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Although flexible perovskite solar cells have made extensive progress, there is a lack of investigation on the
performance of flexible perovskite solar cells under bending state. Here, two-dimensional models of flexible
perovskite solar cells have been performed to reveal the effect of bending angles and directions for the first time.
Simulated results are in good agreement with experimentally reported data, validating the accuracy of our
model. To optimize mechanical and optical performance under bending state, silica subwavelength array is

embedded on the surface of the flexible substrate. Hence, the current density of flexible perovskite solar cells has
been improved by 7.3% at downwards bending 60° and 1.9% at upwards bending 60°. Our work provides a guide
for the design of efficient flexible perovskite solar cells under bending state.

1. Introduction

With the vigorous development of perovskite devices, flexible
perovskite solar cells have attracted an increasing number of attentions
(Bae et al., 2022; Hu et al., 2021; Green et al., 2022; Min et al., 2021).
Traditional perovskite devices are prepared on the bulky and fragile
glass substrates, which limits their application in the fields of building
integrated photovoltaics, wearable devices, space energy, etc (Bat-
munkh et al., 2020; Huang et al., 2020; Lang et al., 2016; Yin et al.,
2016; Yoon et al., 2017). These application requirements can be met by
fabricating perovskite solar cells on a flexible substrate because of the
excellent quality of lightness, portability, and flexibility (Yoon et al.,
2017), which are available for the flexible perovskite solar cell (FPSC)
including polymers, metal foils, carton materials, and flexible glass
(Babu et al., 2020; Dong et al., 2017; Dou et al., 2017; Jin et al., 2021,
Roldan-Carmona et al., 2014). Although the first FPSC was fabricated
with a power conversion efficiency (i) of 2.62 % (Kumar et al., 2013),
the 5 of FPSC has made great progress to reach 21.75 % so far (Cao et al.,

2019; Meng et al., 2020; Wu et al., 2021) with the development of
functional materials and low-temperature manufacturing technologies.

For FPSC, the bending performance is extremely vital because FPSC
needs to work with a bending state in using scenarios (Yang et al., 2019).
Most research on the bending performance of FPSC has been carried out
to evaluate the performance after thousands of mechanical bends but
ignore the performance under bending state (Chang et al., 2015; Chen
etal., 2020; Jiang et al., 2021; Park et al., 2017; Wang et al., 2017; Xiong
et al., 2018). Fortunately, this situation has improved in recent studies.
Kim et al. carried out the research on the mechanical bending perfor-
mance of FPSC under different curvature radii for the first time (Kim
etal., 2015). Even if the bending radius is as low as 1 mm, the ; does not
be significantly reduced, reaching 93 % of the original value. In 2018,
Shengzhong Liu group (Feng et al., 2018) provided a similar result. The 5
is reduced by 17 % when the curvature radius is as small as 4 mm.
Recently, Wu et al. (Wu et al., 2021) achieved a championship efficiency
of 21.73 % in FPSC to date, and they also measured the 5 to 94 % of the
initial value at a curvature radius of 4 mm. Due to the limitations of the
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test equipment, although it has been demonstrated that the degree of
bending has little effect on the 5 of well-prepared devices, no one has
studied the effect of bending on the light absorption inside the device in
detail, so the photovoltaic performance slightly improved at a small
bending angle has not been appreciated and analyzed in previous re-
ports (Hu et al., 2019; Wang et al., 2020; Zhao et al., 2020). Further-
more, there is also a lack of research on the effect of bending direction on
the photovoltaic performance of FPSC.

Hence, we report a solution to calculate the surface stress and
photovoltaic performance of FPSC under different bending angles and
directions based on Comsol Multiphysics software. Our results verify the
experimental reports, the 7 still maintains 95.12 % of the initial value in
FPSC when bent to 90°. However, the bending direction generates a
huge difference in photovoltaic performance. Bending up is 9.9 % higher
than bending down in current density. Moreover, in order to further
improve the working performance at a bent state, silica nanospheres are
introduced and embedded on the surface of the FPSC (Das et al., 2019;
Du et al., 2021a; Yoo et al., 2020). After the introduction of silica
nanospheres as the light-trapping structure, the n of FPSC has raised,
reaching 19.72 % increased by 7.3 % at downwards bending 60°, and
20.26 % increased by 1.9 % at upwards bending 60°. And the me-
chanical properties of the FPSC in the bent state are also improved.

2. Simulated and experimental methods

The two-dimensional simulations of photovoltaic performance under
different bending angles are studied by Comsol Multiphysics software
(Wave Optics Module). The schematics of FPSC are shown in Fig. 1,
which is constructed on Polydimethylsiloxane flexible substrate (PDMS,
2 pm), followed by Indium tin oxide (ITO, 100 nm) as the transparent
electrode, TiO5 (60 nm) as the electron transport layer, MaPbl3 (500 nm)
as the perovskite active layer, SpiroOMeTAD (150 nm) as the hole
transport layer, and Au film (100 nm). The types and thicknesses of
materials for FPSC are consistent with our experimental work, except
that the PDMS substrate was set as 2 pm to reduce the simulation time.
The standard AM 1.5G spectrum is introduced as the incident light
source, and the refractive indexes and extinction coefficients of the
stacks of FPSCs are taken from pieces of literature (Wu et al., 2016; Du
et al., 2021b), as shown in Fig. S1. The fabrication methods and char-
acterization data (SEM, XRD, PL, and J-V curves) of the device are
placed in supporting information. Furthermore, to investigate the me-
chanical failure mechanism of FPSC upon bending, finite element me-
chanical modeling was carried out using Comsol Multiphysics software
(Solid Mechanics Module). The material parameters (Tavakoli et al.,
2016) used in the model are listed in Table S1.

3. Results and discussion

As shown in Fig. 2a, a flexible device is simply considered to be bent
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symmetrically, so the calculation amount can be reduced by half. With
Lo set as 10 um, the illuminated length (L) and corresponding curvature
radius (R) resulting from the change of the bending angle () are listed in
Table S2. Fig. 2b displays the measured and simulated reflectance
spectra of the horizontal flexible solar cells. The simulated reflectance
spectra are generally in agreement with the measured results, which lays
a good foundation for research on the performance in the bending state.
Noted that in order to simplify the calculation, the thickness of the PDMS
substrate was set much smaller than the actual value producing reso-
nance effect (Haider et al., 2011). The reflectance of the bending FPSCs
compared with the planar one is generally reduced, as drawn in Fig. 2b-
c. With the bending angle increasing, the vibration intensity of the
reflectance spectra gradually weakens. Moreover, the variation of the
reflectance spectra with bending angles exhibits wavelength-dependent
characteristics. We provided the average reflectance of the typical
waveband 450-550 nm and 650-750 nm in Fig. 2d, where the changes
in the reflectance spectra are quite different. In general, the average
reflectance first decreased and then increased during 450-550 nm
reaching the minimum value around 45° with bending angles
increasing, but the reflectance gradually increased during 650-750 nm.

In order to further explore the difference of FPSCs based on bending
angles, the electric field distribution at the wavelength of 550 nm was
plotted in Fig. 3. It can be observed that the electric field of a horizontal
FPSC exhibits a uniform fringe shape, while the electric field of the
downwards bending FPSCs exhibits arc shape and converges towards the
center. In particular, as the degree of bending deepens, the electric field
intensity inside FPSCs gradually increases due to the light centripetal
convergence of the bending surface, which leads to a 1.7 times
improvement in the maximum electric field inside FPSC bent at 90°
compared to 0°. Additionally, the electric field intensity at the edge of
the FPSC is very weak certifying that the incident light cannot reach this
region. With the deepening of the bending angle, the weak electric field
region near the bending center of the FPSC gradually disappears, while
gradually expanding near the edge region, because the light is further
concentrated in the centripetal owing to the reduced curvature radius.

Thereafter, the carrier generation rate can be further obtained from
the electric field intensity according to equation (1) to visualize the
electrical properties under different bending angles.

_ e WIEEWP

B 2h M

g

Where £’’()) is the extinction coefficient of material drawn in Fig. S1,
E()) is the electric field intensity, and # is the reduced Planck constant.
As exhibited in Fig. 4, the carrier generation rate in the perovskite active
layer is much higher than that in other regions, except for the Ag surface
in the horizontal condition due to a very large extinction coefficient of
Ag. As the degree of bending deepens, the incident light is further
concentrated near the bending center and difficult to reach the edge,
causing the magnitude of the carrier generation rate decreases from the

Fig. 1. The schematics of the flexible perovskite solar cells.
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Fig. 2. (a) Schematic diagram of the geometric relationship of the FPSC under bending state, (b) Measured and simulated reflectance spectra of horizontal FPSC (0°),
(c) Reflectance spectra of FPSCs at different bending angles, (d) The average reflectance of FPSCs during 450-550 nm and 650-750 nm at different bending angles.
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Fig. 3. The electric field distribution of FPSCs at different bending angles, (a)
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0%, (0) 15°, (@) 30, (d) 457, (&) 607, () 757, (e) 90 Fig. 4. The carrier generation rate (g) of FPSCs at different bending angles, (a)
0°, (b) 15°, (c) 30°, (d) 45°, (e) 60°, (d) 75°, (e) 90°.
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bending center to the edge. The maximum carrier generation rate of the
downwards bending perovskite layer occurs on the surface around the
bending center, in order of 0.45 (x 10°' m3s71) for 0°, followed by 0.87
for 15°, 5.56 for 30°, 7.00 for 45°, 8.39 for 60°, 10.11 for 75°, and 12.62
for 90°.

Fig. 5(a-c) reveal the corresponding absorption spectra of PFSC
under downwards bending 0°, 45° and 90°. The horizontal perovskite
active layer has weak light absorption due to strongly parasitic ab-
sorption by the ITO and TiO, layers below the wavelength of 360 nm in
Fig. 5a. With the increasing wavelength, the absorbance of ITO and TiO,
decreases rapidly. In the wavelength range from 360 to 750 nm, the light
is absorbed by MaPbl; to generate photocurrent, and MaPbls produces
strong radiation loss around 750 nm demonstrated by the photo-
luminescence spectrum of Fig. S3. As the bending angle increases, there
is a slight decrease in parasitic absorption of ITO and TiOo, but the effect
of this change on the current density is almost negligible. Therefore, the
evaluation about the effect of bending angle can be simplified by
comparing the external quantum efficiency (EQE) of FPSC. Fig. 5d shows
the EQE of FPSC under bending angles from 0° to 90°, clearly presenting
the wavelength-dependent characteristics, which are in good agreement
with the reflectance spectra in Fig. 2c.

Based on the standard solar spectra and the EQE spectra, Jg¢ varying
with bending angles can be calculated using equation (2).

800 nm
/ AEQE(A)@au 1.56(A)dA

300 nm

q
Joo = =
€ he

(2

Where q is the electron charge, Jam 1.56(A) is the standard solar
spectra AM 1.5G. The corresponding current densities of reflection and
EQE under different downwards bending angles are shown in Fig. Se.
Remarkably, the current density of FPSC increases slightly from 21.78
mA/cm? to 22.29 mA/cm? during mild bending, which is consistent
with the results reported in many works (Hu et al., 2019; Wang et al.,
2020; Zhao et al., 2020). Because the bending leads to an increase in the
thickness of the absorber layer, and the absorption is improved. How-
ever, as the angle increases above 15°, the current density gradually
decreases, owing to the thickness of the absorbing layer being large
enough to almost reach saturated absorption (Qarony et al., 2020; Zheng
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100 100

Solar Energy 245 (2022) 146-152

and Xuan, 2021). It does not significantly improve the absorption but
leads to an increase in reflection for continuing to bend, so antagonism
between the two results in a further reduction in absorption. Bending not
only affects the absorption of the FPSC but also seriously reduces the
illuminated area, which has to be considered in the energy yield.
Considering the effect of bending on L, the ratio of bending 90° to 0° is
0.953 of current density but of 0.607 the current. Fig. 5f clearly presents
that J-V curves of FPSCs at different bending angles have small changes
in 7 compared to 18.65 % of the flat one (0°), which are 19.11 % for 15°,
18.74 % for 30°, 18.47 % for 45°, 18.32 % for 60°, 18.11 % for 75°,
17.74 % for 90°, with key parameters summarized in Table S3. The 5 of
the FPSC remains at 95.12 % of the initial value (0°), even when the
device is bent to 90°. The measured 7 of horizontal FPSC is 14.26 %
drawn in Fig. S2d. As a comparison, we used ideal parallel and series
resistors under simulated conditions, resulting in higher simulated re-
sults than measured values.

Interestingly, the bending direction of FPSC has a huge impact on the
optical performance. The farther away from the bending center, the
electric field intensity of the upward bending FPSC is larger taking the
bending 60° as examples shown in Fig. 6, which is completely opposite
to that of the downward bending. More importantly, there is almost no
region that light cannot be absorbed under the upward bending, which
will significantly improve the absorption compared to downwards
bending as shown in Fig. 6a. Hence, FPSC upwards bending 60° has a
current density as high as 23.54 mA/cm?, obtaining 2.13 mA/cm?
higher than downwards 60°, which is mainly due to the large increase in
absorption in the waveband during 650-750 nm as evidenced by the
absorption curves in Fig. 6b.

To improve mechanical and optical performance under bending
state, we use silica subwavelength array (SSA) for FPSC as the light
trapping structure with a diameter of 600 nm and a pitch of 700 nm
(Grandidier et al., 2011; Mihi et al., 2013). Firstly, the stress distribu-
tions of bending FPSCs based on PDMS and several different
PDMS@SiO, substrates were calculated in Fig. 7, because the stress
distribution of FPSC has a great influence on the flexibility. The high
surface stress is mainly concentrated on the ITO, TiO2 and Ag layers near
the bent center due to their great elastic modulus and Poisson’s ratios,
and the maximum stress is concentrated at Ag layer owing to the stress
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Fig. 5. Absorption spectra of each absorbing layer of FPSCs at downwards bending (a) 0°, (b) 45°, and (c) 90°, (d) EQE of FPSCs with different downwards bending
angles, (e) Current density and normalized current of FPSCs with different downwards bending angles, (f) J-V curves of FPSCs at different downwards

bending angles.
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Fig. 7. Stress distributions of FPSCs based on (a) PDMS and (b)-(e)
PDMS@SiO,, substrates.

transmitted to the bottom layer. The introduction of SiO3 nanospheres
effectively reduces the bending stress of the FPSC from 1.11 x 107 Pa to
9.68 x 107 Pa, and this reduction effect is basically independent of the
distribution of SiO; nanospheres. This demonstrates the gain in device
flexibility with the introduction of SSA. Moreover, we verified a small
effect of different diameters and pitches of silica nanospheres on the
stress distribution placed on Fig. S3.

Secondly, the introduction of SSA on the surface of FPSC provides
excellent light trapping, which can be observed by the prominent elec-
tric field peaks under silica nanosphere at bending 60° in Fig. 8(a-b),
because the SSA on the surface of FPSC can produce whispering gallery
modes, forming the high electric field intensity until poured into the
perovskite absorption layer (Grandidier et al., 2011). In contrast, no

150

Fig. 8. The electric field distribution (a-b) and carrier generation rate (c-d) of
FPSCs with SSA at different bending directions.

strong electric field peaks can be observed when the silica nanospheres
are located inside PDMS film, which is displayed in Fig. S4-S7. In
addition, the electric field strength in the bent center gradually decays to
the edge under upwards bending, while the opposite is true for the
downwards bending. Benefiting from the excellent light trapping effect
of SSA, the magnitude and depth of the carrier generation rate inside
FPSC are greatly improved, which can be clearly observed in Fig. 8(c-d).

Similarly, the absorption of FPSCs with SSA was explored at different
directions as shown in Fig. 9(a-b). The active layer of the FPSC upwards
bending is significantly enhanced compared to downwards bending
device, especially in the 550-750 nm. Owing to the upwards bending
surface of FPSC being condensed, so the reflectance is low. On the
contrary, the reflectance is high for a downwards bending surface of
FPSC. The introduction of silica nanospheres as light trapping structure
on the surface of FPSC significantly improves the light absorption be-
tween downward bending and upward bending because of the decreased
reflectance in broad spectral ranges. As exhibited in Fig. 8c, the bare
FPSCs exhibit Jy. of 21.41 mA/cm? and n of 18.32 % at downwards
bending 60°; J, of 23.54 mA/cm? and 7 of 20.23 % at upwards bending
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Fig. 9. Absorption spectra of each absorbing layer of FPSCs with SSA at bending (a) upwards 60° and (b) downwards 60°, (c) J-V curves of FPSCs without and with

SSA at bending 60°.

60°. With introducing SSA as light-trapping nanostructures, the 5 of
FPSCs with SSA is increased to 19.72 % (down 60°) and 20.26 % (up
60°), which is attributed to an increase of 7.3 % and 1.9 % in Jy. The
detailed parameters are listed in Table S3. Obviously, the effect of
introducing SSA is more pronounced, when FPSC is bent downwards
because of an outstanding light converging effect, achieving a high
current density of 23.54 mA/cm? at bending upwards 60°.

4. Conclusion

In conclusion, the simulations of the different bent angles and di-
rections on the photovoltaic performance are carefully investigated
based on the data of our fabricated FPSC. The absorption of FPSCs is
slightly improved under bending 15°, but begins to decrease under
bending over 15°, which is mainly due to the antagonistic effect of the
reflectance loss and the increase of active layer thickness in the bent
state. And bending up has much less reflection loss than bending down
due to light converging. Silica nanospheres are introduced into the
surface and interior of the flexible substrate in order to further improve
the performance under bending working conditions. When silica nano-
spheres are embedded on the surface of PDMS film, the # of the FPSC
respectively reaches to 19.72 % and 20.62 % at bending 60° down and
up, respectively. In addition, the introduction of SSA reduces stress on
metal electrodes in the bending state of FPSC through the comparison of
surface stress distribution. The simulation results would offer the insight
of the performance of FPSCs under bent working conditions, and be
useful for further application and design optimization of device.
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