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GRAPHICAL ABSTRACT

- Suppressing Defects

+ Alleviating Microstrain

+Improving Device Performance

PUBLIC SUMMARY
= FPSCs hold promise as power sources for flexible electronics and spacecraft

= Succinate additives enable high-quality perovskite films with reduced microstrain
= An efficiency of 25.4% has been achieved for perovskite solar cells

= An efficiency of 23.6% has been achieved for FPSCs with excellent durability
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Flexible perovskite solar cells (FPSCs) have emerged as power sources in ver-
satile applications owing to their high-efficiency characteristics, excellent flex-
ibility, and relatively low cost. Nevertheless, undesired strain in perovskite films
greatly impacts the power-conversion efficiency (PCE) and stability of PSCs,
particularly in FPSCs. Herein, a novel multifunctional organic salt, methylam-
monium succinate, which can alleviate strain and reinforce grain boundaries,
was incorporated into the perovskite film, leading to relaxed microstrain and
a lower defect concentration. As a result, a PCE of 25.4% for rigid PSCs and a
record PCE of 23.6% (certified 22.5%) for FPSCs have been achieved. In addi-
tion, the corresponding FPSCs exhibited excellent bending durability, maintain-
ing ~85% of their initial efficiency after bending at a 6 mm radius for 10 000
cycles.

INTRODUCTION

Perovskite solar cells (PSCs) have emerged as a cost-effective photovol-
taic technology, as is obvious from the power-conversion efficiency (PCE),
which has surpassed 25.7%." “ With a high power-to-weight ratio and
excellent flexibility, flexible PSCs (FPSCs) hold promise as power sources
for flexible electronic devices, wearable equipment, and spacecraft.” With
the experience accumulated in rigid PSCs, the PCE of FPSCs has reached
over 22% in small areas®’ and 15% in large areas.®? In addition, an
increasing number of researchers have begun to explore the industrial
roll-to-roll fabrication of FPSCs,'®"" showing a promising future in flexible
photovoltaic applications.

However, the PCE of FPSCs still lags far behind that of rigid PSCs, which can be
mainly attributed to the inferior perovskite thin film quality on flexible substrates
compared with that of glass substrates. The difference in the physical properties
of glass substrates and flexible plastic substrates, such as thermal properties
and surface roughness, increases the difficulty in obtaining high-quality perov-
skite thin films on plastic substrates.'? Additives comprising small molecules
and polymers were employed in the perovskite precursor to regulate the perov-
skite crystallization process, ' improve crystallization, strengthen the perovskite
crystals,'* and passivate defects.'®

Due to their polycrystalline nature, perovskite films also suffer from the
influence of strain on the optoelectronic properties and stability.'®"” The
residual strain is related to the stability of the perovskite'® and usually

accelerates its degradation by increasing ion migration and reducing
perovskite structural stability."® The microstrain, which originates from
local lattice mismatch or misorientation and is related to the local lattice
disorder and defects,”® is highly detrimental to the perovskite film and
thus urgently needs to be mitigated. Although modifying the perovskite
lattice by cation doping, such as Cd?"?' and MDA?"?? has been demon-
strated to lower microstrain for efficient and stable PSCs, the strain
related to environmental effects such as bending, which is extremely
important for FPSCs, cannot be alleviated by the above-mentioned
method.

In this work, we judiciously designed a novel multifunctional additive,
methylammonium succinate (MS), to alleviate strain and passivate inter-
face defects in a perovskite film. It has been reported that FAl-termi-
nated surfaces and Pbl,-terminated surfaces are stable surfaces in
FAPbl; grains.”® The two terminal carboxyl groups in MS can form
hydrogen bonds with formamidine (FA) with two neighboring perovskite
grains, while the ethylene group between the two carboxyl groups pro-
vides flexibility to release the strain caused by environmental effects
such as thermal stress and bending of flexible devices, leading to perov-
skite films with reduced defects and enhanced durability. In addition, the
carboxyl group can coordinate with the dangling Pb?* present at the sur-
face of perovskite grains, and the MA* can compensate for the A posi-
tion vacancy in the ABX3 perovskite, reducing the number of defects.
As a result, we achieved a high PCE of 25.4% and 23.6% (certified
22.5%) for rigid and flexible PSCs, respectively, which is the highest re-
ported PCE for FPSCs (Figure 1A) to date. In addition, the bilateral an-
ions bind strongly with the perovskite grain surfaces, strengthening the
grain boundaries (Figure 1B) and releasing the strain during the bending
process. Therefore, the FPSCs exhibited improved bending durability, re-
taining ~85% of their initial efficiency after 10 000 bending cycles (at a
6 mm radius).

RESULTS AND DISCUSSION

The grain boundaries of perovskite thin films are rich in defects and
the start points of the cracks, corrosion, and decomposition. The multi-
functional additive MS was designed to heal the defects and strengthen
the grain boundaries by interacting with two adjacent grain boundaries.
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Figure 2. Perovskite thin film characterization (A-F) Scanning electron microscopy (SEM) images of top-view morphology (A and B), UV-visible spectra (C), static photo-
luminescence spectra (D), time-resolved photoluminescence decay (E), and X-ray diffraction pattern (F) of the control and MS-perovskite films (# denotes the Pbl, phase, * denotes the

FAPbI3 perovskite phase, and A denotes the FTO substrate).
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Figure 3. Interaction between the MS molecule and
FAPbI; perovskite (A) 'H-NMR result reveals that
MS interacts with Pb?* ions (MA* cations) and FA*
ions (succinate?~ anions). (B) '*C-NMR result reveals
that ~COO™ groups interact with Pbl,. (C and D) Mi-
crostrains in control and MS-perovskite thin films.
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Figure 4. Photovoltaic characterization of the PSCs on glass substrates (A) J-V curves and photovoltaic metrics of the champion control and MS-PSCs. (B) Stable power output of
the champion control and MS-PSCs at 0.98 and 1.02 V, respectively. (C) PCE distribution of control and MS-PSCs. (D) IPCE and the integrated Jg. curves of the control and MS-PSCs.
(E) EQEg, at different current densities and EL spectra of the control and MS-PSCs. (F) V. versus light intensity and linear fit for the control and MS-PSCs.

With two terminal carboxyl groups, the succinate can bond with FA* cat-
ions via hydrogen bonds and coordinate with dangling Pb%* in the grain
boundaries. To investigate the effect of the MS additives, FAPblz perov-
skite thin films were fabricated by a conventional sequential deposition
method as previously reported.?*?° The acquired perovskite thin films
are denoted “control” and "MS-perovskite” for the films without and
with MS additive (in Pbl, solution), respectively. The surface scanning
electron microscopy images of the control and MS-perovskite film mor-
phologies are shown in Figures 2A and 2B. A small amount (~0.4 mol
%) of MS additive resulted in a smoother surface, and the holes sighted
in the control film were diminished. The cross-sectional images (Supple-
mental Figure 1) show that more grain boundaries exist near the control
perovskite/Sn0, interface, while the MS-perovskite film looks more
uniform.

Detailed studies of the photophysical properties of the films indicate that MS
incorporation improves the perovskite film quality without sacrificing light ab-
sorption. The absorption spectra (Figure 2C) and extracted band gap from the
Tauc plot (Supplemental Figure 2) are almost identical for both films. This means
that the MS additive did not compromise the light absorbing and absorption edge
of the FAPDI3 perovskite thin film. Photoluminescence (PL) spectra did not show
any obvious peak shift either (Figure 2D). However, the MS-perovskite sample
demonstrates a stronger PL intensity and longer PL lifetime (7, = 867.1 versus
659.6 ns for the control sample; Figure 2E), revealing a reduced defect concentra-
tion in the perovskite film after MS incorporation. These results indicate that the
MS molecule contributed to an improved thin film quality of the FAPbI; perov-
skite films.

Figure 2F shows the X-ray diffraction (XRD) patterns of the control
and MS-modified films on the FTO substrates. It should be noted that
residual Pbl, is common in two-step-processed perovskite films.?%?’
On the other hand, the XRD patterns show no detectable peak shift

or new peak arising in the MS-modified film. Therefore, we speculate
that the MS molecule should not be incorporated into the FAPbI; lattice
but is mainly located in the grain boundaries. The bilateral structure of
the MS molecule enables it to bond from both sides. Nuclear magnetic
resonance (NMR) measurements were performed to elucidate the inter-
action mechanism between the MS molecule and the FAPbl; perovskite.
As illustrated in the "H-NMR spectra (Figure 3A), for the two parts of
the MS molecule, the MA™ cation tends to interact with the inorganic
Pbl,, as indicated by the shift of —CHs; groups at approximately 2.3
ppm after mixing Pbl, in the precursor solution. On the other hand,
the succinate?~ anion prefers to bond with the FA" cation via N-H
.- O hydrogen bonding, as indicated by the prominent shift of the reso-
nance peak of the =NH, groups in FA*. The shift of the COO™ group in
the "3C-NMR spectra (Figure 3B) indicates the interaction between Pb%*
and succinate’” anions. In a word, the NMR results indicate that
succinate?™ can bond with both FA* and Pb?*. To compare the strength
of the interactions, we calculated the absorption energy of succinate an-
jons on the two kinds of perovskite surfaces (FAI terminated and Pbl,
terminated) by density functional theory. Negative absorption energy
values are obtained in both situations, —4.86 eV in the FAl-terminated
state and —4.16 eV in the Pbl,-terminated situation, which indicates a
stronger interaction between the succinate anion and FA" cations. We
speculated that MS interacts more with FA-related defects by forming
hydrogen bonds with FA cations, suppressing the formation of FA
vacancies.

To evaluate the effects of MS additives on the perovskite crystal struc-
ture, we first performed grazing incidence XRD characterizations to analyze
the residual strain of the perovskite films.?®*° Both control and MS-perov-
skite were almost strain free, while MS-perovskite showed a slightly com-
pressed manner (Supplemental Figure 3). We consider this reasonable
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Figure 5. Photovoltaic characterization of the FPSCs (A) Device structure and the cross-sectional SEM image of the MS-FPSC. (B) J-V curves and photovoltaic metrics of the
champion FPSCs. (C) IPCE and the integrated Js, of the champion MS-FPSC. (D) Statistical distribution of the PCE of control and MS-FPSCs. (E) J-V curve of the 1 cm? aperture area

MS-FPSC.

because residual strain is affected by the thermal expansion mismatch be-
tween perovskite and substrates,>® while the perovskite composition, sub-
strates, and annealing process were all the same in our case. We further
analyzed the microstrain in the perovskite films through the Williamson-
Hall equation:®'

Brcosf = & (4sin 0)+%,

where 87 is the full width at half maximum of the perovskite peaks in the
XRD patterns, 6 is the diffraction angle, K is the shape factor, 1 is the wave-
length of the X-ray source, and D is the crystallite size. The equation repre-
sents a linear relationship between 8+ cos 6 and 4 sin 6, and the slope ¢
extracted here reveals the microstrain in the films. The MS additive effec-
tively reduced the microstrain in the FAPbI; thin films from 1.22 x 107° to
414 x 10™* (Figures 3C and 3D). As indicated by NMR measurements, the
succinate anions can bond with FA* and Pb?* atoms, which in turn can
potentially suppress lattice defects and distortion at the grain boundaries,
which will be beneficial to alleviate the microstrain in the perovskite films.”"
To exclude the crystalline size effect on the peak broadening of XRD pat-
terns, we estimated the averaged crystalline sizes through the Scherrer
equation:??

. Ka

~ Bcosb’

The averaged crystalline sizes barely changed from 55.2 to 56.3 nm (Supple-
mental Table 5). Therefore, we concluded that the peak-broadening difference
here mainly comes from the microstrain and that the crystal size effect contrib-
utes little. Previous reports have found that such microstrain in perovskite films is
unfavorable for both PSC efficiency and stability.”"*” The reduced microstrain is

in line with the reduced defect concentration revealed by PL characterization,?”
which will be beneficial for the performance enhancement of PSCs. We also per-
formed strain analysis for the flexible devices. The residual strain of the perovskite
films on flexible substrates is higher than that of rigid substrates, which might
be related to the different film growth process, arising from the roughness differ-
ence of flexible and rigid substrates.® Compared with the pristine perovskite
film, a slightly lower residual tensile strain is obtained in the MS-perovskite
(Supplemental Figure 4), which is favorable for the FPSCs. As shown in Supple-
mental Figure 5, the XRD patterns show strong features of PEN substrates.
Nevertheless, we can elucidate the microstrains by analyzing the perovskite
peaks not overlapped with PEN with Williamson-Hall equation, showing a
reduced microstrain for the MS-perovskite film (Supplemental Figure 6), which
is favorable for the performances of the FPSCs.

The performances of the PSCs without and with MS incorporation were inves-
tigated by J-V characterization. Devices were fabricated based on the standard
configuration using SnO, and spiro-OMeTAD as electron- and hole-transporting
layers, respectively. The J-V curves of the champion control and MS-PSCs are
shown in Figure 4A. The control device demonstrated a PCE of 23.4%. The
MS-PSC reached a higher efficiency of 25.4%, with a short-circuit current density
(o) of 26.31 mA/cm?, an open-circuit voltage (Vo) of 1.164 V, and fill factor of
82.82%. The unencapsulated MS-PSC showed a stable power output at 1.02 V
bias with a PCE of ~24.5% during the recorded 400 s in air (Figure 4B), reflecting
the excellent short-term stability, while the control device dropped obviously from
22.5% to ~20.5%. Moreover, the statistical distribution confirmed the overall
improvement brought by MS incorporation, especially in the PCE (Figure 4C)
and V. (Supplemental Figure 7).

The incident photon-to-current conversion efficiency (IPCE) results shown in
Figure 4D verified the measured Js.. The IPCE spectra of the control and modified
devices show only small differences. The integrated J. of the control and MS-
PSCs are 25.15 and 25.54 mA/cm?, respectively, which matches well with the
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Figure 6. Tracked stability of the solar cell devices (A) The stability of the unencapsulated control and MS-PSCs under ~30% relative humidity. (B) Long-term stability of the un-
encapsulated PSCs under continuous light irradiation in a N, atmosphere. (C) The bending stability of FPSCs (R = 6 mm, ~30% relative humidity, ~25°C). (D-1) Top-view SEM images
of the perovskite film from FPSCs after 10 000 bending cycles at 6 mm, with the Au electrode removed by tape and spiro-OMeTAD removed by chlorobenzene.

J-V analysis. Electroluminescence (EL) was conducted to reveal the nonradiative
recombination in the PSCs (Figure 4E). The MS device not only shows a more pro-
nounced electroluminescence intensity at 1.3 V but also demonstrates a higher
external quantum efficiency (EQE) for all applied currents, indicating suppressed
nonradiative recombination in the perovskite. The relationship between V. and
the light intensity is investigated to determine the ideality factor n, which is related
to trap-assisted recombination. The lower n (1.27) of the MS device than that of
the control device (1.68) indicates the reduced trap-assisted recombination of the
MS device (Figure 4F). Moreover, transient photovoltage decay (Supplemental
Figure 8A) and space-charge-limited current measurements (Supplemental Fig-
ure 9) further support the reduced trap densities and improved V,,. and device
performance.

The bilateral structure of the MS molecule, which is able to bind strongly
with grain boundaries and relax microstrain, should be beneficial for the
mechanical durability of perovskite films. This inspired us to fabricate
MS-perovskite-based FPSC devices using PEN/ITO substrates (Figure 5A).
Figure 5B demonstrates the J-V curves and photovoltaic metrics for the
champion FPSC with and without MS incorporation. The champion MS-
FPSC had a maximum PCE of 23.6% in the reserve scan, along with a

Jse Of 2472 mA cm™2 a Vo of 1.151 V, and a fill factor of 82.93%,
exceeding the 21.6% PCE of champion control. This outstands as the high-
est PCE reported for FPSCs.%”**2%% The champion device showed little
hysteresis, which reached 23.2% in the forward scan. The integrated Js¢
deduced from the IPCE measurement also reached 23.44 mA cm~2 (Fig-
ure 5C), which is consistent with that acquired from J-V analysis. To further
verify the measured efficiency, we sent one of our MS-FPSCs for certifica-
tion, which displays a certified efficiency of 22.5% with a stabilized power
output efficiency of ~22.0% at 1.01 V bias (Supplemental Figure 13). The
quasi-steady-state and stabilized efficiency both rank as the highest in all
certified FPSCs.>’ The overall improvement of the FPSC performance is
outstanding (Figure 5D), in line with the results obtained on rigid PSCs.
The application of the MS additive also demonstrated over 20% PCE for
the large-area 1 cm? device (Figure 5E), which could be higher with further
optimization.*

The stability of the PSCs was measured, and the MS-PSCs demon-
strated improved resistance to humidity and operation conditions. We
first tracked the shelf-life stability of the unencapsulated PSCs. After
17000 h of storage under ~30% relative humidity, the control device
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lost ~40% of the initial PCE, while the MS device showed a slower
degradation of ~15% (Figure 6A). The enhanced humidity resistance
could be attributed to the hydrophobic alkyl chain located at the grain
boundaries, which is the main channel for water infiltration. Unencapsu-
lated devices were also aged under continuous light soaking in our
homemade maximum power point tracking system at 25°C in a N, at-
mosphere to further assess the long-term operational stability (Figure 6B).
Despite experiencing a rapid burn in, the power output of the MS-PSC
maintained >80% of the initial PCE for ~500 h. However, the PCE of
the control device dropped quickly to ~60% of its initial value after
100 h, in good agreement with the short-term stability displayed in Fig-
ure 4B. It is well known that the degradation process in perovskite starts
mainly from the grain boundaries.** As revealed by the PL and NMR
measurements, the MS additive not only reduced the defects in the
bulk perovskite but also strengthened the perovskite lattice structure
via hydrogen bonding at the grain boundaries, which contributed to the
enhanced operational stability.?*°

For mechanical stability, we performed a continuous bending test to evaluate
the mechanical durability of FPSC devices and recorded their efficiency change
during the test. The control FPSC gradually dropped to 60% of the initial PCE after
10 000 bending cycles (bending radius 6 mm), while the MS-FPSC retained ~85%
of its initial PCE (Figure 6C), indicating improved mechanical durability of the
modified devices. The improved mechanical stability of the MS-FPSC could be
attributed to the strengthened grain boundaries and relaxed microstrain, which
inhibited perovskite fracture and defect formation.”’*” We further observed the
morphology change of the perovskite film of the devices after the cyclic bending
test. The metal electrode and the spiro-OMeTAD layer were removed to expose
the perovskite layer. The crack in the control film is obvious and mainly develops
inter granularly (Figures 6D and 6E). In contrast, the MS-perovskite film shows no
cracks (Figures 6F and 6l). The well-maintained film morphology could also
inhibit moisture infiltration in the ambient environment in our bending,®” which
further confirmed the improved stability of the MS-FPSCs. In addition, we per-
formed a bending test with a radius of 5 mm. Although both devices degraded
faster than that of the 6 mm bending test, possibly due to ITO fracture, the
MS-FPSC showed a T80 4 times longer than that of the control FPSC (Supple-
mental Figure 15).

CONCLUSION

In conclusion, we demonstrated the incorporation of bilateral MS molecules
into a perovskite thin film for high performance and stable PSCs. The additive
molecule effectively reduces the microstrain in the FAPbIs perovskite thin film, re-
sulting in improved quality and reduced defect concentration of the thin film.
High-efficiency PSCs were fabricated on both rigid substrates and flexible PEN
substrates. Specifically, FPSCs with MS incorporation showed an impressively
high efficiency of 23.6% (certified 22.5%), which ranks as the highest value in
the reported literature to date. Furthermore, MS-FPSCs showed improved
bending durability, retaining ~85% of the initial efficiency after 10 000 bending cy-
cles. The efficiency and mechanical stability of the FPSCs are closely related to
the microstrain of the perovskite film. This work provides a new solution to reduce
microstrain by using a multifunctional organic additive that does not incorporate
into the perovskite lattice but strengthens the grain boundaries and heals the de-
fects. A variety of new molecules with similar supermolecular interactions such
as hydrogen bond, coordination, and halogen bond can be designed to alleviate
microstrain, which will further improve the performances and stability of
FPSCs, promoting the large-scale application of this power sources.

METHODS
Please refer to the supplemental information for details on methods.
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