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Photovoltaics

Fiber-Shaped Perovskite Solar Cells with High Power
Conversion Efﬁciency
Longbin Qiu, Sisi He, Jiahua Yang, Jue Deng, and Huisheng Peng*
Flexible energy harvesting textiles that can work at ambient
conditions are attracting increasing attentions in recent years.
They have been converted from solar, thermal, or mechanical
energy to power electronic devices.[1–3] Among them, solar
energy has been mostly explored as a general and promising
strategy in the development of flexible energy harvesting textiles as it is clean, safe, and inexhaustible. As a result, a lot
of efforts are made to fabricate fiber-shaped solar cells that
can be then woven into energy harvesting textiles.[4–6] These
fiber-shaped photovoltaic devices have been mainly made
from dye-sensitized solar cells where liquid electrolytes are
required to realize relatively high power conversion efficiencies (PCEs),[7] and the use of solid-state electrolytes generally produces much lower PCEs.[8–10] Some attempts are also
made to develop fiber-shaped all-solid-state polymer solar
cells but with even lower PCEs.[11–13] It remains challenging
to fabricate fiber-shaped solar cells at a solid state with
acceptable PCEs.
Perovskite solar cells appear in a solid state and have also
been widely studied for high PCEs.[14,15] However, unlike
traditional active materials which are chemically bonded to
electrodes[16,17] or possess high film-forming capability,[18] it
is challenging to deposit the perovskite layers with full coverage and high quality due to their poor film-forming ability
and sensitivity to humidity.[19] The poor coverage of light harvesting layer would cause low-resistance shunting pathways
and poor light absorption that lead to both low open-circuit
voltage (VOC) and short-circuit current density (JSC).[20] It
becomes even worse when the deposition has to be made
on a curved surface such as on a microfiber substrate. For
instance, several technologies like vacuum deposition,[21]
two-step deposition,[22] solid-state film formation,[23] and
vapor-assisted deposition have been developed to prepare
high-quality perovskite layers on planar substrates,[24] but
they are not applicable for the fiber substrates. Currently, a
fiber-shaped device may be fabricated through a dip-coating
process with low-quality active layers. As a result, low PCEs
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had been observed from the perovskite solar cell with a
curved structure.[25–28]
In this Communication, a cathodic deposition solution
process has been developed to prepare perovskite layers with
high coverage and uniformity on curve surfaces such as titanium (Ti) wires. When the modified Ti wire and transparent
aligned carbon nanotube (CNT) sheet are used as two electrodes to produce a coaxial perovskite solar cell fiber (PSCF),
a high PCE of 7.1% also with a high open-circuit voltage of
0.85 V has been generated.
Figure 1 schematically shows the fabrication and structure of the PSCF. In a typical solar cell, the perovskite layer
is sandwiched between electron and hole transport materials.[29] The most investigated electron extraction and transport materials are made from nanoparticles such as TiO2
and ZnO.[10–12,27] After the electron injection, the transport
through these nanoparticle boundaries might increase the
resistance and slower electron transport. The use of aligned
1D TiO2 materials has been demonstrated to produce highly
efficient solar cells.[5,6] Here the TiO2 nanotube array had
been incorporated for rapid electron extraction and transport
with controlled thickness and uniformity. A Ti wire is used as
a substrate (Figure S1, Supporting Information). Through an
anodization process, aligned TiO2 nanotube array was radially grown as a mesoporous layer on the surface for electron
extraction and transport (Figure 2a,b). There were three
stages in the formation of TiO2 nanotubes from a fluorinecontaining solution, i.e., formation of a compact oxide layer,
formation of pores by fluorine-ion etching and steady growth
of TiO2 nanotubes.[30] No TiO2 nanotubes were observed at
the first stage during anodization, and they appeared at the
second stage and were perfected at the third stage (Figure S2,
Supporting Information). The diameters of TiO2 nanotubes
were controlled by varying the used voltage in anodization
(Figure S3, Supporting Information). For instance, their
diameters had been increased from 45 to 100 nm when the
anodization voltages were enhanced from 10 to 20 V. With
the further increase to 30 V, no complete nanotubes were
produced, and a honeycomb structure had been generated as
a result. As larger nanotubes favored the infiltration of active
materials to fully cover them both inside and outside, the
diameter of 100 nm was mainly investigated below.
Another important parameter that may influence the
photovoltaic performance of TiO2 nanotubes was related to
their lengths that can be controlled by varying the growth time.
The lengths were increased with the increasing growth time
and reached a platform after ≈15 min (Figure S4, Supporting
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Figure 1. Schematic illustration to the fabrication and structure of the
perovskite solar cell fiber (PSCF).

Information), and they could be controlled at a range
of 350–1100 nm in 15 min. Note that a compact TiO2 layer
with the thickness of ≈50 nm was formed between the TiO2
nanotube array and Ti wire. This compact layer could prevent a direct contact between the perovskite layer and Ti wire
electrode.[31] The direct contact was found to cause a charge
recombination with low photovoltaic performance.[29,32]
A porous, sponge-structured PbO layer was then
coated on the TiO2 nanotubes through a cathodic deposition (Figure S5, Supporting Information). PbO reacted with
hydroiodic acid to produce PbI2 that displayed a perfect
crystal structure (Figure S6, Supporting Information), and
the porous structure was beneficial for the solution infiltration and formation of PbI2 crystal plates. These PbI2 crystals had been infiltrated into the voids among aligned TiO2
nanotubes, and widths of crystal plates were ranged from
500 to 1000 nm. The thickness of the PbI2 layer had been
increased by increasing the thickness of the PbO layer. For
instance, a thick PbO layer (e.g., 1 µm) produced thick PbI2
crystal plates (thickness of 500 nm) that were perpendicularly
aligned due to a steric hindrance (Figure 2c,d); a thin PbO
layer (e.g., 100 nm) resulted in the formation of sparsely and
randomly distributed PbI2 crystal plates with a thickness of
40 nm (Figure S7, Supporting Information).
The PbI2 crystal plate reacted with CH3NH3I to form
perovskite CH3NH3PbI3 nanocrystals. Compared with the
conventional PbI2 layer formed by spin-coating or dip-coating
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processes, the designed porous PbI2 plate array provided more
voids for the infiltration of CH3NH3I solution and benefited
a complete formation of perovskite. The dense PbI2 layer
(Figure S8, Supporting Information) deposited from the previous spin-coating process would prevent the complete reaction with CH3NH3I, i.e., a certain percentage of PbI2 remained
without reaction. The evolution of the perovskite layers from
two different PbI2 layers based on this electrochemical deposition and spin-coating process was also compared by X-ray
diffraction (Figure S9, Supporting Information). The thickness
of PbI2 layer is around 500 nm. For the PbI2 crystal, the peaks
at 12.6°, 25.5°, 38.5°, and 52.2° correspond to the (006), (0012),
(0018), and (0024) planes, respectively. For the perovskite
CH3NH3PbI3 material, the peaks at 14.08°, 28.41°, 31.85°, and
43.19° correspond to the (110), (220), (310), and (314) planes,
respectively.[33] For the perovskite layer derived from a dense
and compact PbI2 layer, the peaks that correspond to PbI2
could be clearly observed at the angle of 12.6° with a similar
intensity to 14.08° that corresponded to CH3NH3PbI3. In a
strong contrast, less crystalline PbI2 remained in the perovskite
layer derived from the aligned plate array.[7,34] It was found
that the remaining PbI2 was detrimental to the performance of
photovoltaic device due to a slow charge transport.[34,35] X-ray
photoelectron spectroscopy was further carried out for the
surface composition of this material (Figure S10, Supporting
Information). C, N, Pb, and I were mainly detected with trace
O and Ti. The ratios among N, Pb, and I are 1/0.90/3.65. Compared with the composition of CH3NH3PbI3, there remained
excess CH3NH3I on the surface.
The perovskite materials appeared as cubic crystals with
an average size of 300 nm (Figure 2e,f), and the coverage and
thickness of perovskite layer could be easily tuned with the
PbI2 layer. For a thickness of 40 nm, only sparsely distributed CH3NH3PbI3 nanocrystals were observed (Figure S11,
Supporting Information). With the thickness of PbI2 layer
increase to 500 nm, the perovskite layer fully covered on the
TiO2 nanotube array (Figure S12a, Supporting Information).
In addition, the voids among the aligned TiO2 nanotubes
were also filled with perovskite materials (Figure S12b, Supporting Information). The high coverage and uniformity may
increase the light absorption and decrease the charge recombination due to the direct contact between the CNT sheet
and electron extraction materials.
An aligned CNT sheet was dry-drawn from a spinnable
array and then wound around the perovskite layer. The asprepared CNT sheets were a kind of aerogels that were
coated around the perovskite layer without a close contact
(Figure S13, Supporting Information). After an isopropanol
treatment, the CNT sheet aerogel was condensed into a
thin film (Figure 2g,h). The CNT sheet was transparent
with a transmittance over 80% in the spectrum range of
400–800 nm (Figure S14, Supporting Information) and electrically conductive with a conductivity of 500 S cm−1, so it
may serve as an effective electrode.[36,37] With a large specific
surface area that provided high charge collection and transport, CNT sheet also functioned as an effective hole extraction layer.[36–38] Stable photoluminescence measurement
was made to investigate the hole extraction performance of
CNT sheet (Figure 3a). Due to its efficient hole extraction,

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

small 2016, 12, No. 18, 2419–2424

www.MaterialsViews.com

Figure 2. Scanning electronic microscopy images for the structure of the PSCF during fabrication. a,b) TiO2 nanotube array by top and side views,
respectively. c,d) PbI2 nanoplate array by top and side views, respectively. e,f) Perovskite nanocrystal layer by top and side views, respectively.
g) Aligned CNT sheet. h) A completed PSCF containing TiO2, CH3NH3PbI3, and CNT by a side view.

the intensity of fluorescence decreased significantly, so no
hole transport layer was required to simplify the fabrication
process and device structure aiming at high performances.[38]
The wound CNTs remained highly aligned and intensely
adhered to the perovskite layer, which was important for
both high PCEs and high stability under deformation. By
replacing the organic hole transport material with aligned
CNTs, the stability of solar cells could be improved.[39]
The combination of aligned TiO2 nanotube array, highcoverage CH3NH3PbI3 layer, and aligned CNT sheet electrode
contributed to a high performance in PSCF. For instance,
small 2016, 12, No. 18, 2419–2424

the TiO2 was critical to the injection and transport of photogenerated charge carriers.[5] To investigate the influence of
TiO2 layer in the photovoltaic performance, a high-coverage
CH3NH3PbI3 layer with a thickness around 900 nm was first
studied. When the anodization was stopped at an early stage
with the formation of a porous TiO2 layer rather than aligned
nanotubes (Figure 3b), the resulting PSCF showed a poor
performance. After the formation of aligned TiO2 nanotubes,
higher JSC values were observed as the aligned nanotubes
enhanced the charge transport in the radial direction. When
the length of the TiO2 nanotubes was around 400 nm, the best
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Figure 3. a) Steady-state photoluminescence spectra of CH3NH3PbI3 layer and CH3NH3PbI3/CNT sheet layer. b) Voltage–current density curves of PSCFs
without and with TiO2 nanotube arrays at increasing thicknesses. c) Voltage–current density curves of PSCFs with increasing perovskite CH3NH3PbI3
thicknesses. d) Voltage–current density curve of the PSCF fabricated from CNT sheet/silver composite electrode with the silver thickness of 5 nm.

photovoltaic performance was achieved, i.e., VOC of 0.852 V,
JSC of 8.9 mA cm−2, fill factor (FF) of 0.482, and PCE of 3.6%.
VOC, JSC, and FF were decreased simultaneously with the
increasing length of TiO2 nanotube. The increasing thickness
of electron transport layer would increase the resistance and
charge recombination with a lower performance.[29] This is
consistent to the previous report that TiO2 layer with length
of hundreds of nanometers were more effective as shorter
ones could not incorporate enough active materials while
longer ones increased the transport pathways of charges with
lower efficiencies.[30] Therefore, the length of about 400 nm
had been mainly used for the fabrication of the PSCF.
The capping perovskite layer was also a key factor for
the photovoltaic performance of the PSCF.[30] The optimization of PSCF was investigated with a fixed thickness of the
TiO2 nanotube array at ≈400 nm. For a sparse PbI2 layer, the
coverage of perovskite layer was low (Figure S11, Supporting
Information). The electron transport material was directly
contacted with the aligned CNT sheet electrode, producing a
shunt pathway that significantly lowered the performance of
the PSCF, e.g., VOC of 0.45 V, JSC of 2.66 mA cm−2, and PCE
of 0.70% (Figure 3c). When the perovskite layer was fully
infiltrated among and covered on the aligned TiO2 nanotube
with a thickness of ≈350 nm, a high VOC of ≈0.85 V and JSC of
16.1 mA cm−2 were obtained, and the PCE was calculated as
6.8% that exceeds the current solid-state fiber-shaped solar
cells. Note that the VOC was significantly higher than the
previous fiber-shaped perovskite solar cells and similar to
its planar counterparts.[25–28,38] Compared with the previous
dip-coating process in the fabrication of fibrous solar cells,
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the power conversion efficiency was increased significantly.
In particular, the open-circuit voltage had been largely
enhanced (Figure S15, Supporting Information). The high
coverage and uniformity of the perovskite layer contributed
to the high VOC due to less shunt pathways between TiO2
nanotube array and CNT sheet thus with a lower recombination. The incident photon conversion efficiency spectra also
confirmed the wide range light absorption of the PSCF from
400 to 800 nm (Figure S16, Supporting Information). With
a further increase in the CH3NH3PbI3 thickness, the photovoltaic performance was decreased with a decreasing JSC as
more crystalline PbI2 remained at the bottom part connected
to TiO2. This remaining precursor would also decrease the
performance of solar cell. Furthermore, a thicker perovskite formed a stacking layered structure with more grain
boundaries in the perpendicular direction (Figure S17, Supporting Information). The increased grain boundaries would
also decrease the charge transport. Here a deposition of
PbI2 array at a thickness around 500 nm was sufficient for a
full coverage and high-quality perovskite layer with a thickness of 350 nm. Figure S18 (Supporting Information) has
further compared the J–V curves of a PSCF under forward
and reverse scan directions, and it showed a hysteresis with a
slightly decreased fill factor.
The PSCF has been compared with the other solid-state
fiber-shaped solar cells in Figure 4. The PCE are much higher
than the other photovoltaic devices. Conventional solid
state solar cell fiber applied polymer solar cell or dye sensitized solar cell structure, which would have lost a great part
energy in interface charge transport. A moderate band gap
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Figure 4. Comparison on the power conversion efficiency between the
PSCF and the other solid-state fiber-shaped solar cells.

of CH3NH3PbI3 was promising for both high light absorption
and high voltage.[40] With a small binding energy, the energy
loss in charge generation and transport could be minimized,
which could not be omitted in dye-sensitized and polymer
solar cells.[41] As previously mentioned, the high coverage
and uniformity of the CH3NH3PbI3 layer was another key
for the higher performance than its counterparts. However,
the fill factor of PSCF was relatively lower, which decreased
the photovoltaic performance. Electrochemical impedance
spectra were further studied for the PSCF (Figure S19a, Supporting Information), and the low fill factor was found to be
derived from the high series resistance of the CNT sheet electrode (Figure S19b, Supporting Information). Silver is introduced to increase the conductivity of CNT sheet back contact
electrode through a thermal deposition. The conductivity of
this composite back contact electrode was increased from

≈500 to ≈1000 S cm−1 (Figure S20, Supporting Information).
However, with the increasing silver thickness, the transmittance was decreased (Figure S21, Supporting Information).
The optimal power conversion efficiency of 7.1% occurred at
the silver thickness of 5 nm with much enhanced fill factor of
0.56 while slightly decreased short-circuit current density of
14.5 mA cm−2. The photovoltaic performance may be further
largely enhanced by developing highly conductive and transparent electrode materials.
Based on the solution process, the fabrication can be easily
scaled up for a continuous production (Figure S22, Supporting
Information). The PSCF was flexible and can be deformed into
various structures (Figure 5a,b). The photovoltaic parameters
are further compared in Figure 5c. JSC was slightly decreased
while FF had been increased due to a better contact between
perovskite layer and CNT sheet, and the PCE could be maintained by above 90% after twisting for 400 cycles. Interestingly, the CNT sheet adhered to the perovskite crystal more
intensely after twisting, which protected the perovskite layer
from peeling off (Figure S23, Supporting Information)
In summary, high-performance perovskite solar cells in
a fiber shape have been developed through an electrochemical deposition process. They display VOC of 0.85 V and PCE
of 7.1%, both of which, to the best of our knowledge, represent the highest values in the all-solid-state fiber-shaped
solar cells. However, for the PSCFs, it is important to further
enhance their producibility aiming at practical applications
(Figure S24, Supporting Information). Due to a coaxial configuration, these PSCFs are flexible and stable, and can be
further woven into smart clothes to power the next-generation portable and wearable electronic devices.

Experimental Section
Preparation of TiO2 Nanotube Array: Titanium wire (250 µm) was
sequentially washed with acetone, isopropanol, and water in ultrasonic bath, followed by drying in air. The anodization of the titanium

Figure 5. Flexible characterization of the PSCF. a,b) Photographs of a PSCF being tied and twisted, respectively. c) Dependence of photovoltaic
parameters on twisting cycle number.
small 2016, 12, No. 18, 2419–2424
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wire was proceeded in an electrolyte containing 0.27 M NH4F in a
mixture solvent of water and glycerol (volume ratio, 1/1). It was
operated in a two-electrode system with the titanium wire anode
and platinum plate cathode at an anodized voltage of 10–30 V.
After anodizing and washing by water, the resulting titanium wire
was annealed at 500 °C for 60 min. The modified titanium wire
was immersed into a TiCl4 aqueous solution (concentration of
30 × 10−3 M) for 30 min at 70 °C and annealed at 450 °C for 30 min
to deposit a thin layer of TiO2 nanoparticles on the outer surface.
Synthesis of Perovskite Layer: A cathodic deposition of
PbO was also made with an oxidic titanium wire as the cathode
and a platinum plate as the anode at an electrolyte containing
2 × 10−3 M Pb(NO3)2 and 0.2 M H2O2 at a constant current density
of 5 mA cm−2. The resulting titanium wire was annealed at 200 °C
for 30 min to complete the transformation to a PbO layer. The PbO
was dipped in a hydroiodic acid aqueous solution (concentration
of 0.1 M) and dried at 80 °C for 60 min to eliminate the trace water.
After cooled down to room temperature, this PbI2-coated wire was
dipped into a CH3NH3I/isopropanol solution (concentration of
10 mg mL−1) for 60 s and annealed at 80 °C for 30 min to obtain
the light-harvesting perovskite layer.
Fabrication of PSCF: After deposition of the TiO2 nanotube array
and perovskite layer, the modified Ti wire was fixed to two synchronous motors at the two ends. A transparent CNT sheet was drawn out
of a spinnable array and attached to the modified Ti wire. With the
rotation of the two synchronous motors, this CNT sheet was wrapped
around the perovskite layer to produce a PSCF.[27] For a close contact
between CNT sheet and perovskite layer, the completed PSCF was
dipped into isopropanol and dried at 80 °C for 30 min. According
to the generally accepted method,[10–12] the effective area was calculated by multiplying the diameter of the modified Ti wire and the
length of the PSCF, i.e., the projection area of the PSCF.
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