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ABSTRACT: Perovskite solar cells have drawn much attention recently owing to their
world-record-setting photovoltaic performances, whereas their practicality is still
limited by the structural instability that often arises from ion migration and defect
formation. Despite the general understanding that ion instability is a primary cause for
degradation, there is no observation of structural transformation at the atomistic scale.
Such observation is crucial to understand how instabilities are induced by external
perturbations such as illumination or electrical bias, allowing researchers to devise
effective strategies to mitigate them. Here, we designed an in situ transmission electron
microscopy setup to enable real-time observation of amorphization in perovskite
materials under electrical biasing. To reverse the device performance degradation due
to such structural changes, the samples were heated at 50 °C and were found to recrystallize, effectively regaining their
performance losses. This work presents vital insights on understanding ion-migration phenomena and addressing instability
challenges of perovskite optoelectronics.

Since the onset of the 21st century, increasing demands for
clean energy generation to displace traditional fossil fuels
have generated an influx of interest in solar, wind, and

other renewable sources of energy. Of these various
technologies, photovoltaics are highly promising to achieve
sustainable, safe, and robust energy to meet society’s growing
needs, by tapping only a fraction of the huge amounts of solar
energy entering the Earth’s atmosphere. Today, solar generation
market products are still dominated by conventional silicon-
based technologies. However, considering the demand for the
development of energy devices that are flexible, lightweight,
inexpensive, and highly efficient, there is still a high motivation
for exploring the next generation of solar cells. As such, organic−
inorganic hybrid perovskite solar cells (PSCs) have been
extensively investigated in the past decade due to their high
power conversion efficiencies (PCEs), exceeding 25.5% in
recent reports,1 as well as lower fabrication costs and emerging
applications in tandem and flexible devices.2−4 While initial
reports indicated short device lifetime, that was mainly
attributed to the material’s sensitivity to heat, moisture, or
other external factors which have been largely addressed with
strategies such as introduction of more hydrophobic compounds
or improved cell level designs with encapsulation.5,6 However,
the community soon realized that another significant cause of
poor lifetime arises from the material’s intrinsic degradation as
well, believed to be a result of crystal phase instability and
generation of defects. This instability is attributed to the fact that

the ionic crystal exhibits excessive ion migration under light
illumination and electrical bias.7,8 Given that the application of
any solar cells demands long-term operation under wide weather
and climatic conditions, strategies to either mitigate or reverse
these degradative effects are vital.
In PSCs, ion vacancies are easily generated since they have

relatively low vacancy formation energies.9,10 Under a potential
bias, ions and vacancies migrate easily toward electrodes
induced by Coulombic forces while the device is illumi-
nated.11−13 Namely, the charged ions (or carriers) will be
simply governed by a drift-diffusion model. As a consequence,
ion accumulation and charge carrier accumulation at the
respective interfaces lead to performance degradation within
just a few hours.14,15 Fortunately, these devices with degraded
performance can recover their initial capabilities if the ions or
accumulated charges can be redistributed, which typically occurs
after the device is stored in a dark state.16,17 However, when this
process is repeated over many cycles under periodic electrical
bias, it has been found that the device eventually experiences
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irreversible degradation, preventing its practical use in long-term
devices.15,18

These degradation effects have been investigated to some
extent in the literature and reported as a consequence of ion
migration and segregation. Di Girolamo et al. recently reported
the integrated intensity of main peaks using X-ray diffraction
(XRD) patterns of PSCs and found decreases in intensities when
the sample was biased at 1.2 V in the dark, concluding that
perovskite amorphization occurred as a result of ionmigration.19

While these observations provide a clue on the amorphization
effects under electrical bias, the structural transformation at the
atomic level still remains unclear.20−22 Alternatively, element-
tracking techniques were previously employed to reveal that
organic cations and halide anions migrate during device
operation.14,23,24 These experiments have collectively concluded
that facile movements of halide anions impair the performance
of PSCs, agreeing with past theoretical predictions using density
functional theory calculations.7,9,25 Although such interpreta-
tions can explain the reversible nature of ion redistribution,
crystallographic transformation by ion migration is still not
verified. Direct observation of ion migration at the atomistic
scale is needed to provide evidence for ion-migration-induced
amorphization. To this end, high-resolution transmission
electronmicroscopy (HRTEM) imaging can potentially provide
the missing knowledge and help gain fundamental under-
standing on such structural changes, phase transitions, and
amorphization. Unfortunately, this is experimentally challenging
to execute, due to the dynamic nature of perovskite materials’
instability against the application of an external electrical bias,
making it hard to capture without simultaneous electrical bias
and imaging.
In this study, we addressed this limitation by designing an in

situ TEM setup using a micro e-chip that can apply a stable
electrical bias while imaging the bias-induced sample simulta-
neously. Accompanying selected area electron diffraction
(SAED) analysis allows real-time observation of amorphization
within the double-cation mixed perovskite materials under a 1 V
forward bias. Ex situ XRD measurements support the bias-
induced amorphization on the basis of reduced peak intensities

after application of an electrical bias. Additionally, the effect of
partial amorphization was examined via a light-induced
degradation test; a forward bias induced by photovoltage led
to faster performance decay compared to that of a controlled
sample without electrical bias (short-circuited). To reverse these
effects, mild heat treatment of the degraded sample at 50 °Cwas
used to drive recrystallization of the amorphous phase, allowing
it to regain its performance. Based on these observations, we
propose a possible mechanism of the partial amorphization. This
work demonstrates the ability to achieve real-time imaging of
perovskite amorphization and provides an effective method to
recover degraded performance of PSCs related to ion instability.
To study nanoscale changes of perovskite materials under

electrical bias, we employed in situ TEM using a micro e-chip
setup, where a stable electrical bias was applied to a nano solar
cell TEM lamella (Figure 1a). As shown in Figure 1b and Figure
S1, the nano solar lamella was prepared using a focused ion beam
(FIB) methodology developed by Lee et al.26 The lamella was
then mounted between the electrodes of an e-chip. In order to
apply an electrical bias through the perovskite layer without
shorting the cell, columns were cut at the top-right corner and
bottom-left corner of the lamella.51 The middle region (5 μm in
length) was thinned down to around 120 nm in thickness to
facilitate TEM observation. Details of the fabrication procedure
of the nano solar cell and electrical connection verification can
be found in Figures S2 and S3. We can notice a rectification
effect of the TEM sample which verifies the application of
electrical bias from the external power source. Note that the
voltage bias applied in this experiment was set to mimic the
photovoltage of an open-circuited PSC device under one sun
illumination. The sample was prepared at the pristine state and
was not pre-biased before the measurement.
First, the effect of a forward bias (1 V for 5 min) on the cross-

sectional morphology was examined, whereupon no morpho-
logical change or damage was observed, indicating the stability
of the nano solar cell under such beam conditions. (For details,
see Video S1 and Figure S4.) At the higher magnification,
obvious bias-induced changes were presented in several domains
of perovskite nanocrystals, as can be seen in Video S2 and Figure

Figure 1. In situ observation of changes in perovskite materials induced by electrical biases. (a) Schematic of in situ TEM sample configuration
under electrical bias. A nano solar cell lamella is mounted on the micro e-chip TEM and stimulated with electrical bias in a TEM biasing holder.
(b) SEM image of the nano solar cell lamella used for in situ observation prepared by FIB. The scale bar is 2 μm. (c) HRTEM image series of
perovskite materials under 1 V electrical bias. The perovskite loses its crystallinity over time, as shown by the disappearance of lattice fringes in
the yellow boxes. The lead iodide kept its structure intact, with lattice fringes present throughout the 5 min biasing.
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S5. To obtain nanoscale structural information, HRTEM images
were acquired, as shown in Figure 1c and Video S3. Lattice
fringes of perovskite crystals at 0 s were seen to gradually
disappear (highlighted region in yellow boxes of Figure 1c) and
became completely absent after 300 s of continuous 1 V forward
bias. Real-time fading of specific lattice fringes by electrical bias
implied amorphization of perovskite nanocrystals; such
structural changes were not reported before in organic−
inorganic hybrid perovskite materials at the atomic scale. A
further comparison between the HRTEM images at 0 and 300 s
is shown in Figure S6, where reduced fast Fourier transform
(FFT) patterns were sampled at different regions. Interestingly,
the lattice fringes in the yellow boxes disappeared after 5 min of
electrical bias; however, those in the red box retained the

majority of their crystalline characteristics post-bias. A detailed
analysis showed that the d-spacings of the lattice fringes in the
yellow boxes and red boxes corresponded to the (001) plane of
the perovskite crystal ((FAPbI3)x(MAPbBr3)1−x) (6.36 Å)27

and the (001) plane of PbI2 (6.96 Å),28 indicating that the
amorphization occurred only in the perovskite phase.
According to previous TEM studies on perovskite materials,

ion beam exposure during sample preparation and electron
beam irradiation during observation may lead to detrimental
damage to the materials.29,50 Considering an electron dose rate
of ∼85 e−1 Å−2 s−1 for each image, our perovskite materials may
have experienced a certain amount of beam damage during the in
situ TEM observation. Based on the in situ TEM images in
Figure 1 and videos in the Supporting Information, therefore, it

Figure 2. Verification of perovskite amorphization induced by electrical bias. (a) TEM image of nano solar cell indicating the locations of the
SAED area. SAED patterns of perovskite materials at the highlighted region (b) before and (c) after 5 min of forward bias (1 V) without beam
radiation.

Figure 3. Perovskite film amorphization under electrical bias verified by XRD. (a) XRD patterns of perovskite materials at pristine state (black
line) and after application of forward bias (1 V) for 10 min (red line). The measured PSCs are rinsed with chlorobenzene to remove Spiro-
MeOTAD and the Au layer. Zoomed-in XRD patterns highlighting the differences near the (b) (001), (c) (002), and (d) (111) peaks of
perovskite materials, where PbI2 and perovskite species are indicated by black dots and red diamonds, respectively.
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is fair to claim that the perovskite materials underwent
amorphization as a consequence of both electrical bias
application and electron beam radiation. It is also noted that
such observations might be a result of the sample tilting during
the continuous observation. In order to check the beam damage
effect, we radiated the electron beam on the perovskite TEM
lamella at the same beam conditions (Figure S7 and Video S4).
No changes in the lattice fringes were observed under
continuous electron beam irradiation for 5 min, during which
the FFT patterns and peak intensities remain the same (Figure
S8), while they respectively disappeared and diminished under
the electrical bias, as shown in Figure S9. As a result, we noticed a
clear difference between the two in situ TEM observation
conditions, with and without electrical bias. However, since the
electron beam damage might shift the degradation mechanism
of perovskite materials, the effect of electrical bias on perovskite
materials needs to be isolated for further investigation.
In that sense, SAED patterns were acquired to provide

essential information to correlate the lattice fringe disappearance
with the partial amorphization of the perovskite materials.
Figure 2 shows the SAEDpatterns to verify the effect of electrical
bias on perovskite materials. Detailed information on the
indexing of the SAED patterns is presented in Figure S10. We
can notice that PbI2 and perovskite crystals are overlapped,

which results from the sequential deposition fabrication process
and ion-beam- or electron-beam-induced damage during the
sample preparation. But here, we can elicit the electrical bias
effect since application of electrical bias was the only stimulus to
the perovskite materials during the experiments. Significant
changes in SAED patterns were noticed when 1 V of electrical
bias was applied for 5 min in the absence of electron beam
irradiation (Figure 2b,c). The amorphous ring became
obviously more pronounced in the SAED pattern, which
confirms the amorphization effect of electrical bias without
electron beam irradiation. Collected SAED patterns are indexed
from crystal structure data of perovskite and compared to
simulated electron diffraction patterns (Figure S11).27 The
amorphous ring mostly overlapped, with d-spacing of (002),
diffraction spots of perovskite in the SAED patterns, which is
strong evidence of the partial amorphization.
Since observations made in the in situ TEM can be attributed

to localized phenomena, bulk-scale characterization was also
conducted to confirm the partial amorphization at the device
level. Ex situ XRD measurements of the fresh and post-bias
device (1 V for 10 min) were conducted and are shown in Figure
3. Magnified XRD patterns in Figure 3b,c show that the forward
bias led to a significant decrease in peak intensities of the (001)
and (002) planes while peak intensities of PbI2 and FTO

Figure 4. Device performance degradation under electrical bias and dark/thermal recovery. (a, d) Schematics of PSCs under light illumination
at open-circuit (OC) and short-circuit (SC) conditions. The photovoltage generated at OC conditions can induce charge accumulation that
leads to the formation of an internal electric field at the perovskite layer. (b, e) Current density (J)−voltage (V) curves of PSCs at the initial state
(black line), after 16 h of aging (red line), and after 16 h of recovery in the dark (blue line) at OC and SC conditions, respectively. (c, f)
Evolution of open-circuit voltage (Voc) from the initial state to the recovered state for PSCs at OC and SC conditions. Black solid lines are guides
to the eye. (g) Schematic of dark recovery and thermal recovery of degraded PSCs. (h) J−V curves of PSCs at initial state (black line), after 16 h
of aging at OC condition (red line), and after 3 h of recovery at 50 °C. (i) Comparison of thermal and dark recovery of degraded PSCs.
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remained the same, confirming amorphization of the perovskite
phase during the electrical biasing. During bias-induced
amorphization, a phase transition to the δ-phase did not
occur, as shown in Figure S12, which means the structural
change under electrical bias is not from either decomposition or
a phase transition but from the amorphization.30 Peak
broadening is accompanied by a decrease of peak intensity
during the process, which is clear evidence for the amorphization
(Table S1). Integral breadths for amorphized lattice planes
increased significantly after the application of electrical bias,
while those for PbI2 were almost not changed. These in situTEM
and ex situ XRD results imply that partial amorphization of the
perovskite film is induced by electrical forward bias, consistent
with previous studies.19,21 Additionally, this affirms the
correlation between atomic structural changes and the perform-
ance degradation of photovoltaic devices under the electrical
bias.
In order to address PSCs’ long-term stability issues, it is

essential to understand how such partial amorphization takes
place under light illumination as well as affects photovoltaic
performance during an actual operation. To evaluate this, a
degradation test setup was used to apply different electrical

conditions, i.e., open-circuit (OC) and short-circuit (SC), as
illustrated in Figure 4a,d to explore the effects of amorphization
on the PSCs’ performance. When both PSCs were placed under
continuous one sun illumination, a photovoltage (∼1 V) was
developed in the OC device and charge carriers accumulated at
the interfaces between the perovskite and transport layers,
creating a photovoltage-induced electric field for charged ions
pointing from anode to cathode.31,32 On the other hand, charge
carriers did not accumulate at the interfaces in the SC device;
therefore, no induced electrical potential between cathode and
anode was applied to the charged ions. In other words, a
photovoltage-induced electric field due to charge accumulation
was only generated in OC conditions, which was equivalent to
the forward bias to the device, analogous to that during the in situ
TEM and ex situ XRD measurements. Considering that the
injection of carriers from either external electrical bias or light
illumination allowed the ions to migrate more freely, applying an
electrical bias or using the induced electric field from the charge
accumulation could give the same structural changes caused by
ion migration.33 A degradation test was conducted in a pure
nitrogen environment to exclude the effect of surrounding
reactive molecules (such as oxygen) and moisture. Figure 4b,e

Figure 5. Evidence for ion migration and mechanism of amorphization from the ion migration. EIS plots of the PSCs measured from 1MHz to
100 mHz with forward bias of (a) 0.7, (b) 0.8, (c) 0.9, (d) 1.0, and (e) 1.1 V in dark conditions. Inductance (or negative capacitance) occurred
only when the forward bias exceeds 1.0 V, verifying the ion migration. (f−i) Proposed mechanism for ion-migration-induced partial
amorphization of perovskite materials and the recovery from thermal ion redistribution.
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shows changes in the J−V curves of the OC and SC devices,
respectively. Photovoltaic parameters calculated from each J−V
curve are listed in Table S2. For both conditions, performance
was degraded when the device was illuminated and was restored
after recovery in the dark due to photo-activated reversible ion
migration.17 However, the forward bias in the OC case caused
dramatic changes during degradation as compared to the SC
case, consistent with previous studies.16,17,34,35 Specifically, the
open-circuit voltage (Voc) largely decreased after 16 h of light
soaking and did not return to the original value after recovery in
darkness, which indicates that the defect concentration and the
crystallinity of the perovskite film were mainly influenced by
forward bias (see Figure 4c).36,37 On the other hand, the Voc
values hardly changed in the SC case and recovered to the initial
Voc after 16 h, as shown in Figure 4f. Unlike the Voc values, the
degraded PCE of perovskite devices in both OC and SC cases
recovered to the initial PCE, as shown in Figure S13. The
partially amorphous phase may be recrystallized spontaneously
while the device is stored in the dark under an inert atmosphere
and ambient temperature, which can possibly lead to perform-
ance recovery. As with the electrical bias application effect from
the photovoltage, a performance degradation test under foward
bias from the external power sources in the dark state also
exhibits the same degradation and recovery trend (Figure S14).
This validates that the photo-induced internal electric field has
an equivalent impact on the partial amorphization from the ion
migration with the external electrical bias. To validate the parity
of the in situ TEM observation and device stability test, we
assumed that the majority of degradation was attributed to ion
migration under electrical bias at both conditions. Although the
two cases have different geometric and electrical conditions, this
seems highly plausible, given that they showed consistent
crystallinity transitions.
Considering that degradation as a result of ion migration can

be reversed with ion redistribution under darkness,14,19

supplying additional thermal energy should promote such ion
redistribution and hasten the recovery process. Thus, a thermal
recovery test was conducted on the degraded devices by heating
at 50 °C in the dark (Figure 4g). The degraded PSCs under
continuous light illumination were restored to the initial
performance within just 3 h when they were heated at 50 °C
in darkness (Figure 4h,i). Note that performance was not fully
recovered even after 10 h of storage in the dark at room
temperature, demonstrating the effectiveness of applying mild
heating. These results indicate that thermal energy facilitated the
prompt recovery process of degraded PSCs through recrystal-
lization of amorphous perovskite. Investigation on the
crystallinity by XRD measurement verified the recrystallization
by the recovery process (Figure S15), indicating that the bias-
induced degradation of perovskite materials can be recovered
through recrystallization. There is a possibility of reversible
recovery of performance and perovskite crystallinity through
reformation by the reaction of PbI2 and organic halides.
However, such reformation would be difficult since organic
cations and halide anions migrated to both sides under electrical
bias; therefore, the amorphization and recrystallization process
prevails in this case. Although a reversible change in the PCEs of
PSCs has been reported in previous studies,14,16,17,38−40 this
work offers new a direct observation of dynamic changes in the
crystallinity of perovskite materials as a result of forward bias.
Moreover, mild heating was found to be an effective solution to
expedite performance recovery under darkness, potentially
extending the practical lifetime of PSC devices if they can be

recovered at increased temperatures periodically during the
nighttime.
Next, to elucidate the electrochemical effects of ion migration

(or possible partial amorphization), electrical-bias-induced ion
migration inside the perovskite device was investigated via
electrochemical impedance spectroscopy (EIS) and energy-
dispersive X-ray spectroscopy (EDS) measurements. After
various magnitudes of forward bias were applied, an inductance
response (or negative capacitance) was observed at low
frequencies for bias greater than 1 V, as shown in Figure 5.
Since the device was measured and stored in the dark, there
would be no influence from photogenerated charges and
generation of electrical potential. While the device was biased,
the electrical circuit of the device was merely composed of
resistances and capacitances, similar to that in general perovskite
devices (Figure 5a−c).41 Thus, the new inductance component
(negative capacitance) after forward bias beyond 1 V would be
indicative of a significant material transformation in terms of
ionic migration (Figure 5d,e).42−45 Notably, such a remarkable
transformation was possibly associated with the partial
amorphization based on our in situ TEM observations (see
Figure 2).
Emergence of the negative capacitance at forward bias over 1

V clearly implies that ions are migrated to interfaces via the
electric field, thereby forming a reverse surface charging as a
source of negative capacitance.46 This was likely related with the
inverted hysteresis behavior of the aged device, where the
forward-scan PCE (scan from Jsc to Voc) became larger than the
reverse-scan one (scan from Voc to Jsc) (see Figure S16). A
perovskite device that initially exhibited normal hysteresis (the
reverse-scan PCE is larger than the forward-scan one) showed
inverted hysteresis after 16 h of aging under light illumination
and OC condition. Since the hysteresis behavior of PSCs was
attributed to the ion migration,8,47 the change of the hysteresis
behavior was related with the mobile ions, verified by the
negative capacitance that developed under the forward bias over
1 V.
From the above characterization and analysis results, a

possible mechanism for the partial amorphization coupled with
dynamics of ion migration is proposed. Although some defects
with low defect formation energies are intrinsically formed in
pristine perovskite crystals, this still represents a low fraction of
defect density (Figure 5f). After an external electric field is
applied via forward bias or illumination, the formation of Frenkel
pairs (VI

+/Ii
−) will be more energetically favorable due to their

low defect formation energy (Figure 5g).7 The newly formed
interstitial defects and vacancies are the most active species
during electric-field-induced ion migration.13 Our EDS results
showed that iodine distribution exhibited the most drastic
change, whereas other components of perovskite crystals
remained relatively unchanged after the forward bias (Figure
S17). Moreover, iodine accumulation near the cathode interface
was observed, as shown in Figure S18, suggesting that negatively
charged interstitial iodine defects migrated under the driving
force of the electric field. Not only the single-line EDS scan along
the perovskite layer but also the averaged plots extracted from
the 2D EDS mapping validate the ion migration along the
perovskite layer and localized iodide ion at the cathode region
(Figure S19). As a result of continuous ion migration, density
distributions of iodide interstitials or vacancies will no longer be
uniform across the perovskite layer, which would possibly lead
to defect-induced partial amorphization.48,49 The corresponding
planes, which always contain iodides, will experience loss of
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periodicity due to the increased iodide defects under electrical
bias. In contrast, the (111) groups consist of (111) Pb and (111)
FAI3 planes separately, which means the periodicity can remain
as long as the (111) Pb plane is still alive. Consequently,
amorphization would be more favorable with the increased
defect concentrations in the (001) and (002) groups. Finally,
these degradation effects can be reversed by resting the device
under dark conditions, which allows ion redistribution to occur
(Figure 5i). To increase the rate of recovery, the process can be
facilitated by adding mild thermal energy, as shown in the results
(Figure 4i).
In conclusion, in situHRTEMwas used to achieve direct real-

time observation of perovskite crystal amorphization. A lamella
of a nano solar cell was prepared using FIB andmounted on an e-
chip to allow us to observe structural changes under a constant
forward bias of 1 V. Under bias, the disappearance of lattice
fringes in the HRTEM images, accompanied with the
manifestation of a clear amorphous ring in the SAED patterns,
was observed, which is evidence of perovskite amorphization.
These bias-induced perovskite amorphization results were
complemented with bulk XRD measurements that showed a
decrease of the peak intensities of the major perovskite planes,
while other peaks associated with PbI2 remained unchanged. A
possible mechanism of amorphization based on halide ion
migration and defect generation is proposed. As ion migration
was identified as the primary cause of performance degradation,
the performance recovery rate was found to improve upon
heating the PSC device at 50 °C to promote ion redistribution,
where the device was fully recovered after only 3 h. Overall, this
study provides unprecedented observations of atomic-scale
transitions during bias-induced degradation. These observations
reveal that, although perovskite amorphization results in
degradation in PSC devices, it can be effectively recovered
through a recrystallization process under mild conditions,
reflecting a realistic strategy to maintain long-term device
performance.
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