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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 defe ,6“/5

formation. Despite the general understanding that ion instability is a primary cause Togk. @ —
degradation, there is no observation of structural transformation at the atomistic scalé" 8], —
Such observation is crucial to understand how instabilities are induced by externalsitu § : RT::;C:';;

perturbations such as illumination or electrical bias, allowing researchers to devi&esirg
e ective strategies to mitigate them. Here, we designed situtransmission 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 & %hd were found to recrystallize, extively regaining their
performance losses. This work presents vital insights on understanding ion-migration phenomena and addressing in
challenges of perovskite optoelectronics.

ity

ean energy generation to displace traditional fossil fuéllsimination and electrical bidsGiven that the application of

ave generated an i of interest in solar, wind, and any solar cells demands long-term operation under wide w
other renewable sources of energy. Of these varioasd climatic conditions, strategies to either mitigate or re
technologies, photovoltaics are highly promising to achietitese degradativeeets are vital.
sustainable, safe, and robust energy to meet'sgemiyng In PSCs, ion vacancies are easily generated since the
needs, by tapping only a fraction of the huge amounts of solafatively low vacancy formation enetgidsnder a potential
energy entering the Eastatmosphere. Today, solar generationpjas, ions and vacancies migrate easily toward elect
market products are still dominated by conventional silicomduced by Coulombic forces while the device is illu
based technologies. However, considering the demand for fhged!® 13 Namely, the charged ions (or carriers) will
development of energy devices that exele, lightweight,  simply governed by a drift-aion model. As a consequenc
inexpensive, and highlyagent, there is still a high motivation 5 accumulation and charge carrier accumulation at
for exploring the next generation of solar cells. As SUChvorgani%spective interfaces lead to performance degradation
inorganic hybrid perovskite solar cells (PSCs) have begiy; 5 few houré® Fortunately, these devices with degrad
extensively investigated in the past decade due to their hight,mance can recover their initial capabilities if the ion
power conversion eiencies (PCEs), exceeding 25.5% inycoymulated charges can be redistributed, which typically
recent reportsas well as lower fabrication costs and emerginge o the device is stored in a dark S#afédowever. when this
applications in tandem andxible devicés? While initial rocess is repeated over many cycles under ;;eriodic cle

reports indicated short device lifetime, that was mainly.__ : ;
attributed to the matersmlsensitivity to heat, moisture, or las, it has been found that the device eventually experi

other external factors which have been largely addressed Vit

strategies such as introduction of more hydrophobic compournfdgceived: August 14, 2021
or improved cell level designs with encapsuiatitmwever,

the community soon realized that another seymti cause of

poor lifetime arises from the matariatrinsic degradation as

well, believed to be a result of crystal phase instability and

generation of defects. This instability is attributed to the fact that

Svce the onset of the 21st century, increasing demands fitlve ionic crystal exhibits excessive ion migration under
I
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Figure 1In situobservation of changes in perovskite materials induced by electrical biases. (a) SchemsiticldEM sample conguration

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 usedrf@ituobservation prepared by FIB. The scale bar isn2 (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.

irreversible degradation, preventing its practical use in long-teafter application of an electrical bias. Additionally,eabec#
device$>'® partial amorphization was examined via a light-induced
These degradationexts have been investigated to somedegradation test; a forward bias induced by photovoltage led
extent in the literature and reported as a consequence of itmfaster performance decay compared to that of a controlled
migration and segregation. Di Girolamo et al. recently reportesdmple without electrical bias (short-circuited). To reverse these
the integrated intensity of main peaks using X-nagctitn e ects, mild heat treatment of the degraded sampRCana8
(XRD) patterns of PSCs and found decreases in intensities whesed to drive recrystallization of the amorphous phase, allowing
the sample was biased at 1.2 V in the dark, concluding thato regain its performance. Based on these observations, we
perovskite amorphization occurred as a result of ion migtationpropose a possible mechanism of the partial amorphization. This
While these observations provide a clue on the amorphizatismork demonstrates the ability to achieve real-time imaging of
e ects under electrical bias, the structural transformation at tperovskite amorphization and provides ectige method to
atomic level still remains uncféaf” Alternatively, element- recover degraded performance of PSCs related to ion instability.
tracking techniques were previously employed to reveal thafTo study nanoscale changes of perovskite materials under
organic cations and halide anions migrate during deviedectrical bias, we employeg@ituTEM using a micro e-chip
operatiort*****These experiments have collectively concludesetup, where a stable electrical bias was applied to a nano solar
that facile movements of halide anions impair the performancell TEM lamellaHigure &). As shown iRigure b andFigure
of PSCs, agreeing with past theoretical predictions using densifiythe nano solar lamella was prepared using a focused ion beam
functional theory calculatidiis® Although such interpreta- (FIB) methodology developed by Lee &t @ihe lamella was
tions can explain the reversible nature of ion redistributiothen mounted between the electrodes of an e-chip. In order to
crystallographic transformation by ion migration is still noapply an electrical bias through the perovskite layer without
veri ed. Direct observation of ion migration at the atomistishorting the cell, columns were cut at the top-right corner and
scale is needed to provide evidence for ion-migration-induckdttom-left corner of the lameltahe middle region (5m in
amorphization. To this end, high-resolution transmissiolength) was thinned down to around 120 nm in thickness to
electron microscopy (HRTEM) imaging can potentially providéacilitate TEM observation. Details of the fabrication procedure
the missing knowledge and help gain fundamental undesfthe nano solar cell and electrical connectiocation can
standing on such structural changes, phase transitions, d@edfound inFigures S2 and S@/e can notice a rectation
amorphization. Unfortunately, this is experimentally challengiegect of the TEM sample which ves the application of
to execute, due to the dynamic nature of perovskite materiadéectrical bias from the external power source. Note that the
instability against the application of an external electrical bias)tage bias applied in this experiment was set to mimic the
making it hard to capture without simultaneous electrical bigdotovoltage of an open-circuited PSC device under one sun
and imaging. illumination. The sample was prepared at the pristine state and
In this study, we addressed this limitation by desigrimg anwas not pre-biased before the measurement.
SituTEM setup using a micro e-chip that can apply a stable First, the eect of a forward bias (1 V for 5 min) on the cross-
electrical bias while imaging the bias-induced sample simublactional morphology was examined, whereupon no morpho-
neously. Accompanying selected area electra@ttidin logical change or damage was observed, indicating the stability
(SAED) analysis allows real-time observation of amorphizatiohthe nano solar cell under such beam conditions. (For details,
within the double-cation mixed perovskite materials under a 1séeVideo Sland Figure S4 At the higher magrdation,
forward biasEx situXRD measurements support the bias-obvious bias-induced changes were presented in several domains
induced amorphization on the basis of reduced peak intensit@perovskite nanocrystals, as can be sédrinS2andrigure

3531 https://doi.org/10.1021/acsenergylett.1c01707
ACS Energy Le2021, 6, 35303537


https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.1c01707/suppl_file/nz1c01707_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.1c01707/suppl_file/nz1c01707_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.1c01707/suppl_file/nz1c01707_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.1c01707/suppl_file/nz1c01707_si_002.mp4
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.1c01707/suppl_file/nz1c01707_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.1c01707/suppl_file/nz1c01707_si_003.mp4
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.1c01707/suppl_file/nz1c01707_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.1c01707?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.1c01707?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.1c01707?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.1c01707?fig=fig1&ref=pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://doi.org/10.1021/acsenergylett.1c01707?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Energy Letters http://pubs.acs.org/journal/aelccp

Pristine SAED After 5 min 1V biag

Figure 2. Verication 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.
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Figure 3. Perovskitelm amorphization under electrical bias vexil 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 theeinces near the (b) (001), (c) (002), and (d) (111) peaks of
perovskite materials, where Blaind perovskite species are indicated by black dots and red diamonds, respectively.

S5 To obtain nanoscale structural information, HRTEM imagemajority of their crystalline characteristics post-bias. A detailed
were acquired, as shownFigure t andVideo S3Lattice analysis showed that thepacings of the lattice fringes in the
fringes of perovskite crystals at 0 s were seen to gradualgiow boxes and red boxes corresponded to the (001) plane of
disappear (highlighted region in yellow boxeégufe t) and the perovskite crystal ((FARRMAPDBE), ) (6.36 Ay’
became completely absent after 300 s of continuous 1 V forwamt the (001) plane of RBbl6.96 A)?® indicating that the

bias. Real-time fading of spefattice fringes by electrical bias amorphization occurred only in the perovskite phase.

implied amorphization of perovskite nanocrystals; suchAccording to previous TEM studies on perovskite materials,
structural changes were not reported before in organicion beam exposure during sample preparation and electron
inorganic hybrid perovskite materials at the atomic scale.b®am irradiation during observation may lead to detrimental
further comparison between the HRTEM images at 0 and 30@lamage to the materiats’ Considering an electron dose rate

is shown irFigure Spwhere reduced fast Fourier transformof 85e!A 2s *for each image, our perovskite materials may
(FFT) patterns were sampled atdéent regions. Interestingly, have experienced a certain amount of beam damage dimring the
the lattice fringes in the yellow boxes disappeared after 5 minsiti TEM observation. Based on thesituTEM images in
electrical bias; however, those in the red box retained tlégure Jand videos in theupporting Informatiotherefore, it
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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 electrield at the perovskite layer. (b, €) Current densily (voltage ¥) 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 voltagd/) 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 PSIC¥.c¢hjves of PSCs at initial state (black line), after 16 h

of aging at OC condition (red line), and after 3 h of recovery at60(i) Comparison of thermal and dark recovery of degraded PSCs.

is fair to claim that the perovskite materials underwenwhich results from the sequential deposition fabrication process
amorphization as a consequence of both electrical biaad ion-beam- or electron-beam-induced damage during the
application and electron beam radiation. It is also noted thaample preparation. But here, we can elicit the electrical bias
such observations might be a result of the sample tilting duriegect since application of electrical bias was the only stimulus to
the continuous observation. In order to check the beam damatpe perovskite materials during the experiments.c8igni
e ect, we radiated the electron beam on the perovskite TEbhanges in SAED patterns were noticed when 1 V of electrical
lamella at the same beam conditibigife SandVideo S bias was applied for 5 min in the absence of electron beam
No changes in the lattice fringes were observed undéradiation Figure b,c). The amorphous ring became
continuous electron beam irradiation for 5 min, during whiclbviously more pronounced in the SAED pattern, which
the FFT patterns and peak intensities remain the SBymee(  con rms the amorphization ext of electrical bias without
S§, while they respectively disappeared and diminished undelectron beam irradiation. Collected SAED patterns are indexed
the electrical bias, as showrigure S9As aresult, we noticeda from crystal structure data of perovskite and compared to
clear dierence between the tim situ TEM observation  simulated electron daction patternsFgure S1)1°” The
conditions, with and without electrical bias. However, since tlnorphous ring mostly overlapped, datpacing of (002),
electron beam damage might shift the degradation mechanidimraction spots of perovskite in the SAED patterns, which is
of perovskite materials, the& of electrical bias on perovskite strong evidence of the partial amorphization.
materials needs to be isolated for further investigation. Since observations made inttstuTEM can be attributed

In that sense, SAED patterns were acquired to provide localized phenomena, bulk-scale characterization was also
essential information to correlate the lattice fringe disappearamoaducted to comm the partial amorphization at the device
with the partial amorphization of the perovskite materialsevel.Ex situXRD measurements of the fresh and post-bias
Figure Zhows the SAED patterns to verify teetof electrical ~ device (1 V for 10 min) were conducted and are shéguire
bias on perovskite materials. Detailed information on th& Magnied XRD patterns irigure B,c show that the forward
indexing of the SAED patterns is presentedjime S1.0We bias led to a sigriant decrease in peak intensities of the (001)
can notice that Pplnd perovskite crystals are overlappedand (002) planes while peak intensities of &td FTO
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Figure 5. Evidence for ion migration and mechanism of amorphization from the ion migration. EIS plots of the PSCs measured from 1 MHz 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 migratiof). Proposed mechanism for ion-migration-induced partial
amorphization of perovskite materials and the recovery from thermal ion redistribution.

remained the same, caning amorphization of the perovskite conditions, i.e., open-circuit (OC) and short-circuit (SC), as
phase during the electrical biasing. During bias-induceltlistrated ir-igure 4,d to explore the ects of amorphization
amorphization, a phase transition to thghase did not onthe PSCgerformance. When both PSCs were placed under
occur, as shown iRigure S12which means the structural continuous one sun illumination, a photovoltageV) was
change under electrical bias is not from either decompositionagveloped in the OC device and charge carriers accumulated at
a phase transition but from the amorphizéftidpeak the interfaces between the perovskite and transport layers,
broadening is accompanied by a decrease of peak intensitgating a photovoltage-induced eleatitfor charged ions
during the process, which is clear evidence for the amorphizatfminting from anode to cathotié” On the other hand, charge
(Table S} Integral breadths for amorphized lattice planegarriers did not accumulate at the interfaces in the SC device;
increased sigmiantly after the application of electrical bias therefore, no induced electrical potential between cathode and
while those for Phlvere almost not changed. Thes@urEM anode was applied to the charged ions. In other words, a
andex sittlXRD results imply that partial amorphization of thephotovoltage-induced electeétd due to charge accumulation
perovskitelm is induced by electrical forward bias, consistentvas only generated in OC conditions, which was equivalent to
with previous studié$?! Additionally, this arms the  the forward bias to the device, analogous to that duiimgithe
correlation between atomic structural changes and the perforfieM andex situXRD measurements. Considering that the
ance degradation of photovoltaic devices under the electriggection of carriers from either external electrical bias or light
bias. illumination allowed the ions to migrate more freely, applying an
In order to address PSdeng-term stability issues, it is electrical bias or using the induced eleeiddrom the charge
essential to understand how such partial amorphization takescumulation could give the same structural changes caused by
place under light illumination as well axis photovoltaic  ion migratior’> A degradation test was conducted in a pure
performance during an actual operation. To evaluate this,ndrogen environment to exclude theceé of surrounding
degradation test setup was used to applyedt electrical reactive molecules (such as oxygen) and madistune: H,e
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shows changes in theV curves of the OC and SC devices, recovered at increased temperatures periodically during the
respectively. Photovoltaic parameters calculated fram\éach nighttime.
curve are listed ifable S2For both conditions, performance  Next, to elucidate the electrochemicadts of ion migration
was degraded when the device was illuminated and was restgozgpossible partial amorphization), electrical-bias-induced ion
after recovery in the dark due to photo-activated reversible iomgration inside the perovskite device was investigated via
migration.” However, the forward bias in the OC case causedlectrochemical impedance spectroscopy (EIS) and energy-
dramatic changes during degradation as compared to the 8i€persive X-ray spectroscopy (EDS) measurements. After
case, consistent with previous stufié$**° Specically, the ~ various magnitudes of forward bias were applied, an inductance
open-circuit voltag&/{) largely decreased after 16 h of light response (or negative capacitance) was observed at low
soaking and did not return to the original value after recoveryfrequencies for bias greater than 1 V, as shdwguie 5
darkness, which indicates that the defect concentration and tBiece the device was measured and stored in the dark, there
crystallinity of the perovskiten were mainly inenced by  would be no inuence from photogenerated charges and
forward bias (sdegure 4)3%3” On the other hand, thé . generation of electrical potential. While the device was biased,
values hardly changed in the SC case and recovered to the inttial electrical circuit of the device was merely composed of
V,cafter 16 h, as shownhigure £ Unlike the/,.values, the resistances and capacitances, similar to thatin general perovskite
degraded PCE of perovskite devices in both OC and SC casesicesKigure & c).** Thus, the new inductance component
recovered to the initial PCE, as showfigure S13The (negative capacitance) after forward bias beyond 1 V would be
partially amorphous phase may be recrystallized spontaneoustiicative of a sigrant material transformation in terms of
while the device is stored in the dark under an inert atmosphemmic migrationKigure 8,e)** “>Notably, such a remarkable
and ambient temperature, which can possibly lead to perfortnansformation was possibly associated with the partial
ance recovery. As with the electrical bias applicaafrem amorphization based on aorsituTEM observations (see
the photovoltage, a performance degradation test under fow&idure 2.
bias from the external power sources in the dark state als&Emergence of the negative capacitance at forward bias over 1
exhibits the same degradation and recovery fignds( S1¢ V clearly implies that ions are migrated to interfaces via the
This validates that the photo-induced internal eleelnibas electric eld, thereby forming a reverse surface charging as a
an equivalent impact on the partial amorphization from the iosource of negative capacit&fitais was likely related with the
migration with the external electrical bias. To validate the parityverted hysteresis behavior of the aged device, where the
of thein situTEM observation and device stability test, weforward-scan PCE (scan fr@go V,) became larger than the
assumed that the majority of degradation was attributed to isaverse-scan one (scan figgto 1) (seeFigure S16 A
migration under electrical bias at both conditions. Although thgerovskite device that initially exhibited normal hysteresis (the
two cases have drent geometric and electrical conditions, thisreverse-scan PCE is larger than the forward-scan one) showed
seems highly plausible, given that they showed consistémierted hysteresis after 16 h of aging under light illumination
crystallinity transitions. and OC condition. Since the hysteresis behavior of PSCs was
Considering that degradation as a result of ion migration cattributed to the ion migrati6fi the change of the hysteresis
be reversed with ion redistribution under darkf&ss, behavior was related with the mobile ions,edeby the
supplying additional thermal energy should promote such iaregative capacitance that developed under the forward bias over
redistribution and hasten the recovery process. Thus, a therrhal.
recovery test was conducted on the degraded devices by heatirigom the above characterization and analysis results, a
at 50°C in the dark Eigure §). The degraded PSCs under possible mechanism for the partial amorphization coupled with
continuous light illumination were restored to the initialdynamics of ion migration is proposed. Although some defects
performance within just 3 h when they were heated°@t 50 with low defect formation energies are intrinsically formed in
in darknessHigure #,i). Note that performance was not fully pristine perovskite crystals, this still represents a low fraction of
recovered even after 10 h of storage in the dark at roodefect densityFgure ). After an external electrield is
temperature, demonstrating theotiveness of applying mild applied via forward bias or illumination, the formation of Frenkel
heating. These results indicate that thermal energy facilitated gars (\(*/I; ) will be more energeticall)/ favorable due to their
prompt recovery process of degraded PSCs through recryskalv defect formation enerdyiqure §).” The newly formed
lization of amorphous perovskite. Investigation on thnterstitial defects and vacancies are the most active species
crystallinity by XRD measurement eerihe recrystallization during electriceld-induced ion migratidhOur EDS results
by the recovery proce$sgure S1f indicating that the bias- showed that iodine distribution exhibited the most drastic
induced degradation of perovskite materials can be recovepddnge, whereas other components of perovskite crystals
through recrystallization. There is a possibility of reversibiemained relatively unchanged after the forward-mase(
recovery of performance and perovskite crystallinity througil). Moreover, iodine accumulation near the cathode interface
reformation by the reaction of Pland organic halides. was observed, as showrigure S1&uggesting that negatively
However, such reformation would becdit since organic charged interstitial iodine defects migrated under the driving
cations and halide anions migrated to both sides under electrifcakte of the electrield. Not only the single-line EDS scan along
bias; therefore, the amorphization and recrystallization procéiss perovskite layer but also the averaged plots extracted from
prevails in this case. Although a reversible chan%einthe PCEthef 2D EDS mapping validate the ion migration along the
PSCs has been reported in previous sttdies>® “© this perovskite layer and localized iodide ion at the cathode region
work o ers new a direct observation of dynamic changes in tt§€igure S19 As a result of continuous ion migration, density
crystallinity of perovskite materials as a result of forward biasstributions of iodide interstitials or vacancies will no longer be
Moreover, mild heating was found to be ant&e solutionto  uniform across the perovskite layer, which would possibly lead
expedite performance recovery under darkness, potentiatidefect-induced partial amorphizafiéiThe corresponding
extending the practical lifetime of PSC devices if they can pknes, which always contain iodides, will experience loss of
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