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In recent years, the development of wearable devices has a
growing demand for flexible solar cells. Among them, improving
the efficiency of the cells, enhancing the stability of device perfor-
mance during bending and achieving self-repairing are important
focuses of researchers. Perovskite materials have been found to
be one of the new materials to improve the efficiency of flexible
solar cells [1,2]. At present, the problem to be solved is the degra-
dation of device performance during bending, which due to defects
of perovskite films on flexible substrate and grain boundaries
cracks-triggered increased series resistance and carrier leakage
[3,4]. Some researcher reported the self-repairing of flexible per-
ovskite solar cells (PSCs) by introduction of self-healing polymers
[5]. For example, the flexible PSCs using self-healing polyurethane
(s-PU) as a scaffold in the perovskite crystallization process can
recover more than 90% of the initial PCE, after 1000 times of 20%
tensile cycles [6]. However, these self-repairing processes usually
require high temperature to achieve, which is very inconvenient
for the application as wearable devices. Recently, Song’s group
[7] from the Institute of Chemistry, Chinese Academy of Sciences
reported a new type of self-repairing PSC based on shape memory
scaffold polyurethane (SMPU). Adding the SMPU brings three
advantages to PSC: (1) the device efficiency is as high as 21.33%;
(2) slow down the performance degradation during deformation;
(3) the device can real-time self-repair at human body tempera-
ture. These advantages provide great convenience and possibility
for the application of PSC in wearable field.

Fig. 1a shows the two-step process for the preparation of PSC
film, including the first step of forming three-dimensional porous
scaffold from the PbI2 solution containing SMPU, and the second
step of reacting with the organic amine cation solution to form per-
ovskite films. The morphology of the perovskite film with SMPU
was studied by scanning electron microscope (SEM) images
(Fig. 1b). It can be seen that the perovskite crystals grew in the ver-
tical micro-parallel direction and the crystal quality improved
compared with the film without SMPU. The preparation process
and crystallization process of the thin film were studied by SEM
and atomic force microscope (AFM). The optimal addition of SMPU
was 0.02%. The molecular structure of the SMPU additive is shown
in Fig. 1c. A n-i-p planar PSC with a PEN/ITO/SnO2/Perovskite/
Spiro-OMeTAD/Au configuration has been fabricated to study the
effect of SMPU additives on device performance. The cross-sec-
tional SEM image of device is shown in Fig. 1d. From the summary
of the power conversion efficiency (PCE) distribution of 60 PSCs
with and without SMPU manufactured in 6 batches, which is
shown in Fig. 1e, Song’s group can find that the maximum PCE of
the device increases from about 19% to exceeding 21% after adding
SMPU. It is due to SMPU uniformly located at grain boundary of the
perovskite films to form a cross-linked network, which enhances
grain size, passivates grain boundaries defect, and greatly releases
mechanical stress.

Furthermore, the efficiency during bending and self-repairing
performance of the flexible PSC with SMPU were studied and com-
pared with the control perovskite film. When the same horizontal
displacement is added (0.61–3 lm), the crack of the perovskite
film with SMPU is smaller and much more uniform, which is due
to the filamentous connection of SMPU in the crack, making the
stress distribution more uniform (Fig. 1f). After being heated at
37 �C for 30 min, the broken perovskite film can be self-repaired
by the SMPU (Fig. 1f–h). However, the perovskite film without
SMPU has no change before and after heat treatment (37 �C,
30 min). The self-repair ability of SMPU material is due to the
low temperature melting brought by the soft segments melting
of this polymer material [7]. PSC with SMPU is almost completely
attenuated after 10,000 bending cycles with a bending radius
8 mm, and can recover more than 80% of the original PCE after
6000 cycles, while the performance of the control devices is almost
completely destroyed after 2500 bending cycles. Therefore, the
addition of SMPU improves the flexibility and stability of PSC in
many aspects.

In summary, a new type of PSC containing human body tem-
perature self-repairing SMPU was designed, prepared, and stud-
ied. Since the addition of SMPU is beneficial to the uniform
crystallization of perovskite and the release of stress in the film,
the PSC has an ultra-high efficiency of up to 21.33%, and has the
ability to slow down the damage and reduce the resistance dur-
ing bending. Even after bending damage (6000 cycles under an
8 mm bending radius), it can recover 80% original PCE under
human body temperature. This study provides the possibility to
solve the bottleneck problem of PSC application in wearable
devices.
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Fig. 1. Efficient perovskite solar cells with body temperature self-repairing [7]. (a) Schematic diagram of two step preparation of PSC films with SMPU, including preparation
of porous PbI2 films and reaction with organic amine. (b) Cross sectional SEM images of perovskite crystalline films with and without SMPU. (c) The molecular structure of the
SMPU additive. (d) Cross-sectional SEM image of the PSCs with SMPU. (e) Histograms of the PCE distribution for 60 PSCs with and without SMPU. (f) Cross-sectional SEM
image of self-repairing process of SMPU at the grain boundaries of perovskite films. (g) Bending recovery performance of the devices with SMPU. (h) Normalized average PCE
of PSCs as a function of bending cycles with bending radius of 8 mm.
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