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{ Integrating Perovskite Solar Cells into a Flexible Fiber**
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Abstract: Perovskite solar cells have triggered a rapid devel-
opment of new photovoltaic devices because of high energy
conversion efficiencies and their all-solid-state structures. To
this end, they are particularly useful for various wearable and
portable electronic devices. Perovskite solar cells with a flexible
fiber structure were now prepared for the first time by
continuously winding an aligned multiwalled carbon nanotube
sheet electrode onto a fiber electrode; photoactive perovskite
materials were incorporated in between them through a solu-
tion process. The fiber-shaped perovskite solar cell exhibits an
energy conversion efficiency of 3.3 %, which remained stable
on bending. The perovskite solar cell fibers may be woven into
electronic textiles for large-scale application by well-developed
textile technologies.

P erovskite materials with the formula CH;NH;PbX; (X =
Cl, Br, I) have been known for several decades and have
recently attracted increasing attention because of their
promising applicability in photovoltaics."™! A typical perov-
skite solar cell is composed of an n-type compact layer that
blocks short circuits, a mesoporous TiO, nanocrystal layer,
a light-harvesting perovskite layer, a hole-transport layer, and
two electrodes. The perovskite layer absorbs light to generate
charges that are driven to be separated and transported by the
built-in electric field between the two electrodes; this is
followed by injection of the electrons into the conduction
band of the TiO, layer and of the holes into the hole-transport
layer; they are then collected by the electrodes.** Perovskite
solar cells exhibit high energy conversion efficiencies of up to
16 %, which are much higher than those of polymer solar
cells.**! Furthermore, an all-solid-state structure is produced
with high environmental stability, which is particularly
important for high-performance flexible devices.”!” Indeed,
flexible perovskite solar cells with high energy conversion
efficiencies, for example, 10.2%, have recently been
reported.'1?
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On the other hand, wearable and portable devices
represent a new and important direction in modern electron-
ics.'>! In particular, electronic textiles are highly desired in
many fields, such as sensing electronic skins. To this end, it is
necessary to integrate efficient power systems that are
lightweight and may be woven into flexible materials. Some
attempts have recently been made to develop coaxial one-
dimensional dye-sensitized and polymer solar cells to meet
the advancement in the field of wearable and portable
electronics.'>!®! However, liquid electrolytes are generally
required for dye-sensitized solar cells, but they display low
stabilities. Although eutectic melts can be used as electrolytes
to make quasi-solid-state devices with improved stabilities,
they suffered from low energy conversion efficiencies
(2.6%)."7 Low energy conversion efficiencies, such as
2.3%, were also measured for polymer solar cells."®') To
the best of our knowledge, no fiber-shaped perovskite solar
cells have been reported.

Herein, a novel coaxial fiber-shaped perovskite solar cell
with high flexibility and low cost is developed. During
a typical fabrication process, a stainless steel fiber with
a compact blocking layer was used as the anode, and
a perovskite CH;NH;Pbl; sensitizer is then coated onto the
fiber anode, followed by coating of the hole-transport
material and winding of transparent carbon nanotube
(CNT) sheets as the cathode (Figure 1a). This all-solid-state
fiber-shaped solar cell exhibits an energy conversion effi-
ciency of 3.3% and can further be woven into flexible
perovskite solar cell textiles.
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Figure 1. a) Structure and b) energy-level diagram of the fiber-shaped
perovskite solar cell. MAPbl;=CH;NH;Pbl;, OMeTAD =2,2',7,7'-tetra-
kis (N,N-di-para-methoxyphenyl-amine)-9,9-spirobifluorene.
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The synthesis of CH;NH;Pbl; is described in the Support-
ing Information; it was further processed into thin films for
characterization by spin-coating a CH;NH;Pbl;/y-butyrolac-
tone solution onto glass slides, followed by drying at 100°C,
with a chromatic transition from light yellow to dark brown
(indicating the formation of the perovskite film). The
structure was studied by X-ray diffraction (Supporting
Information, Figure S1), and four strong characteristic peaks
at 14.08°, 28.40°, 31.84°, and 43.21°, which correspond to the
(110), (220), (310), and (330) diffraction peaks, indicate that
an orthorhombic crystal has been formed. The extremely
narrow diffraction peaks also suggest a long-range crystalline
domain.”™*"! The UV/Vis absorption spectra further demon-
strate a high light-harvesting capability spanning the visible to
the near-infrared spectrum (Figure S2).

The layered structure of the fiber-shaped perovskite solar
cell is schematically shown in Figure 1a. Photoactive layers
were then sequentially dip-coated onto the outer surface
according to Figure la. Figure2 and Figure 3 show the

Figure 2. SEM images of the coated layers during the fabrication of
the fiber-shaped perovskite solar cell. a) Stainless steel. b) Compact
TiO, layer. ¢) Mesoporous TiO, crystal layer. d) Perovskite CH;NH;Pbl;
layer. €) Hole-transport layer. f) CNT sheet.

structure of each layer as it was observed by scanning
electron microscopy (SEM). As expected, the outer surface of
the steel wire is smooth (Figure 2a), which is critical for the
following uniform deposition of the photoactive material. A
thin n-type compact layer was uniformly deposited on the
steel wire (Figure 2b). A mesoporous nanocrystal TiO, layer
is then deposited to provide a high surface area for the
following CH;NH,Pbl; deposition (Figure2c). The
CH;NH;Pbl; perovskite layer is further coated onto the
nanocrystal TiO, layer (Figure2d), and the CH,NH;Pbl,
material could be effectively infiltrated into the mesopore
of the nanocrystal layer. It would be difficult to deposit
a uniform and dense layer of the CH;NH;Pbl; perovskite
material without the mesoporous TiO, layer. The hole-
transport layer was subsequently coated on top of the
CH;NH,Pbl; layer (Figure2e). A transparent CNT sheet
that had been dry-drawn from a spinnable CNT array was
finally wound onto the outer surface as the cathode (Fig-
ure 2 f). Multiwalled CNTs with an average diameter of 10 nm
were used. Figure 3 shows a cross-sectional SEM image of the
coaxial fiber-shaped solar cell. The thickness of the perov-
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Figure 3. Cross-sectional SEM image of a fiber-shaped perovskite solar
cell.

skite-coated mesoporous TiO, layer is approximately 1 pm,
and the CNT sheet exhibits an average thickness of 20 nm.

The compact TiO, layer is used to separate the stainless
steel fiber and the hole-transport layer to prevent the
recombination of electrons in the stainless steel wire and of
holes in the hole-transport layer.”?! Compact TiO, layers with
a range of thicknesses were prepared by varying the concen-
tration of the TiO, precursor solution and by repeatedly dip-
coating them onto the steel wire. For the resulting fiber-
shaped solar cells with increasing thickness of the compact
TiO, layer from 25 to 100 nm, J-V curves were recorded
under otherwise identical conditions (Figure 4a). A thicker
layer leads to an increase in the series resistance, which
produces a lower fill factor (FF); the short-circuit current
density decreases with increasing thickness of compact layer.
Furthermore, thicker films became fragile and easily broke
into many stacked pieces. Therefore, the steel wire and the
hole-transport layer were not effectively separated, and
a short circuit occurred (Figure S3). On the other hand, it is
challenging to obtain very thin, yet continuous films because
of the unavoidable existence of defects, which may also result
in a short circuit. A solar cell with a compact TiO, layer with
an optimized thickness of 50 nm was mainly investigated in
the following studies.

A series of fiber-shaped perovskite solar cells were
fabricated by varying the annealing temperature, and the
photovoltaic performances of the resulting devices were
measured. The performances of fiber-shaped solar cells
annealed at temperatures from 350 to 500°C are compared
in Figure 4b. A higher annealing temperature favored the
formation of a crystal n-type compact TiO, layer with higher
efficiency, while possibly producing more iron oxide to
decrease efficient electron transport.” As a result, the
maximal energy conversion efficiency was observed for the
solar cell annealed at 400°C (Figure 4b).
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Figure 4. J-V curves of fiber-shaped perovskite solar cells with a) differ-
ent thicknesses of the n-type compact TiO, layer and with b) different
annealing temperatures.

The mesoporous layer greatly improves the light absorb-
ance. The UV/Vis spectra of the perovskite CH;NH;Pbl;
layers that were deposited on glass slides without and with
the mesoporous TiO, layer are shown in Figure S2. Figure S4
compares the performance of two fiber-shaped solar cells
without and with the mesoporous TiO, layer. The short-circuit
current density is nearly two times larger with the mesoporous
layer than without the mesoporous layer. The generated
charges can be more easily recombined without the meso-
porous TiO, layer, which decreases both the open-circuit
voltage (V) and the short-circuit current density (Jgc).

After optimization, the coaxial fiber-shaped perovskite
solar cell currently achieves an energy conversion efficiency
of 3.3% (Figure 5a), which exceeds that of other coaxial
fiber-shaped dye-sensitized or polymer solar cells." As
expected, because of the symmetric coaxial structure, the
photovoltaic parameters, including V¢, Jsc, and FF, remain
almost unchanged with an increase in the angle of the incident
light from 0 to 180° under the same light intensity (Figure 5b).
In other words, the energy conversion efficiencies are
independent of the incident angle. These coaxial fiber-
shaped perovskite solar cells are flexible and can be bent
into various shapes without fatigue (Figure 5c; see also
Figure S5). No obvious damages were observed by SEM
during bending, and the energy conversion efficiencies
remained at 95 % after bending for 50 cycles (Figure 5d).

The high photovoltaic performance of the fiber-shaped
perovskite solar cell is described below (based on the energy
level diagram in Figure 1b). The photo-generated charges
from the perovskite layer are separated and transported to
the external electric circuit through an efficient built-in
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Figure 5. a) J-V curve of a coaxial fiber-shaped perovskite solar cell
with an energy conversion efficiency of 3.3% (Voc=0.664V,

Isc=10.2 mAcm™2, FF=0.487). b) Dependence of the energy conver-
sion efficiency on the angle of incident light. Here, 7, and
correspond to the energy conversion efficiencies at 0° and the other
angle, respectively. ¢) SEM image of a bent fiber-shaped perovskite
solar cell. d) Dependence of the energy conversion efficiency on the
bending-cycle number. Here, 17, and 7 correspond to the energy
conversion efficiencies before and after bending, respectively. e) Photo-
graph of a textile.

electric field between the steel wire and the CNT sheet
electrodes. The high surface area and high electrical con-
ductivity of the CNT sheet favor rapid charge transport and
collection with high photoelectric currents (Figure S6); the
perovskite material exhibits a high molar extinction coef-
ficient,*! ambipolar behavior,™ and long-range electron/
hole diffusion.?! Therefore, the resulting fiber-shaped photo-
voltaic device achieves a high energy conversion efficiency.

In summary, a novel fiber-shaped perovskite solar cell has
been synthesized through an easy dip-coating process. Its
energy conversion efficiency of 3.3% is the highest that has
been reported for coaxial all-solid-state fiber-shaped solar
cells. The prepared fiber-shaped solar cells are flexible and
can be woven into various structures, such as self-powering
textiles (Figure 5e), which are urgently required for miniature
electronic devices. A lot of efforts are currently directed
towards further increasing the energy conversion efficiency of
this solar cell, so that it may meet the practical requirements
for such fiber-shaped photovoltaic devices.

Experimental Section

Fiber-shaped perovskite solar cells were fabricated on stainless steel
wires with a diameter of 127 um. Steel wires were first cleaned
sequentially in acetone, isopropanol, and deionized water in an
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ultrasonic bath for 10 min. The resulting dry steel wire was dip-coated
in a diluted titanium diisopropoxide bis(acetylacetonate) solution and
dried at 125°C. The thickness could be increased by repeating the
coating process. The coated steel wire was further annealed at 400°C
for 15 min in air and then immersed in an aqueous solution of TiCl,
(40 mm) for 30 min at 70°C, followed by washing with deionized
water and ethanol and annealing at 400°C for 30 min to form an n-
type compact TiO, layer. A commercial TiO, nanoparticle (diameter:
20 nm) paste (DHS-TPP3, Heptachroma) was diluted with ethanol
(1:3 w/w) and then deposited to form the mesoporous TiO, layer.
After drying at 120 °C, the TiO, layers were gradually heated to 400°C
and baked for 30 min. The resulting steel wire was dipped into
a perovskite precursor solution, followed by annealing at 100°C for
10 min in air. A HTM solution containing 2,2,7,7'-tetrakis(N,N-di-
para-methoxyphenyl-amine)-9,9-spirobifluorene (61.4 mm), lithium
bis(trifluoromethylsulfonyl)imide (26 mm), and 4-tert-butylpyridine
(55 mm) in a solvent mixture of chlorobenzene and acetonitrile (20:1
v/v) was coated onto the perovskite layer. An aligned CNT sheet was
finally wrapped around the steel wire to produce the fiber-shaped
perovskite solar cell.?”-%)
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