditions. (a−c) SEM of samples
treated by (a) RT for 24 h; (b) oven heating, 100 °C, 1 h; (c) plate heating, 100 °C, 3 min (insets showing the top view). (d−f) SIMS results under
conditions of (a−c), respectively, sputtered by Cs+. (g−i) SIMS signals under conditions of (a−c), sputtered by O2−. (j−l) Comparison of SIMS
signals from Zn species under condition of (a−c), respectively, sputtered by Cs+.
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for the significant decomposition of perovskite by plate
heating. It can be seen that even the highest value of voltage
in the plate heating (100 mV) is much smaller than that is
normally needed for the electrochemical decomposition of
perovskite (normally in the range of 101 V), according to our
previous research.56 Therefore, the thermoelectric effect has
seemly not been the main origin of this instability.
Furthermore, as shown in Figure 2d, the temperature
difference over the sample had a rapid decrease only in the
initial 10 s and then became quite stable, much earlier than the
emergence of the voltage peak. This nonsynchronized behavior
indicates that the change in the temperature difference in
general seems not to be the direct reason for the voltage peak.
Instead, it may have been the consequence of other processes
related to the decomposition reactions of perovskite under the
influence of the temperature gradient. A more sound
explanation for this might have been the collective motion of
ionic species that were involved in the decomposition reactions
of perovskite, according to some previous review works that
have discussed the possibility of the perovskite instability
generated by the ion-drifting processes.29,57

To investigate more details in this process, chemical analysis
would be necessary to monitor the key difference between the
two heating methods. Hence, ToF-SIMS was applied to detect
the spatial distribution of chemical compounds after different
heating processes by sputtering the sample with high-energy
cesium and oxygen ion beams and analyzing the corresponding
negatively and positively charged debris, respectively. The
perovskite samples were taken after oven heating (100 °C) for
1 h and heterogeneous heating (100 °C) for 3 min. A control
sample was prepared in the glove chamber for 24 h at RT for
comparison. As shown in Figure 3a−c, the average size of
grains is small in the RT sample but larger for the heated
samples, which is a well-known effect that larger crystallized
grains can be formed by higher activation energy induced by
thermal heating.58,59 For plate-heated samples, certain damage
appears from the cross-sectional view. The distribution of the
key components is presented in Figure 3d−f (sputtered by
cesium) and Figure 3g−i (sputtered by oxygen). The
sputtering time can be well-proportional to the depth of the
sample that the ion beams has reached in different times of the
sputtering, based on the principle of SIMS. On the basis of the
distributions of PbI3

−, ZnO−, and SnO−, the graphs can be
divided into three zones corresponding to the spatial positions
of the perovskite, ZnO, and FTO layers. Two significant
phenomena could be noticed. First, compared to the samples
with oven heating and without heating, the MA+ ions
penetrated much deeper into the layer of the ZnO in the
sample with plate heating (if considering the sputtering rate
constant, such depth was almost one-third of the ZnO
thickness). Second, there are significantly stronger zinc iodide
(ZnIx

−, x = 1, 2, and 3) signals detected in the perovskite layer
in the plate-heated sample, which can evidently prove the
existence of ZnI+, ZnI2, and ZnI3

− complexes, respectively.60 It
clearly indicates that there has been opposite migrations of zinc
and MA species from the bottom-up and top-down directions,
respectively. Moreover, taking a closer look, the distribution of
ZnIx species seemed to obey a certain sequence with increasing
x index, as the distance is closer to the upper surface of
perovskite (Figure 3j−l). It appeared that after ZnI+ was
formed (by reactions between the transported Zn2+ and I−),
they combined with more I− to form ZnI2 and then ZnI3

−

sequentially, as they approach the upper surface. Significant

migration of alien species into the neighboring layers was
detected in the plate-heating system, whereas no detectable
trace of such a phenomenon can be observed in the
homogeneous heating system or in the RT situation.
From the above results, we can try to draw a rough sketch of

the mechanisms along with some theoretical explanations. As it
is well-known, the particle flux in thermomigration can be
described by equation (in one-dimensional system)61,62

i
k
jjjj

y
{
zzzzJ J J D C

Q C
RT

Tx xd m 2= + = − ∇ −
*

∇
(1)

where J is the total flux of particles, Jd is the part driven by
diffusion from the concentration gradient, and Jm is the flux
driven by the thermal gradient, together with Q* the activation
energy, D the diffusion coefficient, and C the particle
concentration. In plate heating, there is always a hot side
(FTO glass) by continuous heating from the bottom and a
cold side (perovskite) by the dissipation process to the
atmosphere, and therefore, the temperature gradient would be
significant throughout the process. First, the Zn−O bond can
be broken because of thermal excitation of Zn atoms by the
heat coming from the hot side.63 Second, these Zn2+ ions can
be transported to the colder side, that is, the perovskite layer,
and the flux will be proportional to the temperature gradient
according to the second term of eq 1. One would naturally also
notice the influence of the concentration gradient in the first
term of eq 1. However, experiments have shown that the
transporting process in the oven would be much weaker than
on the plate, where the situation of the first term would be
more or less similar. Therefore, the role of the concentration
gradient in the comparison of two different heating methods
would be accordingly much less important than the thermal
gradient. According to the currently accepted opinion, the
decomposition of perovskite consists of the following
reactions29,64

CH NH PbI CH NH I PbI3 3 3 3 3 2↔ + (2)

CH NH I CH NH I3 3 3 3↔ ++ −
(3)

Equations 2 and 3 stand for the decomposition of MAPbI3
and MAI, respectively, which can take place subsequently in
the normal decomposition process of perovskite. The invading
Zn2+ ions can easily combine with I− and thus accelerate the
decomposition of MAI in the second step.57,60,65 Therefore,
the overall decomposition of perovskite would be accelerated.
Zinc iodide can penetrate deeper into the perovskite and
combine with more I− ions when being driven by the thermal
gradient. The production of zinc iodide species can be
described as below21

xI Zn ZnIx
x2 2+ →− + −

(4)

In the meantime, the boosted perovskite dissociation can
increase the production of the MA+ cation. Such an increase of
the MA+ concentration can significantly enhance its diffusion
into both the upper side of perovskite and the ZnO side and
leave detectable traces in the SIMS spectroscopy that followed.
Considering the positive sign of the voltage peak shown in
Figure 2e and the dominance of ZnI3

− in the zinc iodide
species shown in Figure 3, the main content of the ionic
current is likely the MA+ cation that moves from the top to the
bottom, and ZnI3

− from the bottom to the top. Moreover,
according to the second term in eq 1, the thermomigration is
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also proportional to the local concentration of transported
species. Because the bonding energy of the Zn−O (≤226 kJ
mol−1) bond is much smaller than that of the Ti−O (666.5 kJ
mol−1) bond, the decomposition process in the TiO2 substrate
would be much weaker.63,66 Therefore, the thermomigration of
ionic species by the temperature gradient would be smaller in
TiO2, which explains the relatively higher stability of
perovskite/TiO2 under the same condition (as can be seen
in Figure S2). Moreover, the activation energy and the
temperature are also noticeable factors in the same term.
Hence, altering the structural parameter of the substrate
material, changing its chemical composition, or tuning the
ambient temperature may also influence the thermal stability of
perovskite-on-substrate in this aspect.
From the above discussion, we can more or less conclude

the relationship of the significant instability of perovskite/ZnO
for enhancement of ion migration induced by the temperature
gradient. To confirm this, an experiment was further carried
out to investigate the consequence of suppressing the
temperature gradient. As is well-known, Al foil can effectively
reflect infrared radiation and therefore increase the temper-
ature of the atmosphere nearby. In this experiment, an Al foil
was simply fixed on top of a sample, and then the whole setup
(shown in Figure S4 in the Supporting Information) was
heated on the hot plate. A control experiment was also carried
out without the Al cover on top of the perovskite. As shown in
Figure 4, on the one hand, the sample without the Al cover
turned yellow in 5 min. On the other hand, the perovskite with
the Al cover on top remained entirely black even after 30 min.
According to the SEM images, certain damage emerged in the
sample without the cover, whereas the one with the Al cover
was still quite uniform. The XRD in Figure 4f shows a
significant peak at 14.1°, 20.1°, 28.7°, and 32.0° but with the
absence of peak at 12.7° (corresponding to PbI2) in the second
sample. This result has clearly shown much improved stability
of crystallized perovskite by simply utilizing the Al foil as a
simple heat reflector into the system. Besides, it has confirmed
again the important role of temperature gradient in the
instability of perovskite and its dominant influence in the

transport process, compared to the concentration gradient-
driven diffusion, as discussed in eq 1.
Nevertheless, in real application, though the stability of

perovskite may also be improved using oven heating during the
fabrication stage (Figure 1), a significant temperature gradient
can widely exist in the solar cells under sunlight illumination.
Therefore, we also carried out similar experiments on PSCs
(with classical FTO/ZnO/CH3NH3PbI3/Spiro-MeOTAD/Au
architecture). The PSCs were heated on the 100 °C hot plate
in the glove chamber in the N2 atmosphere without and with
Al cover on top. The J−V characteristics were taken at different
time stages in 24 h, with the representative result shown in
Figure 4k (more statistical details can be found in Tables S2−
S4 and Figure S5 in the Supporting Information). The test was
run ten times for each condition to be more statistically
certain. For identical comparison (Al cover can block some
light), both heating processes were isolated from illumination.
For the PSC without the Al cover, the sample began to turn
yellow in the first 30 min. In 3 h, the perovskite layer was
significantly damaged in continuity and uniformity, whereas
several significant yellow regions appeared in the sample
(Figure 4h). Meanwhile, the PSC with the Al cover had nearly
no significant change either in the morphology or color. For
conversion efficiency, on the one hand, the PSC without the
cover showed drastic degradation versus time, with η dropped
over 50% after the first hour and to almost zero after 24 h. On
the other hand, the PSC with the cover has even showed an
initial increase of conversion efficiency in 3 h and then quite a
slow degradation. As shown in Figure 4k, the PSC built on
ZnO still retained the efficiency of 10.6% (77.4% of initial
value) even after 100 °C heating treatment for 24 h. This
experiment has also shown that the temperature gradient-
induced thermal instability also exists in annealed crystalline
perovskite, though with a longer lifetime compared to the one
without annealing, as shown in the result in Figure 1. Beside
better crystalline conditions, the longer lifetime in PSCs could
also have been facilitated by the blocking effect on the heat and
leakage of MA by the HTL layer and the glass above it.

Figure 4. Stabilization of perovskite and assembled PSCs by reducing the temperature gradient: (a) Brief description of the decomposition
mechanism. (b) Photograph and (c) SEM of the sample heated on the hot plate at 100 °C without cover. (d) Photograph and (e) SEM of sample
heated on the hot plate at 100 °C with aluminum foil cover. (f) XRD of samples without and with Al cover. (g) SEM and real photograph of PSC
before the stability test. (h,i) PSCs being heated on the hot plate at 100 °C for 3 h without and with Al cover, respectively. (j) Efficiency of PSCs vs
heating time. (k) J−V characteristics of PSCs with and without Al cover heated at 100 °C for 24 h (control device was kept at RT for 24 h).
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Until now, we have discussed the situations for perovskite on
the ZnO substrate. In the current research, other candidates
have been more frequently used because of their better stability
(such as TiO2, SnO2, and PCBM), though normally more
expensive than ZnO.67 Therefore, similar instability experi-
ments have also been performed on these three mainstream
ETL substrates. As widely known, the performance of
perovskite is very sensitive to the inhomogeneity inside it, so
the time when the perovskite layer turned yellow (correspond-
ing to the decomposition of perovskite and formation of PbI2)
is an adequate critical point for instability of perovskite, no
matter how large the yellow area is. The results are listed in
Table 1 (detailed photographs of the time series experiment

can be found in Figures S6−S8 in the Supporting
Information). It can be seen that the distinctive stability of
perovskite depending on the heating methods can exist on
TiO2, SnO2, and PCBM. On the hot plate, the survival time of
perovskite is almost 1 order of magnitude shorter than in the
oven. Furthermore, the addition of the heat-reflecting cover on
top of the perovskite can also significantly enhance its stability
on those substrates. Such experiments have further proved that
the temperature gradient-induced instability can take place on
almost all mainstream ETL substrates. In those processes, the
mass transport of particles (however, the type of transported
particle will depend on the detailed substrate) would also play
an important role in the generation of instability. What is more,
we also performed the stability test of FAPbI3 on the TiO2
substrate and discovered a similar phenomenon, where FAPbI3
decomposed in only 5 min on the hot plate but remained
almost unchanged in 3 h in the oven (details can be found in
Figure S9 in the Supporting Information). Meanwhile, the
addition of the thermal reflection cover could significantly
stabilize it on the hot plate (lifetime >30 min). It further
supported that such an instability can take place on other types
of perovskite as well if they chemically follow a similar way of
decomposition like MAPbI3 and could also be stabilized by
simply reducing the temperature gradient. Predictably, such
phenomena may also very probably exist in the more recently
developed p−i−n-structured perovskite solar cells, with the
perovskite layer grown on HTLs, and could be even stronger
than that on ETLs because of their (NiOx, CuS, CuSCN,
PEDOT:PSS, etc.) good ionic-transporting ability.68−71

Finally, according to this investigation, there are the
following key processes involved in the stability of perovskite:
(1) existence of ions or neutral particles that can enhance the
decomposition of perovskite, which could have already existed
or be generated by intrinsic or thermoexcitation in the layers
adjacent to perovskite; (2) effective mass transport of such
species in the adjacent layer through the interfaces and then
into the perovskite layer; and (3) reaction of such species with

the local perovskite. To stabilize the perovskite, one can either
avoid the generation of deteriorating particles adjacent to
perovskite, block the pathway of mass transport, lower the
mobility of particles, reduce the force that drives the transport,
or weaken the reaction of those species with local perovskite.
Looking back into all stabilization efforts on the perovskite, the
above routes have been normally realized by passivation of
perovskite by chemical doping and blockage effect by interface
engineering.22,23,31,46,51,57,72,73 Nevertheless, perhaps it will also
be a good trial to stabilize the perovskite by weakening the
transport itself, according to this paper.

4. CONCLUSIONS
In conclusion, this work has proved the existence of a new type
of chemical instability of perovskite, caused by the temperature
gradient, and studied its origin and detailed mechanism.
Temperature gradient can greatly deteriorate the stability of
the as-formed perovskite and the crystalline one in PSCs at low
temperature even with protection from moisture, oxygen, and
light, whereas the hydroxyl and acetate groups near the
interface or the direct reaction with the adjacent layer are
seemly not necessary conditions for the perovskite instability.
Further mechanism study has revealed that the temperature
gradient appeared as the main driving force for the mass
transport of extrinsic ionic species relevant to the decom-
position reaction of perovskite from the neighboring layers.
Moreover, we have proved the significant enhancement of the
stability of perovskite by reducing the temperature gradient
with the addition of a covering structure. In the perovskite/
ZnO system, the survival time extended from 2−3 min to 1
order of magnitude longer at 100 °C heating in air and has
shown even better effect in the application of PSCs. Eventually,
the universality of such a phenomenon has also been found
existing in many other systems with various perovskites and
ETL substrates, and predictably may also exist with HTL
substrates (NiOx, CuS, CuSCN, PEDOT:PSS, etc.). In general,
this work may give some light to the study on the stabilization
of perovskite and the development of applicable perovskite
devices via different approaches.
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Table 1. Thermal Stability of Perovskite Films on
Mainstream Substrates under Different Conditionsa

method ZnO
TiO2
(h)

SnO2
(h)

PC60BM
(h)

hot plate
heating

without
cover

3 min 4 2 3

with cover 45 min >32 28 32
oven heating 2.5 h >32 >32 >32
aThe stability is represented by the time it takes for the emergence of
yellow color in the sample heated at 100 °C, with N2 protection and
isolation from illumination.
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M.; Saliba, M.; Abate, A.; Graẗzel, M.; Hagfeldt, A. Enhancing
Efficiency of Perovskite Solar Cells via N-doped Graphene: Crystal
Modification and Surface Passivation. Adv. Mater. 2016, 28, 8681−
8686.
(6) Saliba, M.; Matsui, T.; Domanski, K.; Seo, J.-Y.; Ummadisingu,
A.; Zakeeruddin, S. M.; Correa-Baena, J.-P.; Tress, W. R.; Abate, A.;
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