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Flexible perovskite solar cells (PSCs) have attracted tremendous attention due to their potential application
in portable and wearable electronics. However, the photoelectric conversion efficiency (PCE) of flexible
PSCs is still far lower than that of usual rigid PSCs. Moreover, the mechanical stability of flexible PSCs
cannot meet the needs of commercial applications because of the cracking of perovskite grains caused
by bending stress. Here, we introduced a spacer cation additive (2-(chloromethyl)
hydrochloride, CPHC) within the perovskite organic precursor to improve the device PCE and its
mechanical stability. We observed that the CPHC spacer cation additive could simultaneously facilitate
the crystallization of perovskite and stitch the grain boundaries to improve the flexibility. Compared to
the 17.64% PCE of the control devices, the target flexible PSCs achieved a more highly efficiency over
19% with an improved mechanical stability (87.2% of the initial PCE after the 1000 cycles with the
bending radius R = 6 mm). In addition, compared to methylammonium or formamidinium cation, due to
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Introduction

To satisfy the demand for portable and wearable electronics,
flexible PSCs have triggered increasing attention because of
their low-cost, light weight, feasibility in roll-to-roll produc-
tion."™ So far, the record photoelectric conversion efficiency
(PCE) of flexible PSCs is 21.1%, which is still far lower than that
of rigid PSCs (25.5%).>” This lower PCE can be partially attrib-
uted to the lower transmittance and the higher sheet resistance
of PET/ITO substrates in comparison with conductive glasses.®
More importantly, the issues of the perovskite crystal growth
and the cracking of perovskite grains, which determines the
photovoltaic performance of PSCs, are also severely restricted by
a flexible substrate because the deformation of flexible
substrates is usually inevitable under the annealing process.*’
Except for photovoltaic performance, the mechanical stability of
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cation, the device retained over 80% of the initial PCE after 30 days storage in an ambient environment.

flexible PSCs is severely affected by the fragility of ITO as well as
the perovskite crystals. Therefore, high efficiency and super
stability of the flexible PSCs simultaneously enhance the quality
of the perovskite crystal and flexibility of the whole device.
Numerous efforts have been devoted to improve the efficiency
and stability of the flexible PSCs. In terms of efficiency improve-
ment, Yangi et al. reported that a novel two-dimension (2D) phe-
nylformamidinium iodide (PFAI) cation as surface “patches” for
stable flexible PSCs with the PCE of 19.89%,* while some other
groups reported a new concept of porous planar or nanopillar
arrays as an electron transport layer, achieving a PCE over 20%.'"*
In terms of stability improvement, a bio-inspired vertebral design,
a soft fullerene network and 2D perovskite as surface patches have
been developed to enhance the mechanical stability of flexible
PSCs.**** Among the above methods, a 2D spacer cation as an
additive has been regard as one of the most effective strategies for
the simultaneous improvement of the efficiency and stability of
flexible PSCs, which has been widely used in usual rigid PSCs."*"®
Compared with 3D perovskites, 2D perovskites due to their larger
organic cations than methylammonium are thermally more
robust. These lager cations can hamper internal ionic motion as
well as endow the perovskite layer with the much needed hydro-
phobic character through adequate organic moieties leading to an
improved stability."?® Based on a previous report,* a novel type
larger organic spacer cation is chosen, which is expected to be
better than the most intensely studied 3D perovskite cations.***
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Herein, we propose the use of a novel 2D perovskite material
based on a large size 2-(chloromethyl) pyridine hydrochloride
(CPHC) as the spacer cation additive to fabricate highly efficient
and super stable flexible PSCs, which benefits from the pyridine
group and chloride anion in CPHC. The chloride ion is a widely
used additive used to improve the crystallinity of perovskite
films, which consequently reduce defect state density,”>** while
pyridine groups have a similar effect.**>* For example, when
a pyridine group is incorporated into a perovskite film, it has
strong interaction with Pb®" ions, which control perovskite
crystallization to suppress the morphological defect formation,
resulting in a high-quality perovskite film with larger grains and
lower defects.”* In addition, when the pyridine group acts as an
interfacial modifier between the hole transport layer and
perovskite, it can enhance hole extraction, increase hole
mobility and conductivity of the hole transport layer, reduce
defect density, and retard interfacial charge recombination.?*>*
Based on the above-mentioned reasons, we chose CPHC as the
additive to improve the PSC performance.

By the optimization of the concentration of the CPHC spacer
cation additive, we obtained a photomask aperture area of 0.04
cm” flexible PSCs, with a high efficiency over 19% for reverse
scan (RS). Moreover, the CPHC spacer cation additive could
simultaneously facilitate the crystallization of perovskite on
a flexible substrate as well as stitch the grain boundary to
improve the flexibility. The resultant flexible PSCs achieved
a steady-state efficiency of 18.71% with a strong mechanical
stability, which retained the 87.2% of the initial PCE after the
1000 cycles with the bending radius R = 6 mm. In addition, due
to the hydrophobic and larger activation energy barrier for the
ion migration of the CPHC spacer cation compared with MA or
FA cation,”** the target device retained over 80% of the initial
efficiency after 30 days of storage in an ambient environment.

Results and discussion

The structure of the flexible PSCs is illustrated in Fig. 1a, con-
sisting of PET/ITO/SnO,/FAMA,_,PbI,Cl;_,/spiro-OMeTAD/Au,
respectively. The FA-based mixed perovskite film is fabricated
according to a previously reported procedure.®** The experi-
ment details are given in the ESI.T The flexible PSCs possess the
advantages of being light-weight, low-cost, and flexibile, which
make them suitable for use in wearable electronics, intelligent
vehicles, and building-integrated photovoltaics.* However,
stretching or bending can destroy the perovskite film, leading to
the formation of cracks at the grain boundaries and the defor-
mation of the crystal structure (Fig. 1c).’ To address this
problem, a new type organic spacer CPHC acts as an adhesive
between perovskite grains to improve the mechanical stability
of flexible PSCs,® as shown in Fig. 1b. Moreover, the incorpo-
rated CPHC can form an 2D/3D perovskite network, as shown in
Fig. 1d. The 2D/3D perovskite network effectively absorbs and
releases the stress, and the target film is expected to exhibit
better mechanical stability under stretching or bending.*?

To investigate the effect of the organic spacer CPHC on the
photovoltaic performance, the current density and voltage (J-V)
characteristics under AM 1.5G illumination with the light
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Fig. 1 (a) Architecture of a flexible perovskite solar cell. (b) The
molecular structure of 2-(chloromethyl) pyridine hydrochloride.
Schematic of the perovskite's grain boundary without (c) and with (d)
the CPHC treatment.

intensity of 100 mW c¢cm™ > were carried out. The J-V curves and
the corresponding photovoltaic parameters are shown in Fig. 2a
and the inset of the same figure, respectively. The control device
shows the champion PCE of 17.64%, with an open circuit
voltage (Voc) of 1.07 V, short-circuit current density (Jsc) of 22.28
mA cm 2, and fill factor (FF) of 0.74. The target device delivers
an increased PCE of 19.32%, with V¢ of 1.10 V, Jgc of 22.52 mA
ecm 2, and FF of 0.78. According to the characterization results
mentioned above, it has been proved that the incorporated
CPHC spacer cation additive can improve the Voc and FF
significantly, while the Jsc remained almost similar. As shown
in Fig. 2b, the mismatch between the integral current obtained
from EQE (21.89 mA cm ™ of the target device) and the short-
circuit current of the /-V curve is less than 5%, indicating the
feasibility of our j-V curve results. As shown in Fig. 2c, 20 target
devices were statistically evaluated, showing an average PCE of
18.13%, which is superior to the control devices having a PCE of
16.47% (other photovoltaic statistics as Fig. S1t). It is statisti-
cally verified that the addition of CPHC leads to a higher PCE.
Steady-state photocurrent and efficiency have been measured at
the maximum power point of 0.92 V for over 300 s to investigate
the light-soaking stability (Fig. 2d). The efficiency of the target
devices is stabilized at 18.71%, showing an excellent light-
soaking stability during the measurement.

In addition, the J-V hysteresis behavior of the target device is
observed to have an obvious decline (as Fig. 2e and f), compared
with that of the control device, resulting from the incorporated
CPHC spacer cation additive suppression ion migration.*>?¢
Based on previous reports,*****” the 2D/3D perovskite network
in Fig. 1d is more persuasive in explaining the smaller

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(a) The champion J-V curves of the control and target device. (b) The corresponding EQE spectra of the target device. (c) The PCE

statistics of the control and target devices. (d) Steady-state photocurrent and efficiency of the target device. The J—V curves of the control (e) and

target (f) device for reverse scan and forward scan.

hysteresis behavior of the incorporated CPHC into the perov-
skite because 2D perovskites mixed in 3D perovskites grain
cannot effectively suppress the hysteresis behavior caused by
ion migration. As intensely discussed,**® there are three
possible origins, which could be responsible for the hysteresis,
namely (1) bulk or surface defects of perovskite, which act as
traps for charges, (2) ferroelectric polarization of the perovskite
and (3) excess mobile ions. Among these reasons, the cause of
hysteresis induced by defects and defect ions migration has

© 2021 The Author(s). Published by the Royal Society of Chemistry

been proved by theoretical and experimental investigation.****

These defects are most easily formed at grain boundaries and
surfaces.** In this article, we consider that the CPHC additive
could reduce the trap density. Nevertheless, there are still
residual defects in the interface between the perovskite and
hole/electron transport layer as confirmed by the DLCP results
(Fig. 4d). In this regard, the hysteresis phenomenon is still
present in our passivated device, suggesting further interface
passivation is required.

RSC Adv, 2021, 11, 33637-33645 | 33639
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(a) XRD patterns, (b) UV-vis spectra and steady-state PL images, SEM image of the control (c) and target (d) perovskite films. (e) The cross-

section HAADF-STEM images of the target perovskite film. EDS was carried out on the grain interior (red rectangle) and grain boundary (red
circle). The nano-beam electron diffraction patterns on the grain interior (f) and grain boundary (g).

Fig. 3a shows the XRD patterns of the control and target
perovskite films. The main diffraction peaks for target film at
14.3° and 28.5°, corresponding to (110) and (220) lattice planes
of the 3D perovskite film, respectively, cannot find an obvious
peak location shift in comparison with these for the control
film, implying that the additive cannot change the original
phase structure.’* In addition, the PbI, peaks at 12.5° indicate
the incomplete conversion from Pbl, to FAPbI; and the
moderate residual of Pbl, can improve the performance of
PSCs.*** Moreover, we employed the peak-to-peak intensity
ratio to show the XRD peak intensity change caused by the
incorporation of CPHC spacers. As shown in Fig. 3a, the
strongest peaks of Pbl, and perovskite are located at 12.5° and
13.7°, respectively. As the following Fig. S2,t we have calculated
the corresponding XRD peak intensity ratio, which is positively
correlated with the content of PbI, and perovskite in the film.*
Therefore, the strongest XRD peak intensity ratio of the perov-
skite to PbI, can be used to illustrate the crystalline behavior of
the perovskite. After the incorporation of CPHC spacers, the
peak intensity ratio of the perovskite to Pbl, increases from 3.75
to 5.90, indicating that CPHC can promote the crystallization of
the perovskite and inhibit the formation of PbI,.******® Fig. 3b
shows the ultraviolet-visible (UV-vis) absorption spectra and
steady-state photoluminescence (PL) of control and target
perovskite films. Compared with the control film, the target
perovskite films exhibit nearly similar onset absorption and PL
peaks, indicating an unchanged optical bandgap. However,
under the same excitation and detection condition, the target
perovskite has slightly higher absorbance (400-750 nm) and
stronger PL intensity than the control perovskite, demon-
strating the higher quality of the target perovskite film.* This is
further supported by the next scanning electron microscopy

33640 | RSC Adv, 2021, 1, 33637-33645

(SEM) results. The top-view SEM images (Fig. 3¢ and d) reflect
that the organic spacer CPHC promotes the crystallization of
perovskite films and significantly increases the overall grain
size. The average grain size for target perovskite films is about
0.45 pum, which is much larger than 0.31 pm for the control
perovskite films (the corresponding particle size statistics
shown in Fig. S31). The enlarged grain size can bring a positive
impact on the device performance, confirmed by the j-V
results.”

In order to prove that the additive molecules are at the grain
boundary, we carried out relevant experiments, including
Fourier transform infrared spectroscopy (FTIR), high-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM), energy disperse spectroscopy (EDS) and nano-
beam electron diffraction (NBD). In the FTIR results
(Fig. S47), after incorporating the CPHC, three peaks belonging
to the piperidyl group from CPHC (around 1420, 1485 and
1527 cm™') can be observed. In addition, the peak corre-
sponding to the perovskite shifts from 1470 cm ™" to 1475 cm ™.
These results indicate that the additive can interact with the
component of the perovskite and control its growth.** Fig. 3g
displays the cross-section HAADF-STEM of the perovskite film
with the additive CPHC treatment, and the cross section of the
perovskite consists of four grains (three grain boundaries). On
the basis of the high-resolution cross-section HAADF-STEM
images, we further carried out EDS on the grain interior (red
rectangle) and grain boundary (red circle). We found that the
average I : Pb ratio is 2.84 in the interior of the grain, while the
ratio is 2.92 at the grain boundary. The general chemical
formula of the perovskite film without and with the additive
CPHC is ABX; and A’A, ,B,X3,+1, respectively, where A, A/, B
and X represent FA*, CPHC>", Pb*>* and halide ions, respectively.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Based on the difference of the above general chemical formula,
we can infer that the I : Pb ratio of the perovskite film increases
after the incorporation of CPHC. Therefore, the average I: Pb
ratio at the grain boundary is higher than that in the interior of
the grain, which can support that the additive CPHC mainly
exists at grain boundaries. To further confirm that the additive
is at the grain boundary, NBD has been carried out to investi-
gate the crystal structure evolution for two individual areas (red
star), as shown in Fig. 3g and h. The zone axis of grain internal
areas is obviously different from that of grain boundary areas,
suggesting a polycrystalline perovskite layer. After careful cali-
bration of all measured diffraction patterns, we found that the
crystal plane distance at the grain boundary increased with
respect to that in the interior of the grain. The crystal plane
distance of (—111) and (11—1) planes were measured to be 3.46
and 3.75 A for two individual areas, respectively, which is
consistent with that of the perovskite as the incorporation of
CPHC causes lattice constant expansion.

We have further confirmed the effects of the CPHC incor-
poration on the electron dynamics of the control and target
PSCs by transient photovoltage (TPV). As shown in the TPV
results (Fig. 4a), the control device shows a faster decay than the
target device, indicating more effective charge extraction and
longer carrier lifetime in the target device.' This increased

a)

-
o
X

@ Control 525 ps
@ Target 722 ps

o
o

Normalized photovoltage (a.u.)

0.0 — e ]
0 1000 2000 3000 4000 5000
( C) Time (us)
1.10
@ Control
@ Target
1.05 |
1.00 |
2z )
>8 0.95 |
0.90 |
0.85
10 100

Light intensity (mWcm)

Fig. 4

View Article Online

RSC Advances

charge extraction, which can be ascribed to more effective
electron transfer from the perovskite to the carrier transport
layer as well as improved crystallinity and enlarged grain size of
the perovskite layer by the incorporated CPHC organic spacer.
Increased lifetime comes from the reduced trap density in the
perovskite layer, as confirmed by the next measurements (such
as space-charge limited current). In order to confirm the
suppression of electric traps by the CPHC spacer cation addi-
tive, we fabricated an electron-only device with the configura-
tion of the PET/ITO/SnO,/perovskite (with or without the
incorporated CPHC spacer cation additive)/PCBM/Au. The
double logarithmic J-V plots (Fig. 4b) were measured under
dark conditions. According to the space-charge limited current
(SCLC) theory,” we know the corresponding electric trap
densities for the target and control device are 1.49 x 10" and
2.08 x 10" cm?, respectively. In addition, the relationship
between Vo and light intensity is (Fig. 4c) analyzed for the
ideality factor (n) of the control device (1.449) and that of the
target device (1.182), using the equation:

nkgT

Voc = In(Jsc/Jo + 1), where J, is the dark saturation

current density, g is the elementary charge, K is the Boltzmann
constant and T is the temperature, respectively.**** The lowered
ideality factor of the target device indicates suppressed trap-
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(a) Transient photovoltage curves of the different flexible PSCs. (b) Dark J-V curves of the electron-only devices with the different

perovskite films. The inset shows the configuration of the devices. (c) Relationship between V¢ and light intensity for different devices. (d) The
distribution of defects in the perovskite layer obtained by DLCP at 10 kHz with and without the CPHC treatment.
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assisted recombination (SRH recombination) in this device.*?
The suppression of traps results in the enhanced built-in
potential, as confirmed by capacitance-voltage curves
(Fig. S51). Furthermore, the drive-level capacitance profiling
(DLCP) method based on an alternate capacitance technique
has been performed to provide the spatial distribution of trap
density in the band gap of the control and target perovskite
film.>*® The DLCP measurements have been performed at ac
frequency of 10 kHz by subtracting the free carrier density
measured at high ac frequencies (500 kHz) from the total carrier
density measured at the 10 kHz frequency. A symmetric spatial
distribution of the trap density is shown in Fig. 4d. Compared
with that of the control device, minimal bulk trap density of the
target device shows a significant reduction from 1.43 x 10" to
8.52 x10" ecm ™. This result indicates that the CPHC additive
can passivate the defect inside the bulk, more possibly passiv-
ating the defect at the grain boundary,”* which is consistent
with the above SCLC results. The grain boundary is the place
where defects are most easily formed, where the crystal struc-
ture is suddenly interrupted, leading to product dangling
bonds.?”*>»** Therefore, according to the above-mentioned
results about defect characterization, it can be reasonably
speculated that the CPHC additive mainly passivates the defects
at the grain boundary (as shown in Fig. 1d).

In order to evaluate the mechanical stability of flexible PSCs,
the efficiency variations for different PSCs were monitored

(a)

View Article Online

Paper

throughout 200 consecutive bending cycles. The finally
conserved PCE of different bending radii (R = 12, 9, 6, and 3
mm, respectively) are shown in Fig. 5a. After 200 cycles with 12
mm, 9 mm, 6 mm or 3 mm bending radius, the PCE of PSCs
based on the target device can still maintain about 99.2%,
97.9%, 97.1% and 93.9% of the initial PCE, respectively.
However, the PCE for the control devices decreases signifi-
cantly, only 98.4%, 96.1%, 91.8% and 81.1% of the original PCE
can be retained, which directly proves that the incorporated
CPHC spacer can improve the mechanical stability and
bending-endurance of flexible PSCs. Moreover, when the
bending angle continues to increase, a noticeable decrease in
the control device's PCE begins to appear at the bending radius
of R = 6 mm, implying that the bending radius limit of ITO is 6
mm.* Therefore, the relationship between PCE and bending
cycles with the bending radius of R = 6 mm has been measured
(Fig. 5b). After increasing the cycles to 1000, the target and
control device can maintain 87.2% and 70.7% of the initial PCE,
respectively. These results have proved that the incorporation
CPHC spacer into the perovskite can efficiently improve the
mechanical stability, subsequently providing extreme univer-
sality for wearable applications. The long-term environment
stability of the PSCs with or without the CPHC treatment was
studied by exposing them to an ambient and dark environment
for 30 days (relative humidity of 30-60%). We notice that the
PCE of the target PSCs exhibits an excellent stability with
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(a) Normalized PCE value for the flexible PSCs after bending 200 cycles with different bending radii. (b) Normalized PCE value for the

flexible PSCs as a function of bending cycles with a radius of 6 mm. (c) Stability characteristics of the different flexible PSCs performed under

ambient air conditions.
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a much slower degradation rate and retains 83.5% of its initial
value, compared to the PCE of the control device, which has
shown a fast decrease at 60.5% of its initial value after storage of
30 days (Fig. 5¢). The enhanced stability of the target devices is
mainly attributed to the efficient defect passivation as well as
the robust moisture resistant at the perovskite grain boundaries
with the assistance of the CPHC spacer incorporation because
the defects at the perovskite surface and grain boundaries are
one of the main reasons for the accelerated moisture infiltration
into the perovskite layer.>>>*

Conclusion

In summary, we introduced a new spacer cation additive
(CPHC) within the perovskite organic precursor to the efficiency
and stability of the flexible PSCs. The significant effect of CPHC
in perovskite films was proven to stitch the perovskite grains via
facilitating the crystallization of perovskite. Benefiting from the
CPHC spacer cation additive incorporation, the excellent flex-
ible PSCs exhibit PCE values of 19.32% as measured from the
reverse scan due to the suppression of the traps at grain
boundary. In addition, the target flexible devices display
a strong mechanical stability and environment stability, which
maintained 87.2% of the initial PCE after the 1000 cycles with
the bending radius R = 6 mm, and retained over 80% of the
initial PCE after 30 days storage in an ambient environment.
This study presents a significant insight for improving perov-
skite film qualities by using 2-(chloromethyl) pyridine hydro-
chloride for further achieving high-performance flexible PSCs
and optoelectronic devices.
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