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Chemical anti-corrosion strategy for stable inverted

perovskite solar cells

Xiaodong Li', Sheng Fu?, Wenxiao Zhang'?, Shanzhe Ke', Weijie Song?, Junfeng Fang"%*

One big challenge for long-lived inverted perovskite solar cells (PSCs) is that commonly used metal electrodes
react with perovskite layer, inducing electrode corrosion and device degradation. Motivated by the idea of metal
anticorrosion, here, we propose a chemical anticorrosion strategy to fabricate stable inverted PSCs through intro-
ducing a typical organic corrosion inhibitor of benzotriazole (BTA) before Cu electrode deposition. BTA molecules
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chemically coordinate to the Cu electrode and form an insoluble and polymeric film of [BTA-Cu], suppressing the
electrochemical corrosion and reaction between perovskite and the Cu electrode. PSCs with BTA/Cu show excel-
lent air stability, retaining 92.8 + 1.9% of initial efficiency after aging for 2500 hours. In addition, >90% of initial
efficiency is retained after 85°C aging for over 1000 hours. PSCs with BTA/Cu also exhibit good operational stability,
and 88.6 + 2.6% of initial efficiency is retained after continuous maximum power point tracking for 1000 hours.

INTRODUCTION

Perovskite solar cells (PSCs) have reached over 25% efficiency
because of their extraordinary optoelectronic properties (1, 2).
Device stability becomes the next big challenge that remains to be
addressed before the device’s commercialization (3). Stability issues
of PSCs appear not only in perovskite layers but also in metal elec-
trodes, especially for inverted PSCs (4-8). Lee and co-workers (9)
have revealed that the corrosion of metal electrodes is a major
origin of intrinsic device degradation through exploring the self-
degradation process of PSCs. On the one hand, the decomposition
products of perovskite (e.g., HI and L) can react with commonly
used metal electrodes (Al, Ag, and Cu) in inverted PSCs, which will
further accelerate the decomposition of perovskite according to the
law of chemical reaction equilibrium (10-13). For example, studies
have demonstrated that Ag or Al electrodes will be corroded and
form Agl or All; at the electrode interface during device aging, thus
leading to efficiency loss in PSCs (10, 11, 14, 15). On the other hand,
a previous study has confirmed that ion migration in PSCs, which is
another main reason for device degradation, is a reversible process
and may not cause permanent device degradation under illumina-
tion since the efficiency can be fully recovered after being left in the
dark for some time (14, 16). However, such a reversible process will
be broken once the migrated ions (I") react with metal electrodes
(10, 14, 17). As a result, PSCs irreversibly degrade far ahead of the
degradation of perovskite layers (12, 14). In addition, this is also one
important reason why half of PSCs (without a transporting layer or
metal electrode) usually show a much longer lifetime than full PSCs
(18, 19). Although in real inverted PSCs, an electron transporting
layer of PCBM ([6,6]-phenyl-C61 butyric acid methyl ester) com-
monly lies between a metal electrode and a perovskite layer, the io-
dine species in perovskite can diffuse through the PCBM layer and
still react with the metal electrode, thus causing the electrode corro-
sion mentioned above (10, 14). To fabricate stable PSCs, physical
separating methods are usually adopted through introducing extra
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diffusion barriers between perovskite and metal electrodes, such as
carbon quantum dots (20), grapheme oxide (21, 22), graphitic
carbon nitride (23), and cross-linked polymer (24). These barri-
ers can effectively delay electrode corrosion and prolong device
stability. However, the long-term stability issues of PSCs still exist
as the iodine tends to diffuse through these barriers, especially
under thermal or illumination conditions (13). Therefore, to fur-
ther improve device stability, electrode corrosion caused by the
chemical reaction between metal electrode and perovskite must
be overcome.

Metal corrosion commonly appears not only in PSCs but also
in electronic industries, communications, and marine equipment
(25). For example, metal corrosion in Cl™-rich seawater will destroy
the hull of ships (26). To avoid this corrosion, one of the most effi-
cient approaches is chemical anticorrosion through using organic
inhibitors (25). Among them, benzotriazole (BT A; Fig. 1A) is one of
the most commonly used inhibitors, especially for Cu metal in
halogen media (CI', for example) (25, 27, 28). Motivated by this
anticorrosion idea, here, we introduce a BT'A layer in inverted PSCs
before Cu electrode deposition to avoid electrode corrosion and
thus improve device stability (Fig. 1A; BTA is spin-coated on top of
PCBM/C60/TPBi). Different from physical separating barriers, BTA
molecules chemically coordinate with the Cu electrode and form an
insoluble and polymeric film of [BTA-Cu] (Fig. 1A) (27), thus sup-
pressing the electrochemical corrosion of the Cu electrode in halo-
gen atmosphere and also blocking the reaction between perovskite
and Cu electrode. In addition, recent studies indicate that metal
electrode diffusion into a perovskite layer may be also a critical rea-
son for device degradation (29, 30), while in PSCs with BTA, such a
polymeric [BTA-Cu] film can also work as a diffusion barrier and
block Cu diffusion toward the perovskite layer, thus further im-
proving device stability. As a result, the device stability is greatly
improved under both moisture air and thermal conditions. PSCs
with BTA retain 92.8 + 1.9% of the initial efficiency after aging
2500 hours in moisture air (relative humidity, 40 to 60%). In addi-
tion, over 90% of initial efficiency is still retained after aging
1100 hours at 85°C. The operational stability is also improved in
PSCs with BTA, and 88.6 + 2.6% of initial efficiency (91.0% recover
from J-V curves) is retained after maximum power point (MPP)
tracking for 1000 hours.
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Fig. 1. Working mechanism of BTA anticorrosion. (A) Device configuration and schematic diagram of BTA anticorrosion. Note that a cross-linked perovskite layer is
used here according to our previous work (24). (B) XPS of Cu 2p and (C) AES of Cu LLM in Cu film and Cu film deposited with BTA (BTA/Cu). Note that the Cu film is etched

in AES characterization to avoid possible surface oxidation. a.u., arbitrary units.

RESULTS

Working mechanism

X-ray photoelectron spectroscopy (XPS) is conducted to investigate
the working mechanism of BTA. Figure 1B shows the XPS of the Cu
2p orbit in Cu and BTA/Cu films (BTA deposited onto Cu surface).
The Cu 2p;; and Cu 2pj3), peaks in the bare Cu film appear at 952.6
and 932.8 eV, respectively, while in the BTA/Cu film, the Cu 2p;);
(952.0 eV) and Cu 2ps3/; (932.2 eV) peaks shift toward low binding
energy, indicating the coordination between BTA and Cu. The N 1s
peak in BTA/Cu (399.9 eV) shows a 0.3-eV shift toward high bind-
ing energy in comparison with that in pure BTA (399.6 eV; fig. S1).
Such a shiftin N 1s peak indicates that the BT A coordinates with Cu
through N atoms, forming a [BTA-Cu] polymeric film as shown in
Fig. 1A, which agrees well with previous reports (31, 32). Auger
electron spectroscopy (AES) of Cu LLM is also conducted to verify
the formation of [BTA-Cu] (shown in Fig. 1C). In AES spectra, the
peak around 569.2 eV is from metallic Cu, and the peak around
571.9 eV is from [BTA-Cu] (33). In BTA/Cu films, only the peak
assigned to [BTA-Cu] is observed, and almost no signal from metallic
Cu is observed, indicating that the Cu surface is completely covered
by [BTA-Cu] in the BTA/Cu film.

Chemical anticorrosion

Cyclic voltammetry is used to investigate the electrochemical oxida-
tion and reduction corrosion of Cu films (Fig. 2A). A pure Cu film
is easy to be electrochemically corroded as obvious anodic and
cathodic peaks are observed even in a neutral atmosphere of NaCl
solutions (34, 35). However, in BTA/Cu films, Cu oxidation and
reduction processes are completely suppressed in the presence of
BTA (Fig. 24, inset), indicating its excellent anticorrosion ability.
Tafel polarization characterization is a typical method to evaluate
metal corrosion. In Tafel curves, self-corrosion potential (Ecorr
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where the corrosion current is smallest) represents the corrosion
tendency, and corrosion current represents the corrosion rate (36).
As shown in Fig. 2B, the major difference in Tafel polarization
curves appears at the anodic section (right section), indicating that
BTA molecules affect the anodic oxidation process of the Cu film.
The BTA/Cu film shows an obvious E.,, shift (—0.29 V) to positive
potential in comparison with Cu film (-0.39 V), demonstrating that
BTA/Cu film is much more difficult to be corroded. In addition, in
Tafel curve of the Cu film, the corrosion current starts to rapidly
increase at potential of 0.08 V and will be 380-fold higher than that
in the BTA/Cu film, indicating the much faster corrosion rate in the
Cu film. Note that the Cu color changes to dark brown (Fig. 2B,
inset) after Tafel measurement, further confirming the easy corro-
sion of the Cu film. According to the results from cyclic voltamme-
try and Tafel polarization, it can be concluded that the Cu film is
not only much easier but also much faster to be corroded than a
BTA/Cu film.

An immersing experiment is designed to directly observe the Cu
corrosion in an I-rich atmosphere (Fig. 3A). FAPbI; dispersion
(50 mg ml™" in isopropanol) is used to simulate the I-rich atmo-
sphere in real PSCs, and the indium tin oxide (ITO)/Cu substrate is
immersed in pure FAPbI; dispersion or FAPbI; dispersion contain-
ing BTA (1.0 mg ml™"). As shown in Fig. 3B, the color of the Cu film
obviously changes to dark brown after 20 hours and then to gray
completely after 50 hours when immersing in pure FAPbI; disper-
sion, indicating the easy corrosion of Cu metal in this I-rich
atmosphere; in FAPbI; dispersion with BTA, no obvious change is
observed in Cu color even after 50 hours. X-ray diffraction (XRD;
Fig. 3C) shows that upon immersion in FAPbI; dispersion, the peak
from metallic Cu (43.5°) gradually weakens until it disappears com-
pletely after 50 hours. In addition, the peaks ascribed to Cul (25.4°) are
gradually enhanced, indicating that Cu metal is easy to be corroded

20f8



SCIENCE ADVANCES | RESEARCH ARTICLE

A
——BTACU cu'e Cul

~ 50 —cu
'
G
<
£
> 0
[72]
% 0.4]—BTACU
°
S 00
g 50 /
3 ey

Cu'—~cCu’ -06-04-02 00 02 04

-0.6 -0.4 -0.2 0.0 0.2 0.4

Potential (V vs. Ag/AgCl)

B 100
pla/\ 101
5
< 14
£
>
2 014
=
[5)
S 0.014
[ =
o
51x107
(6]
1x 107 L
08 04 0.0 0.4

Potential (V vs. Ag/AgCl)

Fig. 2. Electrochemical anticorrosion characterization of BTA. (A) Cyclic voltammetry and (B) Tafel polarization curves of pure Cu and BTA/Cu in NaCl solution
(3.5 weight %). Note that BTA/Cu is formed by immersing the Cu film in BTA aqueous solution (1 mg ml™") for 3 hours and then measured in NaCl solutions with BTA
(0.1 mg mi™). Ecorr represents self-corrosion potential. Inset: (A) Five hundred-fold enlarged curves of BTA/Cu. (B) Photographs of Cu and BTA/Cu after polarization test.

Photo credit: Xiaodong Li, East China Normal University.

A Cc ITO
Cu
cul Ccum i
...... FAPbI,
iy L with BTA
FAPDI; dispersion FAPDI; dispersion with BTA —
B = P gt i 1
>
=
» .
c Cuin
3 g R FAPbI,
: : : i i, 50h
Cu in FAPDI; dispersion R
. ¥ VR
K i O 20h
. . i """é %h
RS 20 30 40 50

Cu in FAPDI; dispersion with BTA

26 (°)

Fig. 3. Cu corrosion in I-rich atmosphere. (A) Schematic diagram of immersing experiment. The ITO/Cu substrate is immersed in FAPbl3 dispersion (50 mg ml™" in iso-
propanol) without or with a BTA inhibitor (1.0 mg ml™"). (B) Photographs and (C) XRD patterns of Cu films after immersion in FAPbI; dispersion for different times. Photo

credit: Xiaodong Li, East China Normal University.

in FAPbI; dispersion and converts into Cul eventually (19, 37). When
immersing Cu film in the FAPbI; dispersion containing BTA, BTA
serves as a corrosion inhibitor and forms a compact polymeric
[BTA-Cu] film on the Cu surface as shown in Fig. 1A. As a result,
XRD peaks from metallic Cu are still obviously distinguished, and
almost no Cul peaks appear in the Cu film even after immersing for
50 hours.

In real PSCs with a Cu electrode, the electrode color will obvi-
ously change to dark brown after 85°C aging (Fig. 4A), indicating
the existence of Cu corrosion. We design a device with a thin Cu
electrode (10 nm; Fig. 4A) to simulate the situation around
C60(TPBi)/Cu interface in real PSCs and use AES characterization
to monitor the Cu variation during device aging. In control PSCs

Lietal., Sci. Adv. 2020; 6 : eabd1580 16 December 2020

with Cu, an obvious AES signal assigned to Cu" appears after 100
hours of aging and gradually increases, while the Cu” signal gradu-
ally decreases until it disappears (Fig. 4A) (38), indicating that the
chemical reaction and corrosion of the Cu electrode (from Cu® to
Cu") indeed exist during PSC aging. When inserting BTA, Cu cor-
rosion is suppressed, and strong Cu’ signal still appears even after
aging for 500 hours (Fig. 4A). Cross-sectional scanning electron
microscopy with energy-dispersive x-ray (SEM-EDX; Fig. 4B) and
depth profiling of time-of-flight secondary ion mass spectrometry
(ToF-SIMS; Fig. 4, C and D) are conducted to investigate element
distribution in aged PSCs (85°C aging for 500 hours; specific details
in Materials and Methods). The results show that iodine elements
have diffused into the Cu electrode (Fig. 4B) and partially aggregate
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Fig. 4. Cu electrode corrosion in PSCs under device aging. (A) Photographs of aged PSCs and AES variation of Cu LLM in PSCs. Note that in AES characterization, only
a 10-nm Cu electrode was used to simulate the situation around the C60(TPBi)/Cu interface in real PSCs during 85°C aging in glove box. (B) Cross-sectional EDX mapping
of Cu, I, and Pb elements in aged PSCs. Scale bars, 500 nm. (C and D) ToF-SIMS for depth profiling in aged PSCs with (C) Cu and (D) BTA/Cu after aging at 85°C for 500 hours
in a glove box. Marked region indicates the | aggregation. Photo credit: Xiaodong Li, East China Normal University.

there in aged PSCs with Cu (marked in Fig. 4C), agreeing with the
strong iodine signal in the Cu electrode (XPS in fig. S2). In addition,
Cu diffusion toward perovskite is also clearly observed in PSCs with
Cu. This Cu and I element diffusion may accelerate the reaction and
corrosion of the Cu electrode, thus degrading device performance.
In PSCs with BTA/Cu, BTA can chemically bond with Cu, thus
inhibiting its diffusion. On the other hand, the interaction between
BTA and Cu will form a polymeric film of [BTA-Cu], which may
work as a diffusion barrier and block Cu or I diffusion. As a result,
almost no iodine aggregation or Cu diffusion is observed in PSCs
with BTA/Cu whether in cross-sectional SEM-EDX (Fig. 4B) or in
depth profiling of ToF-SIMS (Fig. 4D).

Long-term stability

On the basis of the anticorrosion strategy of BT A, we fabricate inverted
PSCs with structure of ITO/P3CT-N (39)/(FAPbI;).95( MAPbBr3),5/
PCBM/C60/TPBi/BTA/Cu. Since BTA is deposited using a spin-
coating method, the BTA concentration (thickness) may affect the
device performance. We firstly investigate the effect of BTA con-
centration on device performance and find that BTA of 1 mg ml™'

Lietal., Sci. Adv. 2020; 6 : eabd1580 16 December 2020

should be the best choice from the point of both device efficiency
and stability (fig. S3 and tables S1 and S4). PSCs with BTA/Cu
exhibit high efficiency (19.56%; fig. S5) with good air, thermal, and
operational stability. As shown in Fig. 5A, PSCs with BTA/Cu
retain 92.8 + 1.9% of initial efficiency after 2500 hours of aging in
moisture air without encapsulation (relative humidity, 40 to 60%; non-
normalized data in fig. S6), while in control PSCs, only 68.8 + 1.3%
of initial efficiency is retained merely within 600 hours. Apart from air
stability, thermal stability is also greatly improved, and 90.7 + 2.5%
of initial efficiency is retained in PSCs with BTA/Cu after aging at
85°C for 1100 hours (Fig. 5B and non-normalized data in fig. S7). In
control PSCs, Cu electrode corrosion is non-negligible, and we have
confirmed that the possible corrosion product of Cul will block
electron transport in PSCs, greatly degrading device performance
(fig. $8). In addition, photographs of aged PSCs show obvious
shrinkage of active device area due to the edge corrosion of Cu elec-
trode (fig. S9). To verify the effect of edge corrosion on device per-
formance, we remeasure the aged PSCs using a mask (4 mm?) much
smaller than initial device area (9 mm?) to avoid the already corroded
section of the Cu electrode. The aged devices exhibit partially recovered
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efficiency (especially J;.) when remeasuring with the mask in com-
parison with that without the mask (details in fig. S9). This result
strongly indicates that the corrosion of Cu electrode indeed leads to
device degradation. Because of this non-negligible Cu corrosion,
PSCs with the Cu electrode exhibit poor thermal stability, retain-
ing merely 49.5 + 2.4% of initial efficiency after aging at 85°C for
1100 hours (specific photovoltaic parameter in fig. SI0A and non-
normalized data in fig. S7).

Apart from air and thermal stability, operational stability is of
first concern for solar cells as it simulates the power generation pro-
cess under real working conditions. In PSCs, ion migration is con-
sidered to be one major reason affecting its operational stability
(40). Our previous work has demonstrated an in situ cross-linking
method to suppress the ion migration along grain boundaries (24).
However, even in this cross-linked perovskite layer, ions still start to
migrate and dominate at 263 K (below room temperature), and the
ions conductivity reaches as high as 0.608 x 107 S cm™" at room
temperature (298 K) (24). That is to say, ion migration still exists
and cannot be ignored. As a result, ions in PSCs will migrate during
MPP tracking and react with the metal electrode (Cu in this work),
thus inducing electrode corrosion and device degradation. Just as
shown in Fig. 5C, PSCs with Cu only retained 60.0 + 4.2% of initial
efficiency after MPP tracking under illumination for 1000 hours
[white light-emitting diode (LED) lamp, light spectra shown in fig. S12
and specific photovoltaic parameter in fig. SI0B]. However, in PSCs
with BTA/Cu, the electrode corrosion and resulting device degra-
dation can be avoided because of the anticorrosion property of
BTA. Therefore, PSCs with BTA/Cu exhibit excellent operational
stability, retaining 88.6 + 2.6% (91.0% recover from J-V curves
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shown in fig. S11) of initial efficiency after MPP tracking for 1000 hours
under continuous illumination (non-normalized original data shown
in fig. S13).

Electrode corrosion-induced degradation

We design perovskite-based resistive random-access memory (RRAM)
devices to study the ion migration-induced electrode reaction.
Typical RRAM devices will exhibit two different states of high-
resistance state (HRS) and low-resistance state (LRS) under external
bias, which can be used to store information. At low bias, RRAM
stays at HRS due to the resistance of perovskite itself. When increas-
ing the bias to a certain value, the migrated I" ions in the perovskite
layer start to react with the electrode and accumulate around, thus
leaving many I~ vacancies in the perovskite layer and forming a
conductive filament for electric conduction (Fig. 6A) (41). As a re-
sult, the device current rapidly increases at this bias, transiting
RRAM from HRS to LRS. The transiting bias from HRS to LRS rep-
resents the difficulty of ion migration and reaction with the top
electrode. For example, a previous report has demonstrated that the
RRAM with a Au top electrode exhibited much higher transiting
bias than that with a Ag electrode, despite the same perovskite-based
RRAM (41). In this work, we insert a PCBM layer between the per-
ovskite layer and the top electrode to simulate the real conditions in
PSCs (Fig. 6B), which is slightly different from typical RRAM. As
shown in Fig. 6B, the RRAM devices with Cu exhibit much larger
transiting bias (3.6 V) than that with Ag (1.1 V), agreeing well with
the better stability of PSCs with Cu (12, 13). This result indicates
that RRAM characterization is indeed a reasonable method to in-
vestigate the electrode corrosion and its effect on PSCs stability. In
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RRAM with BTA/Cu, the reaction with the top electrode is sup-
pressed because of the existence of BTA (Fig. 6A). As a result,
RRAM with BTA/Cu exhibit ~2.5 times higher transiting bias (8.9 V;
Fig. 6B) than that with Cu (3.6 V). Note that the LRS will be retained
once the RRAM transits from HRS to LRS (Fig. 6B), demonstrating
the irreversible electrode reaction caused by ion migration. If in
PSCs, then this irreversible electrode reaction will induce irreversible
device degradation, which is the reason why electrode reaction or
corrosion must be suppressed for stable PSCs. In devices with BTA/
Cu, BTA molecules can effectively suppress the electrode reaction
and corrosion, thus improving device stability.

DISCUSSION

In conclusion, we demonstrate a chemical anticorrosion strategy to
fabricate stable inverted PSCs through introducing a typical organic
inhibitor of BTA. BTA chemically coordinates with a Cu electrode
and form an insoluble and polymeric film of [BTA-Cul], thus en-
hancing the corrosion-resisting ability of the Cu electrode whether
under air, thermal, or operating conditions. The resulting PSCs ex-
hibit good operational stability, retaining 88.6 + 2.6% of the initial
efficiency after MPP tracking for 1000 hours under continuous illu-
mination. In addition, the air and thermal stability are also greatly
improved. The PSCs with BTA/Cu retain 92.8 + 1.9% of initial effi-
ciency after 2500 hours of aging in moisture air and 90.7 + 2.5% of
initial efficiency after 1100 hours of aging at 85°C. Our work high-
lights the role of electrode corrosion in device stability and proposes
an effective method to fabricate stable inverted PSCs. Once the issue
of electrode corrosion is overcome, the stability of inverted PSCs
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will be further improved when combining with the optimization of
perovskite layer in future studies.

MATERIALS AND METHODS

Materials

PbBr,, Pbl,, MACI, MABr, FAI C60, and TPBi are obtained from Xian
p-OLED (China). BTA and TMTA (trimethylolpropane triacrylate)
additive are obtained from Aladdin (China). N,N'-dimethylformamide
(DMF) and dimethyl sulfoxide (DMSO) are obtained from Alfa Aesar.
Chlorobenzene (CB) solvent is obtained from Sigma-Aldrich.

Device fabrication

ITO substrates (20 mm by 20 mm) are cleaned sequentially in deter-
gent, distilled water, acetone, and isopropanol. After drying with N,
flow, the substrates are transferred into chamber for O, plasma.
Then, P3CT-N (1 mg ml™' in methanol) is spin-coated on these
substrates at 4000 rpm and annealed at 100°C in air. Perovskite pre-
cursor solution is prepared by mixing 15 mg of MACI, 721.6 mg of
FAPbI;, 28.7 mg of MAPbBr; and 0.5 mg of TMTA additive in 1 ml
of DMF/DMSO solvent (4:1, volume ratio). Perovskite layer is
deposited by a typical antisolvent method in glove box. Perovskite
precursor solution is spin-coated on ITO/P3CT-N at 2000 rpm for
10 s and 4000 rpm for 20 s. During spin coating, 300 pl of CB is
dropped on the substrate 10 s before the end of the second program.
The substrate is annealed at 140°C for 20 min and PCBM (10 mg ml™)
is spin-coated on top when cooling to room temperature. Forty-
nanometer C60 and 8-nm TPBi are deposited through thermal evap-
oration. Then, BTA (1 mg ml'in isopropanol) is further spin-coated
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on top at 4000 rpm. Last, 160-nm Cu is deposited to form the top
electrode in a vacuum chamber (1 x 107 Pa). The device area is
9 mm?, defined by the overlap of Cu and ITO.

Characterization

The J-V characteristics are recorded using the Keithley 2400
SourceMeter under the solar simulator (Enlitech, SS-F5-3A) with
simulated AM (Air Mass) 1.5G illumination (100 mW cm™2). The
light source is a 450-W xenon lamp calibrated by a standard Si ref-
erence solar cell (Enli/SRC2020, SRC-00201). Unless otherwise stated,
The J-V curves are all measured in a glove box at room temperature
under a forward scan (unless otherwise stated) from 1.2 to 0.2 V
with a dwell time of 50 ms (the delay between measurement points
is 50 ms). The EQE (external quantum efficiency) measurement is
conducted in air using a Newport quantum efficiency measurement
system (ORIEL IQE 200TM) combined with a lock-in amplifier and
a 150-W xenon lamp. The light intensity at each wavelength is cali-
brated by one standard Si/Ge solar cell.

Cyclic voltammetry and Tafel polarization curves are recorded
by an electrochemical workstation (CHI660D) with a three-electrode
system. SEM-EDX is recorded by SEM (FEI Quanta FEG 250) with
an accelerating voltage of 20 kV. ToF-SIMS is conducted on TOF-
SIMS 5 (iontof) with a sputter energy of 1 keV. The sample prepa-
ration is similar to PSC fabrication except that the Cu electrode is
deposited without any mask. After evaporating the Cu electrode,
the sample is heated on hot plate at 85°C in a glove box for 500 hours
and then transferred for characterization.

RRAM measurement: A perovskite layer and a BTA layer are
deposited similar to PSCs. The PCBM layer is spin-coated on top of
the perovskite with a low density of 3 mg ml ™. Ag or Cu (100 nm)
is deposited to form the top electrode with a diameter of 100 um.
RRAM devices are measured at room temperature using a semicon-
ductor characterization system (Keithley 4200-SCS).

Stability measurement

Air stability is recorded by storing the nonencapsulated devices in
air (relative humidity, 40 to 60%). Before J-V measurement, the
PSCs are put into a vacuum chamber for 10 to 20 min to remove the
moisture absorbed on surface.

Thermal stability is recorded by storing the nonencapsulated de-
vices on a hot plate setting at 85°C in a glove box [H,0O < 0.1 parts
per million (ppm) and O, < 0.1 ppm]. The J-V curves are measured
after cooling the PSCs down to room temperature.

Operational stability: Operational stability is recorded with a
16-channel MPP measuring system under continuous illumination
(white LED) at room temperature. During the MPP tracking, the
light intensity can be automatically calibrated with a Si reference
diode. To calibrate the initial illumination intensity to 100 mW
cm™2, the PSC is first measured under the solar simulator (Enlitech,
SS-F5-3A) with simulated AM 1.5G illumination to obtained a J..
Then, the PSC is measured again under the white LED lamp to
reach the same J; through regulate the intensity of the LED lamp.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/51/eabd1580/DC1
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