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ABSTRACT: Three-dimensional (3-D) structures have trig-
gered tremendous interest for thin-film solar cells since they
can dramatically reduce the material usage and incident light
reflection. However, the high aspect ratio feature of some 3-D
structures leads to deterioration of internal electric field and
carrier collection capability, which reduces device power
conversion efficiency (PCE). Here, we report high perform-
ance flexible thin-film amorphous silicon solar cells with a
unique and effective light trapping scheme. In this device
structure, a polymer nanopillar membrane is attached on top of
a device, which benefits broadband and omnidirectional
performances, and a 3-D nanostructure with shallow dent arrays underneath serves as a back reflector on flexible titanium
(Ti) foil resulting in an increased optical path length by exciting hybrid optical modes. The efficient light management results in
42.7% and 41.7% remarkable improvements of short-circuit current density and overall efficiency, respectively. Meanwhile, an
excellent flexibility has been achieved as PCE remains 97.6% of the initial efficiency even after 10 000 bending cycles. This unique
device structure can also be duplicated for other flexible photovoltaic devices based on different active materials such as CdTe,
Cu(In,Ga)Se2 (CIGS), organohalide lead perovskites, and so forth.
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■ INTRODUCTION

Hydrogenated amorphous silicon thin-film solar cell (a-Si:H
TFSC) is a promising alternative to its crystalline silicon wafer-
based counterparts due to the cost reduction and shorter
energy-payback time.1 Moreover, thin-film solar cells con-
structed on flexible substrates offer new opportunities for
building-integrated photovoltaics (PVs) and portable power
sources because of their lightweight, mechanical flexibility.2,3 It
is known that the performance of PV devices largely relies on
their optical absorption and carrier collection dynamics in the
devices. The a-Si:H material has relatively poor transport
properties, with the minority carrier diffusion length of around
300 nm or less,4 and it also demonstrates significant light
induced efficiency degradation, known as the Staebler−
Wronski (S−W) effect.5,6 Using thinner absorbing layers will
improve effective carrier transport and reduce the impact of the
S−W degradation at 10−15% of initial efficiency,7,8 but it will

simultaneously sacrifice light absorption. In this regard, the
strategies for designing state-of-the-art light harvesting
structures have become an intriguing topic to solve the
fundamental incompatibility between electronics and optics in
the PV devices.
It has been discovered that three-dimensional (3-D)

nanostructure can substantially improve the power conversion
efficiency (PCE) via various light trapping mechanisms.9,10 A
number of nanostructures, such as nanopillars,11 nanotubes,12,13

nanodomes,14 nanocones,15 nanowells,16 nanodents,17−19 nano-
spikes,20,21 and hierarchical architecture,22 etc., have been
fabricated. In addition, the effective performance improvements
have been widely demonstrated based on different material
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systems. One straightforward method is to form antireflection
(AR) films on the upper surface of front window without
paying the price of reducing electrical performance. Flexible
plastics decorated with geometry controlled 3-D nanocone or
nanopillar arrays have been developed as AR films.23,24

Benefiting from the gradually changed effective refractive
index from the top of the nanostructure to the bulk material,
broadband and omnidirectional enhanced light absorption and
PCE were achieved. The AR films can be readily attached onto
various substrates for both rigid and flexible solar cells. In the
case of solar cells with substrate configuration, improved light
harvesting can be rationally achieved on nanotextured back
reflector by exciting various optical modes.14,17,21,25 Conven-
tional fabrication approaches for nanostructured back reflector
largely rely on costly nanofabrication on rigid substrates with
limited scalability. We recently reported a-Si:H TFSCs built on
flexible aluminum (Al) foils with organized nanopatterns
utilizing cost-effective electrochemical anodization.17−19 A
distinct performance was realized, which is even better than
the device on conventional random textured substrate.17 A
variety of 3-D back reflectors with precisely tuned pitch and
height (or depth) were subsequently developed with
remarkably improved broadband absorption.20,21,25 Further
increase of the aspect ratio will benefit a higher light absorption
capability especially for short wavelengths, where the
antireflection effect dominates light absorption.20,25 However,
the increased structural aspect ratio leads to undesirable film
nonuniformity, which in turn will hurt both short circuit current
density (JSC) and open circuit voltage (VOC) due to the
deterioration of the internal electric field and carrier collection
capability. As a result, the optimized 3-D back reflectors
typically have a moderate aspect ratio to depress the materials
defect density and carrier recombination.20

In this work, we report flexible a-Si:H TFSCs built on flexible
titanium (Ti) foil with nanodent (ND) texture fabricated by
cost-effective Ti anodization. Compared to its Al counterpart,
Ti possesses lower coefficient of thermal expansion, higher
plastic deformation resistance, and temperature tolerance. To
further reduce the light reflection at air/device interface, a
flexible 3-D nanopillar membrane fabricated by casting
polydimethylsiloxane (PDMS) into porous anodic alumina
was attached onto device surface as an AR skin. Solar cell based

on the dual-layer patterned nanostructures has demonstrated a
PCE of 8.05% under AM 1.5 irradiation, which outperforms the
planar counterpart by 41.7%. More intriguingly, the PV devices
showed superior omnidirectional performance owing to the 3-
D nanopillar AR skin and excellent flexibility. These results can
be extended to rational design of a wide range of high efficiency
flexible solar cells, including CdTe, Cu(In,Ga)Se2, perovskite-
based technologies.

■ EXPERIMENTAL SECTION
Preparation and Fabrication. Preparation of Patterned Ti

Substrates. Ti foils (99.7%, 200 μm thickness) were first cleaned in
acetone, ethanol, and deionized (DI) water each for 15 min. Then the
Ti foils were chemically polished for 30 s at room temperature in a
solution of hydrofluoric acid, nitric acid, and DI water with volume
ratios of 1:1:2.26 The anodization was carried out under 170 V (3 °C)
for 1 h in ethylene glycol electrolyte containing 0.3 wt % NH4F and 12
vol % DI water.27 Self-organized TiO2 nanotubes (TONTs) were
obtained, under which nanodent arrays were formed on the Ti foils.
The oxide layers were subsequently removed from the Ti foil by
adhesive tape,28 which left the nanodent array on the flexible substrate
with an average pitch size (center-to-center distance) of ∼600 nm.

Fabrcation of a-Si:H Solar Cells. The a-Si:H TFSCs were
fabricated on the patterned Ti substrates. Specifically, a 100 nm
thick Ag layer was deposited as a back reflector on the patterned Ti
substrate by DC magnetron sputtering. Then an aluminum doped zinc
oxide (AZO) spacer layer, with a thickness of 30 nm, was prepared on
the Ag-coated substrate by radio frequency (RF) magnetron sputtering
of a 2 wt % Al2O3 doped ZnO ceramic target (purity 99.99%).
Subsequently, a stack of n-i-p silicon layers was successively fabricated
in a plasma enhanced chemical vapor deposition (PECVD) multi-
chamber system. The n- and p-type layers are 20 and 10 nm thick,
respectively, while the thickness of the intrinsic a-Si:H layer is 280 nm.
An 80 nm indium-doped tin oxide (ITO) top contact, which also
serves as a part of antireflection coating, was deposited by RF
sputtering. Finally, an Ag grid was evaporated as the top electrode over
ITO using a contact mask at room temperature.17,19,25 For
comparison, a solar cell was also fabricated on a flat glass substrate
under the same process, serving as a planar control device.

Fabrication of PDMS Membranes. PDMS membranes with
nanopillar arrays were produced from V-shape anodic aluminum
oxide (AAO) templates. In brief, high purity aluminum (99.999%)
foils were first anodized in 0.3 M oxalic acid solution at 40 V (5 °C)
for 2 h. The as-formed porous oxide layers were then completely
removed in a mixed solution of 1.8 wt % CrO3 and 6 wt % H3PO4 at
60 °C for 3 h. The following anodization was then performed in the

Figure 1. Schematic process of fabricating a-Si:H TFSCs on flexible Ti substrate with dual-interfacial patterned structure. (a) Ti substrate with
nanodent arrays after removal of TONT layer. (b) An a-Si:H TFSC constructed on the pattern Ti substrate. The black rectangle shows the unit cell
of the patterned structure. (c) V-shape AAO thin films obtained by multistep anodic oxidation process. (d) Nanopillar membrane obtained by
molding process, which can be directly peeled from AAO template. (e) A flexible solar cell on pattern Ti foil covered with PDMS nanopillar
membrane.
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same electrolyte solution at 40 V (5 °C) for 30 s. Subsequently, the
samples were transferred into a 5 wt % H3PO4 solution at 30 °C for 6
min to widen the as formed holes. The V-shape AAO will be obtained
after five cycles anodization and widen processes. Then an antisticking
coating process using a fluorinated silane precursor was adopted on
the templates by a molecular vapor deposition (MVD) method
(Molecular-100S, Nanocarve Ltd.).
Thermal-curable high modulus polydimethylsiloxane (h-PDMS) as

the replicated layer was first spin-coated on the V-shape AAO
template, and sequentially Sylgard 184 PDMS as a scaffold layer was
poured on to form a composite film29 followed by a solidification in a
drying oven at 60 °C for 3 h. Then the composite PDMS membrane
(∼2 mm in thickness) with nanopillared top surface was obtained by
peeling it off from the template and could be readily transferred onto
the photovoltaic device as a flexible AR window (Figure 1e).
Simulations. The finite difference in time domain (FDTD)

method was employed to investigate the optical properties of solar
cells. The unit cell of the patterned structure (see the black rectangle
in Figure 1b) was set as the simulation region using period boundary
conditions in the x-axis and y-axis and perfectly matched layer (PML)
boundary conditions in the z-axis. The device is normally irradiated by
a plane wave light source with the electric and magnetic components
polarized along the x and y axes, respectively. One monitor is placed
between the source plane and device surface to detect the device
absorption. Moreover, mesh grids with a 2 nm minimized side length
were applied in the simulations so that the electromagnetic field
distributions could be calculated accurately. Complex refractive indices
of Ag and Ti are adopted from Palik’s handbook of Optical
Constants,30 while those of AZO, ITO, and n-i-p a-Si:H are our
measured data as shown in Figure S1.

■ RESULTS AND DISCUSSION

Figure 1, panels a and b illustrate the fabrication process of
thin-film solar cells on patterned Ti substrates. Self-organized
TiO2 nanotubes were first formed on flexible Ti foils by a low-
cost and scalable anodization in an ethylene glycol solution
under 170 V. Ti foil with ND arrays (Figure 1a) will be
disclosed by subsequent removal of the oxide layer using
adhesive tape. The a-Si:H TFSC will be constructed onto the
nanotextured foil by a series of vapor depositions. PDMS
membranes with nanopillar arrays were fabricated from V-shape
anodic aluminum oxide (AAO) templates (Figure 1c,d),25,31,32

and they can be readily transferred onto the photovoltaic device

as a flexible AR window (Figure 1e). The details of the
processes can be found in the Experimental Section.
In previous work,17 Al foils with nanometer-sized shallow

dent arrays have been successfully demonstrated by removing
the porous AAO films, which were obtained via large scale and
low cost electrochemical anodization. Because of the similar
morphologies and anodizing process, the growth mechanisms
of AAO have been transplanted to interpret the formation of
the tubular structure in TONT films.33 Thereby, the ND arrays
are also expected to be formed underneath the TONT films.
Figure 2, panel a shows a tilted view of a TONT film in which
vertically aligned one-dimensional nanotubes are observed.
Large scale Ti ND arrays with an average pitch size (center-to-
center distance) of ∼600 nm (Figure 2b), and a depth of ∼200
nm (Figure S2), appeared after removal of the nanotubes. After
depositing all the functional layers of a-Si solar cells (Figure
2c), a morphological evolution from nanodents to nanodomes
can be observed due to the shade effect in the deposition
process. Although the shape of nanodent has not been retained
very well after completing the device fabrication, the nanodome
structure in fact works well on increasing optical path length by
inducing guided modes and plasmonic modes.14,17 Our
previous results also indicated that further increasing the aspect
ratio will lead to a significant film nonuniformity, which can
substantially depress the device performance due to the
deterioration of the internal electric field and carrier collection
capability.20,25

The nanopillar arrays on PDMS membrane are formed by
template process from V-shape AAO molds. Figure 2, panel d
shows a tilted view of V-shape AAO template formed by
multistep anodization. The interpore distance and pore depth
are 100 and 250 nm, respectively. Note that these geometries
can be effectively tuned in a large scale by adopting different
electrolytes and bias voltages.34,35 After antisticking treatment
by a MVD process, a uniform perfluorodecylytrichlorosilane
(FDTS) thin layer is conformally coated onto the V-shape
nanostructure (Figure 2e). Figure 2, panel f shows the obtained
composite PDMS nanopillars with an average pitch size and
height of 100 and 120 nm, respectively. This height mismatch
compared with the template pore depth is ascribed to the
relatively low modulus of the h-PDMS (∼9 MPa), which limits

Figure 2. SEM characterizations of (a) TONT film, (b) nanodent arrays on Ti foil, (c) a-Si:H TFSCs on nanopatterned Ti substrate, V-shape AAO
templates (d) before and (e) after antistick coating, and (f) top surface of composite PDMS membrane covered with nanopillar arrays.
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the replication of small feature size at the template pore
bottom.36

To investigate the antireflective properties of the patterned
substrate, devices on both planar substrate and patterned Ti
substrate with ND arrays are fabricated. Figure 3, panels a and b
display the photographs of the two different devices. An
evolution from bright red to dark blue can be observed as the
devices changed from a planar substrate to a patterned one. To
quantitatively investigate the optical properties of the devices,
UV−vis reflection measurements were carried out with an
integrating sphere. Figure 3, panel d presents the normal
incident absorption spectra of the nanostructured devices as
well as the flat reference cell. The ND device represents a much
higher absorption capability than the flat device over the whole
wavelength region. The observed phenomenon is expected
because the patterned solar cell could not only reduce the
reflection in short wavelength due to the nanotextured top
surface, but also trap long wavelength light by introducing
surface plasmon modes and other photonic modes.17,19

To verify experimental observations, the absorption spectra
have been calculated by employing the FDTD method. The
simulation results display a consistent trend with the
experimental ones in the full wavelength range as shown in
Figure 3, panel e. The noticeable oscillation in the long
wavelength region on the patterned devices can be ascribed to
the strong resonances occurring in the perfectly ordered
structures in the simulation model.17,19 Despite these
deviations, the overall simulation results reproduce the
experimental trends very well, which encourage us to further
study the field distributions within the absorbing layer to
understand the light propagation in nanostructured devices.
Figure 4 presents the distributions of electric field (|E|) at
different wavelengths, namely from left to right, λ = 400 nm,
500 nm, 550 nm, 650 nm, and 750 nm, respectively. The
corresponding magnetic field (|H|) distributions are also
plotted in the Supporting Information (Figure S3). Figure 4,
panel a1 indicates that a significant portion of incident light (λ
= 400 nm) is reflected back toward the incident space and
results in interference patterns along z direction outside the a-

Figure 3. Photographs of (a) planar and (b, c) nanodent solar cells covered (b) without and (c) with PDMS nanopillars membrane. (d) Measured
and (e) calculated absorption spectra of the above three devices.

Figure 4. Electric field (|E|) distributions in (a1−a5) planar device and (b1−b5) patterned device at wavelengths of (a1, b1) 400 nm, (a2, b2) 500
nm, (a3, b3) 550 nm, (a4, b4) 650 nm, and (a5, b5) 750 nm, respectively. The black dashed lines represent the outline of the each layer.
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Si:H layer for a planar device. In the case of nanopatterned
solar cell, the interference happens along both z and x
directions. Thus, the 2-D interference forms circular shaped
mode as displayed Figure 4, panel b1, which benefits light
trapping than the planar one. However, there is still ∼20%
reflection loss at 400 nm (see Figure 3d) due to the relatively
low aspect ratio in comparison with the 3-D nanostructures.25

The electromagnetic field distributions (Figure 4b1 and Figure
S2b1) also indicate that the light absorption is mainly
contributed by the top layer of a-Si:H and ITO top contact.
As the incident wavelength becomes longer, the electric field

intensity within a-Si layers is more evident. It is observed that
the light is strongly confined in the patterned device instead of
forming interference fringes (Figure 4a2−a5 and Figure S3a2−
a5), which cannot be effectively trapped within the absorption
layer. The complex field patterns formed at different wave-
lengths (Figure 4b2−b5 and Figure S3b2−b5) shares the
following common features. First, in the a-Si:H layer, very
complicated filed patterns are formed, which can be regarded as
a hybridization of oscillating modes along the vertical direction
and those along the horizontal direction.37 The constructive
modes formed along the vertical direction are also defined as
the cavity modes, originated from the refractive index change
between different layers, which also exist in the flat device. The
constructive modes formed along the horizontal direction
belong to Bloch modes, which are generated due to the
periodical property of the structure (i.e., the lattice scattering
effect).37,38 It was observed that the numbers of both cavity
modes and Bloch modes decrease as the wavelength becomes
longer. Second, in the AZO part, there is strong intensity of
electric field and the number of the oscillation modes also
decreases when the wavelength becomes larger. In this double
interface structure with the Ag film as the substrate and a-Si:H
as the cover, guided mode can be excited and strongly confined
in the AZO layer. The oscillation of field within the AZO layer
is also ascribed to the lattice scattering effect. Overall, the
enhancement in short wavelength is ascribed to the weakened
interference effect, while the hybrid modes consisting of cavity
modes, Bloch modes, and plasmonic waveguide modes are

responsible to the absorption enhancement at longer wave-
lengths. The simulated absorptions of a-Si:H layers in the
planar device and ND device are also plotted in Figure S4.
Particularly, the nanopatterned substrate delivers a 2.33-times
absorption enhancement near the absorption band edge (λ =
700 nm).
It is worth noting that the nanopatterned substrates with

shallow dent (depth ∼200 nm) arrays possess a relatively
weaker capacity to trap the light of short wavelengths (<570
nm) in contrast to that of longer wavelengths (>600 nm) as
shown in Figure 3, panel d. The 3-D nanostructures with a
higher aspect ratio deliver better short wavelength absorption
but will simultaneously deteriorate the device electrical
performance.25 Here, the PDMS nanopillar membrane is
adopted as an AR layer to capture more incident light without
sacrificing the device electrical performance. Note that PDMS is
an optically clear, nontoxic material with excellent air and water
resistance, which has been widely employed in light-emitting
device (LED) and solar cell panel encapsulation. Figure 3, panel
c displays the photograph of the nanopatterned device with
nanodent covered pillar structure (NDP). It is obviously seen
that the device with nanopillars coating appears dark red
instead of dark blue due to the suppressed reflection at short
wavelengths. A further look at the absorption curve in Figure 3,
panel d reflects that the nanopillars coating yields a distinct
absorption enhancement in short wavelength region (<570
nm). In this wavelength region, ITO has a reflective index
higher than 1.88 (Figure S1a), which leads to a relatively large
impedance mismatch from the incident space. The PDMS
(refractive index ∼1.439) membrane decorated with nanopillar
arrays offers a gradual change of effective refractive index from
air to PDMS bulk material that will efficiently suppress the
device reflectance.40 Meanwhile, the simulation results shown
in Figure 3, panel e suggest a quite consistent trend with the
experimental ones in full wavelength range.
In addition to the optical investigation, the overall electrical

performances of the devices on patterned Ti substrates without
and with nanopillar coating as well as the planar device as
control sample are characterized. Figure 5, panel a depicts the

Figure 5. (a) J−V curves under AM 1.5 irradiation (100 mW/cm2) and (b) EQE of three different a-Si:H TFSCs; the inserted table in panel a shows
the electrical performances of the three devices. (c) The JSC and PCE values as a function of device configurations.
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J−V characteristics (device active area is 0.12 cm2) under
simulated solar illumination (Newport no. 94063A, 100 mW/
cm2) from a Xe lamp coupled with an air mass 1.5 global (AM
1.5G) filter. The planar device shows comparable performance
(PCE = 5.68%) with other literatures.25,41 In contrast to the
planar device, the solar cell on textured Ti substrate represents
a much larger short circuit current density (JSC = 13.68 mA/
cm2) due to the optical absorption enhancements. The trend
for JSC can be confirmed with external quantum efficiency
(EQE) measurements as shown in Figure 5, panel b, which
presents a broadband spectra response enhancement with
respect to the planar reference device. As a result, the overall
performance on patterned Ti substrate is improved from 5.68%
to 7.58%. Meanwhile, the almost consistent VOC and FF values
on nanopatterned devices indicate the high quality film
disposition on the shallow nanodent arrays without the
deterioration of the internal electric field and carrier collection
capability.18

The antireflection effect induced by an additional PDMS
nanopillar coating is also reflected in the increased JSC (14.60
mA/cm2) and PCE (8.05%), which are improved by 42.7% and
41.7% over the planar device as shown in Figure 5, panel a. The
spectra responses in Figure 5, panel b suggest that the increased
photocurrent with the presence of nanopillars is mainly gained
from short wavelength below 570 nm that is quite consistent
with optical absorption profiles as shown in Figure 3, panel d. A
slight increase of VOC is also observed due to the increased
JSC.

42 Figure 5, panel c summarizes the JSC and PCE values as a
function of device configurations. Each configuration is
evaluated at least on four different devices to average out the
experimental fluctuation. In conclusion, these results demon-
strate that the patterned Ti substrates and antireflective coating
thin films can improve the device performance substantially and
will have potential applications for other thin-film solar cells
based on different material systems.
In practical application of solar panels, the incident angle of

solar irradiation changes over time in a day. Therefore, the

angular dependent PCE of NDP device together with the
planar reference cell is characterized (see Figures 6a,b), where
the PCE values are calculated using the device active area,
regardless the change of projection area under different incident
angles. Benefiting from the dual-layer nanostructure design, the
NDP solar cell shows a substantial improvement over all the
measured incident angles. Under a 45 deg incident angle, NDP
solar cell presents an efficiency of 6.73%, which is 66.17%
higher than that of the flat reference device. The omnidirec-
tional improvement on the conversion efficiency is of
significance for practical deployment of solar panels without
expensive light tracking system.
Previously, we demonstrated flexible solar cells based on

aluminum foils, which, however, encountered an efficiency drop
up to 7.4% under a 120° bending angle.20,21 Ti foil substrate,
which possesses better flexibility and a higher temperature
tolerance, is expected to be an alternative choice for flexible
application. Even though Ti in general is more expensive than
Al, using thin foil of Ti can help to cut down the cost. To
evaluate the variation of performance for the Ti foil based
device during flexible operation, the NDP solar cell is measured
at different bending angles (Figure 6c), in which the PCE
values are calculated using the device active area, regardless of
the change of projection area under different bending
conditions. The bending angles are automatically controlled
using a customized setup as shown in the inset of Figure 6,
panel d. The results demonstrate that the efficiency of the NDP
device only experienced a marginal drop (3.4%) even at a 120°
bending angle. The real time variations of JSC and VOC are also
recorded by camera as shown in the Supplementary Videos.
Moreover, the robustness of NDP solar cells is tested under
repeatedly bending as presented in Figure 6, panel d. The PCE
remains as high as 97.6% of the initial efficiency even after
10 000 cycles of bending, as compared with the device
performance on Al foils, which retains only 82% of the initial
value after 1000 bending cycles.21 These results demonstrate

Figure 6. (a) A schematic of defining incident angle. (b) PCE of NDP and planar devices as a function of incident angles as well as the enhancement
factors of NDP solar cell with respect to planar device. (c) Efficiency variation of NDP device at different bending angles. (d) Relative efficiencies as
a function of bending cycle. The insets in panels c and d represent an illustration of defining bending angle and the measurement setup loaded with a
bended device, respectively.
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the outstanding flexibility of lightweight titanium foils based
photovoltaics.

■ CONCLUSIONS
Nanopatterned arrays have been demonstrated on highly
flexible Ti foils by a low-cost and scalable electrochemical
approach. In conjunction with antireflective nanopillar
membranes, dual-layer nanopatterned a-Si:H TFSCs have
been constructed on Ti foils as model devices. It was found
that the dual-layer structure resulted in an omnidirectional and
broadband enhancement in both optical absorption and
quantum efficiency. The improved optical performance is
attributed to the gradient in effective refractive index from the
top of nanopillar membrane to the bulk PDMS and the hybrid
optical modes excited by nanodent back reflector, which was
verified by FDTD simulation. A PCE up to 8.05% was achieved,
which outperforms the planar counterpart by 41.7%. Moreover,
the flexible performances have been studied considering both
the bending angle and bending cycles. The Ti foil supported
devices presented impressive efficiency retention with 97.6% of
the initial value after 10 000 bending cycles. The fabrication
processes for both nanotextured Ti foil and polymer nanopillar
membrane are compatible with roll-to-roll process, which
provide a promising route for large-scale and low-cost
production. The technology developed here can be extended
to other material systems to enable high performance flexible
thin-film photovoltaics.
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