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Plastic substrates possess conspicuous advantages for flexible thin film solar cell applications due to their
superior flexibility and light weight characteristics. However, there are several challenges of using plastic
substrates for high performance thin film solar cells since they usually have low melting/softening
temperature and high coefficient of thermal expansion (CTE). In this work, we demonstrated a low cost
process to achieve regular nanocone arrays on polyimide (PI) substrates which have unique photon
management property and excellent mechanical flexibility. To leverage these benefits of the nanocone
substrates, flexible amorphous Si solar cells were fabricated on the structures. Intriguingly, it was dis-
covered that properly designed nanocones can significantly improve solar cell device performance via
light management. And the fabrication yield of properly designed nanocone solar cells is much higher
than that of planar devices. In addition, the nanocone plastic solar cells possess much improved bend-
ability and robustness verified by both experiment and mechanical modeling, showing unique stress
release mechanism originated from three-dimensional nanostructure design. This property is of practical
significance for flexible electronics not limited to solar cells.

& 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Photovoltaic (PV) devices, which directly convert solar energy
into electricity, have gained considerable interest worldwide as
promising candidates for harvesting clean and renewable solar
energy. Global cumulative photovoltaic capacity has grown ex-
ponentially for more than two decades, sufficient to supply 1 per-
cent of global electricity demands by the end of 2014 [1]. Thin film
solar cells are tremendously attractive for low cost applications,
due to small material consumption and low temperature pro-
cesses, as compared with the conventional crystalline Si-based PV
devices. Particularly, light-weight and mechanically flexible thin
film solar cells enable a wide range of potential applications from
building-integrated PV generation to portable energy sources [2–
4]. There are a number of choices of substrates for flexible thin film
solar cells, such as metallic foils, thin glasses and plastics [2,5–13].
With the superior flexibility and light weight characteristics,
st.hk (Z. Fan).
plastic substrates possess conspicuous advantages for wearable
and aerospace/space applications [4,10,12,14]. However, there are
several challenges of using plastic substrates for high performance
thin film solar cells. For example, they usually have low melting/
softening temperature and high coefficient of thermal expansion
(CTE). Low melting/softening temperature limits the processing
temperature for high efficiency solar cells based on materials in-
cluding Si, CdTe, CIGS and perovskite thus leading to moderate
energy conversion efficiency of the devices [15–20]. Meanwhile,
higher CTE of the supporting plastic substrate than the atop
photovoltaic active layers may incur stress and strain accumula-
tion in the thin films thus leading to device failure or fast perfor-
mance degradation. In this work, we demonstrate a low cost and
scalable approach to achieve regular nanocone arrays on poly-
imide (PI) substrates, on which thin film hydrogenated amorphous
silicon (a-Si:H) solar cells were directly fabricated with decent
device performance. It is worth pointing out that among all plastic
materials, PI has high thermal stability and excellent mechanical
flexibility thus is promising as a substrate material for flexible
electronic devices [9,15,17,21,22]. In our process, liquid PI solution
was used to cast nanocone-structured films without relying on
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complicated and costly lithographic techniques. Several unique
advantages of utilizing PI nanocones for thin film solar cells have
been discovered in this work. Intriguingly, it was found that
properly designed nanocones can significantly improve solar cell
device performance. Particularly, device power conversion effi-
ciency (PCE) was found almost doubled on the optimized nano-
cone structures, as compared with the device fabricated on a flat
substrate prepared with the same solution process. Even com-
pared with the devices fabricated on commercial flat PI substrates,
the nanocone devices still outperform by 48%. Meanwhile, it was
discovered that the fabrication yield of properly designed nano-
cone solar cells is much higher than the flat devices. The large
improvement on device performance and fabrication yield can be
rationalized by a combinational effect of superior light trapping
capability and the thermal strain/stress release. Moreover, it was
found that the nanocone plastic solar cells possess much improved
flexibility and robustness as opposed to the flat devices. Experi-
ment and mechanical modeling showed that the nanotexturized
substrate helps to significantly reduce the stress and strain inside a
solar cell device induced by mechanical bending. Note that this
phenomenon has not been reported before and it is of practical
importance for flexible electronics not limited to solar cells.
Overall, this work demonstrates a viable and convenient route
toward low cost fabrication of efficient and robust flexible thin
film solar cells. Although a-Si:H is used as the model material in
this work, the developed nanocone plastic substrates can also be
used for other types of thin film PV devices, such as organic solar
cells as well as emerging high performance perovskite solar cells.
2. Materials and methods

2.1. Materials

Aluminum foil (0.25 mm thick, 99.99% purity) was purchased
from Alfa Aesar, liquid polyimide solution (PI-2525) was pur-
chased from HD MicroSystems, commercial flat polyimide film
(Kaptons B, 25.4 μm thick) was provided by DuPont. All other
chemicals are products of Sigma-Aldrich.

2.2. Flexible nanocone PI substrates assembly

An electrochemically polished clean Al foil was mechanically
imprinted using a silicon stamp with hexagonally ordered nano-
pillars with height of 200 nm and tunable pitch of 500 nm–2 μm
to produce a nanoindentation array on the surface of the Al foil.
Thereafter, the i-cone array was fabricated by a multi-step ano-
dization and wet etching process on the imprinted Al foil in an
acidic solution with a proper direct-current (DC) voltage [23–25].
Afterwards, a 100 nm thick SiO2 film was deposited on the as-
obtained i-cone AAO template by PECVD at 150 °C as an anti-
sticking layer between the i-cones AAO and PI for easy peeling off
of PI film from the template subsequently. Thereafter, liquid PI
solution (PI-2525) was spin coated onto the SiO2-coated template
at 50 rpm for 1.5 mins, followed by three baking steps (30 mins for
each step) with temperatures of 100 °C, 150 °C and 170 °C on a hot
plate to solidify the PI solution in air. After the sample cooled
down to room temperature, the solidified PI film was carefully
peeled off from the AAO template and then sandwiched in be-
tween silicon wafers and placed in an oven for higher temperature
curing. The curing temperature gradually rose up to 200 °C with a
ramping rate of 4 °C/min, then maintained at 200 °C for 30 mins,
followed by increasing the temperature to 350 °C with a ramping
rate of 2.5 °C/min. Then the PI film was curing at 350 °C for 4 hrs
before natural cooling. An argon flow was maintained at 400 sccm
during the curing process in the oven. Finally, the fully cured PI
substrates were immersed in buffered oxide etch (BOE) solution
for 10 mins to remove potential SiO2 residue on the surface.

2.3. Fabrication of a-Si:H solar cells

A Ag reflector layer was firstly deposited on a PI substrate by
direct current (DC) magnetron sputtering at room temperature in
argon plasma atmosphere. Then an AZO spacer layer was sput-
tered by radio frequency (RF) magnetron sputtering of a 2 wt%
Al2O3 doped ZnO ceramic target (99.99% purity) under argon
plasma at a base temperature of 150 °C. Subsequently, a stack of n-
i-p a-Si:H layers were successively deposited in a multi-chamber
PECVD system consisting of three PECVD chambers. All these
chambers have identical capacitively coupled parallel-plate elec-
trode configurations and serve for the deposition of intrinsic, n
doped and p doped layer, respectively. The a-Si:H absorber layers
were prepared from a mixture of SiH4 and H2 gases at an excita-
tion frequency of 40 MHz. Doping was achieved by gas mixture of
hydrogen-diluted phosphine (PH3) for deposition of n layer and
hydrogen-diluted diborane (B2H6) for p layer at an excitation fre-
quency of 13.56 MHz. After device fabrication, an 80 nm thick ITO
layer was deposited by RF sputtering as top electrode.

2.4. Device characterization

SEM images of the thin film a-Si:H PV devices were obtained by
a JEOL JSM-6700F SEM working at 5 kV. Angular and wavelength
dependent absorption spectra of all devices were performed with
a home-built Ultra-violet/Visible measurement system. All the J–V
curves of thin film a-Si:H solar cells were carried out using a solar
simulator (Newport corporation, 91150V) under 1 sun illumina-
tion. The EQE measurements were characterized by Oriel QE-PV-SI
(Newport Corporation).
3. Results and discussion

The fabrication procedure of thin film a-Si:H solar cells on
nanocone PI substrates is schematically illustrated in Fig. 1a1–a4.
Firstly, a highly ordered anodic aluminum oxide (AAO) template
with an inverted nanocone (i-cone) array was fabricated (Fig. 1a1)
via a multi-step anodization and wet etching process on the im-
printed Al foil [23–25]. Note that the pitch and aspect ratio of the
i-cones fabricated with this approach are largely tunable, as we
have reported recently [24–30]. A 100 nm thick SiO2 layer was
then deposited on the as-obtained i-cone AAO template by plasma
enhanced chemical vapor deposition (PECVD) at 150 °C as an anti-
adhesion layer followed by spin coating of PI solution on the
surface, as shown in Fig. 1a2. Then the PI solution coated AAO
template was partially cured on a hot plate to solidify the PI so-
lution in air with gradual increased curing temperature up to
170 °C. Thereafter, the solidified nanocone PI film (Fig. 1a3) was
carefully peeled off from the i-cone AAO template. Afterward, the
nanocone PI film (�100 μm thick) was further cured in an oven up
to 350 °C for 4 hrs. Finally, a thin film a-Si:H p–i–n junction solar
cell was fabricated on the fully cured nanocone PI substrate, as
shown in Fig. 1a4. The detailed fabrication process can be found in
the Experimental Section and Fig. 1a4 indicates each layer in the
device. Note that, a Ag layer was used at the bottom of device as a
back reflector and also bottom electrode. An 80 nm thick alumi-
num doped zinc oxide (AZO) layer serves as a buffer layer to re-
duce the metal diffusion into the silicon layer [31–33]. Fig. 1b–d
shows scanning electron microscopy (SEM) images of the as-ob-
tained thin film a-Si:H devices based on flat PI substrates prepared
with the same solution process on a Si substrate (cross-sectional
view), 1.2 mm pitch nanocone PI substrates with aspect ratios of



Fig. 1. Schematic fabrication procedure and SEM images of thin film a-Si:H soalr cells on nanocone PI substrates. (a1) The i-cone AAO template fabricated via a multi-step
anodization and wet etching process on the imprinted Al foil. (a2) The spin coated PI solution on a SiO2-coated i-cone AAO template. (a3) A solidified nanocone PI substrate
peeled off from the i-cone AAO template. (a4) A thin film a-Si:H p–i–n junction solar cell fabricated on the fully cured nanocone PI substrate. SEM image of thin film a-Si:H
soalr cells on (b) spin coated flat PI substrates (cross-sectional view), (c) 0.5 aspect ratio nanocone PI substrates (30° tilted-angle view, and cross-sectional view in the inset),
and (d) 1.0 aspect ratio nanocone PI substrates (30° tilted-angle view, and cross-sectional view in the inset).
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0.5 and 1.0 (30° tilted-angle view, and cross-sectional view in the
insets), respectively. Note that the aspect ratio is defined as the
ratio between the height and pitch of the nanocone arrays. The
SEM images demonstrate that the a-Si:H devices based on flat and
0.5 aspect ratio nanocone PI substrates maintain excellent film
conformality and uniformity, however the one based on 1.0 aspect
ratio nanocone PI substrate results in poorer film uniformity.

Our previous research has shown that utilization of various
three-dimensional nanostructures can substantially improve light
capturing capability and PCE of solar cell devices [24–26,30,32,34].
To quantitatively investigate the light trapping effect of the na-
nocone structures, UV–vis reflectance spectra of the above three
kinds of a-Si:H devices were measured with an integrating sphere
[30]. The absorption spectra were achieved by subtracting re-
flectance from unity as the devices are opaque. Fig. 2a presents the
normal incident absorption spectra of the three a-Si:H devices
shown in Fig. 1b–d. It is known that a-Si has an optical band gap of
�1.7 eV, corresponding to �720 nm optical wavelength. There-
fore, spectral range 400–720 nm was chosen to investigate above-
band-gap optical absorption of these devices. On the other hand,
this wavelength range has covered the peak of solar irradiance,
thus the results are meaningful for studying the optical properties
of the PV devices. As clearly shown in Fig. 2a, the nanocone de-
vices demonstrated much higher absorption capability than the
flat one, meanwhile, the 0.5 and 1.0 aspect ratio devices showed
quite close absorption efficiency over all wavelengths. In addition,
the integrated absorption of these three devices is presented in
Supporting Information Fig. S1a, which is obtained by integrating
the absorption spectrum (Fig. 2a) with the AM1.5G photon flux
spectrum [35] (Supporting Information Fig. S1b) in the wavelength
range of 400–720 nm [29]. In order to further verify the experi-
mental results, finite-difference-time-domain (FDTD) simulations
were performed on these devices, resulting in the simulated ab-
sorption spectra of them as shown in Fig. 2b. The simulated ab-
sorption spectra show quite consistent trend over the entire wa-
velength range with the experimental ones among these three
devices as described above. Moreover, to shed light on how light is
coupled into these devices, the cross-sectional electric field in-
tensity (|E|2) distribution of the electromagnetic (EM) wave at
500 nmwavelength was plotted as shown in Fig. 2c. In these three
simulation models, EM plane waves propagate downward from
Y¼2 mm and reach the top surfaces of these devices at Y¼1 mm.
Note that the color index at the specific location in the cross-
sectional |E|2 distribution indicates the magnitude of |E|2 at that
point, normalized with that of the source EM wave if propagating
in free space. The different refractive index of the materials at
500 nm wavelength in the simulation devices are more clearly il-
lustrated in Supporting Information Fig. S2. In order to observe the
light propagation in each layer in the devices more easily, white
dashed lines were plotted in Fig. 2c1–c3 to show the interfaces
between each materials in the devices, and the materials were
labelled on Supporting Information Fig. S2a. The fringe patterns in
Fig. 2c below Y¼2 mm originate from the interference between the
source light and the reflected light. And the color index above
Y¼2 mm indicates the intensity of the reflected light. The cross-
sectional |E|2 distributions demonstrate lower reflection for the
0.5 and 1.0 aspect ratio nanocone devices (Fig. 2c1 and c2) than
the flat device (Fig. 2c3), indicated by the darker color above light



Fig. 2. (a) Experimental and (b) simulated absorption spectra of a-Si:H devices based on 1.2 mm pitch nanocone PI substrates with different aspect ratios and the flat
reference. Simulated cross-sectional |E|2 distribution of the EM wave at 500 nm wavelength in a-Si:H devices based on (c1) 1.0 aspect ratio nanocone PI substrates, (c2)
0.5 aspect ratio nanocone PI substrates, and c3) flat PI substrates.
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source, which is consistent with the results in Fig. 2a and b. In
addition, the absorption profiles of these devices in the active
layers at 500 nm wavelength are illustrated in Supporting In-
formation Fig. S3, demonstrating that most of the light absorption
happens in the a-Si:H layer, which is beneficial for electron-hole
pairs generation and collection.

The above optical investigation shows the potency of nano-
cones for efficient light absorption. Furthermore, the device per-
formance of the three types of a-Si:H solar cells discussed above
were characterized. In addition, the performance of thin film a-Si:
H solar cells fabricated on commercial flat PI substrates were also
studied as the reference. And the photograph of these four types of
devices is demonstrated in Supporting Information Fig. S4. Fig. 3a
demonstrates representative current density–voltage (J–V) char-
acteristics of the four kinds of devices measured with a solar si-
mulator (Newport Corporation, 91150V) under 1 sun illumination.
Short-circuit current density (Jsc) and open circuit voltage (Voc)
extracted from these J–V curves are summarized in Table 1. The J–
V curves demonstrate that the Jsc increases significantly from
9.13 mA/cm2 to 12.95 mA/cm2 as the aspect ratio increases from 0
(the flat device) to 0.5, primarily owing to the improved light
absorption capability as shown in Fig. 2, while it declines to
11.59 mA/cm2 when the aspect ratio further increases to 1.0. The
trend for Jsc can also be confirmed with external quantum effi-
ciency (EQE) measurements shown in Fig. 3b. Overall, the 0.5 as-
pect ratio nanocone device show the highest Jsc, fill factor and a
decent Voc, thus has the highest PCE of 7.06% as shown in Table 1,
which is 94% higher than that of the flat device fabricated by spin
coating. Even compared with the flat device fabricated on the
commercial PI substrate with a PCE of 4.76%, the relative im-
provement of 48% is also substantial. It's worth pointing out that
the 0.5 aspect ratio nanocone device has 30% higher integrated
light absorption than the commercial flat device, leading to �30%
higher Jsc. In addition, it also has higher fill factor than the com-
mercial flat device, resulting in overall �50% improvement on the
device efficiency. And the higher fill factor can be explained by
mechanically more robust ITO electrodes with less crack lines than
the flat device which will be discussed below. Intriguingly, it was
also found that the properly designed nanocone structure can not
only largely enhance device PCE, but also improve the device
fabrication yield remarkably. Note that the device yield is defined
as the percentage of devices with PCE larger than 1% in this work.
As illustrated in Fig. 3c, the 0.5 aspect ratio nanocone devices have
yield of 75%, which is three times of that for the flat devices fab-
ricated on spin-coated PI substrates (25% yield). Meanwhile, the
device yield on the commercial flat substrate and 1.0 aspect ratio
nanocones are 50% and 17%, respectively, which are also much
lower than the 0.5 aspect ratio nanocones devices. The device
failure mechanism has been investigated. As shown in Fig. 3d and
e, macroscopic crack lines can be easily identified from the as-
fabricated flat a-Si:H solar cells on flat PI substrates while the
devices on the 0.5 aspect ratio nanocone substrate are mostly
crackline free. This is can be explained by the fact that the PI
substrate has much higher coefficient of thermal expansion (CTE)
as compared with the atop layers of Ag, AZO, a-Si:H and indium-
doped tin oxide (ITO) (Supporting Information Table S1). As the
highest temperature in the device fabrication process is 250 °C, the
substrate heating and cooling steps introduce thermal strain and
stress in each layers leading to formation of crack lines on the thin
film eventually. However, on one hand, a nanocone substrate has
much larger surface area than a flat substrate which improves
overall adhesion between atop films and the substrate. On the
other hand, as shown in Fig. 1c and d, solar cell thin films are ef-
fectively folded on the nanocone structure, thus the strain and



Fig. 3. (a) J–V curves and (b) EQE measurements of a-Si:H devices based on nanocone PI substrates with different aspect ratios and the flat reference cells. (c) Device yield of
a-Si:H solar cells based on different PI substrates. SEM images and optical photographs (inset) of a-Si:H devices based on (d) spin coated flat PI substrates, and (e) 0.5 aspect
ratio nanocone PI substrates.

Table 1
Summary of device performance of thin film a-Si:H solar cells based on different PI
substrates.

Device Voc (V) Jsc (mA/cm2) Fill Factor (%) Efficiency (%)

Spin coated flat 0.797 9.13 50.1 3.64
Commercial flat 0.895 9.72 54.7 4.76
0.5 aspect ratio 0.820 12.95 66.5 7.06
1.0 aspect ratio 0.652 11.59 34.7 2.62
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stress can be released when the underlying substrate expands or
shrinks. This hypothesis will be further examined in the later part
of this article supported by mechanical modeling results.

In addition to the above findings, we have also noticed that
1.0 aspect ratio nanocone devices have the lowest PCE and yield.
This is due to the poor uniformity of a-Si layer coating on high
aspect ratio structure and it is consistent with our previous reports
[24,36,37]. Also, it was found that the device PCE and yield of the
solar cells based on the spin coated flat PI substrates is lower than
that on the commercial flat PI substrate. To shed light on this
phenomenon, thermogravimetric analysis (TGA) of these two
kinds of flat PI substrates was carried out, with the result shown in
Supporting Information Fig. S5. The TGA results demonstrated that
the spin coated flat PI substrates had slightly larger weight loss
during the device fabrication processes (up to 250 °C) possibly due
to residual solvent release. This may lead to poorer device per-
formance and yield.

The above optical property investigations and device perfor-
mance characterizations were performed with normal light in-
cidence, while for practical operation, the angle of solar irradiation
changes over the time in a day. Therefore, optical properties and
device performances for angular incidence should be examined. In
this regard, we characterized the angular dependent integrated
light absorption and energy conversion efficiency of the device on
0.5 aspect ratio nanocone PI substrate, together with the one on
our home-made flat PI substrate fabricated with spin coating for
the sake of comparison. Fig. 4a presents the integrated absorption
of the nanocone device and flat device for the light incident angles
tuning from 0° (normal incident) to 60° with 10° interval using an
integrating sphere and a broadband halogen light source. It can be
clearly seen that the nanocone device possesses a much higher
integrated absorption than the flat device over all incident angles,
with an absolute enhancement of �15% with small dependence
on incident angle. Furthermore, energy conversion efficiency of
these two devices at different incident angles were also measured
and plotted in Fig. 4b, where the nanocone device demonstrates a
substantial improvement of energy conversion efficiency over all
incident angles compared to the flat counterpart. Overall, the na-
nocone device can enhance the light absorption and energy con-
version efficiency omnidirectionally, because of the wavelength
and angular independent anti-reflection effect of the nanocones
due to the gradual change of effective refractive index of the entire
nanostructures. The omnidirectional improvement of light ab-
sorption and energy conversion efficiency is of significance for
practical deployment of solar panels without a costly solar track-
ing system.

Thus far, we have demonstrated that properly engineered na-
nocones improved the device performance and fabrication yield.
As our devices have been fabricated on plastic substrates, char-
acterization of flexibility/bendability is of paramount importance.
Interestingly, it was found that nanocone structure could largely



Fig. 4. (a) Integrated absorption and (b) energy conversion efficiency of the device on the 0.5 aspect ratio nanocone PI substrate and the spin coated flat PI substrate.

Fig. 5. Energy conversion efficiency of the PV devices based on 0.5 aspect ratio nanocone PI substrate and flat PI substrate (a) under different bending angles/radii and
(b) after different bending cycles. Simulated cross-sectional stress distribution of (c) flat and (d) nanocone devices under bending, with their optical photographs after being
bended with a curvature radius of 4 mm shown in the insets.
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enhance flexibility and bendability of thin film PV devices on
plastic PI substrates in this work. To demonstrate the robustness of
the PV devices on nanocone plastic substrates, the PCE of the
device on 0.5 aspect ratio nanocone PI substrate and the one on
flat PI substrate under a bending angle θ from 0° to 360° (defini-
tion of θ is shown in the inset of Fig. 5a) was plotted in Fig. 5a.
Evidently, the nanocone PV device efficiency demonstrates a
negligible drop even at large bending angle, which is much better
than its flat counterpart. The bending radius was also labeled on
the upper X axis for better reference according to the equation
r¼

θ
l . Note that the PV devices characterized here have a length of

25 mm. So the nanocone device was bended with a curvature ra-
dius up to 4 mm when the bending angle is 360°, as shown in the
inset photograph of Fig. 5a, while maintaining �95% of the initial
efficiency. This result shows the excellent bendability of the
flexible device. Note that the light illumination area of the device
was decreased when the bending radius was reduced. This led to
reduction of the input optical power on the device. Therefore, the
device energy conversion efficiency was calibrated by consider-
ing the change of the device actual projection area. Besides, the
reliability of nanocone solar cells under multiple bending cycles
was examined with an automatic bending setup as recorded in
Supporting information Video S1, with the results presented in
Fig. 5b. Each bending cycle was performed under 180° as shown
in the inset of Fig. 5b, while the nanocone device still retained
�96% of the initial efficiency after 10,000 bending cycles how-
ever the flat device performance dropped to 64% after 10,000
bending cycles.
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Supplementary material related to this article can be found
online at http://dx.doi.org/10.1016/j.nanoen.2016.02.042.

The device performance degradation after different bending
angles or multiple bending cycles as presented above results from
the generated strain and stress in the thin films during bending,
which increase the possibility of crack nucleation and delamina-
tion at the interface of the layers. To rationalize the much im-
proved bendability and robustness of the nanocone solar cells, fi-
nite element modeling (COMSOL Multiphysics 4.2a finite element
code) was carried out to investigate stress distribution in the de-
vice upon bending. The devices were modeled by Autodesk Au-
toCAD 2014 according to the SEM images (Fig. 1b and c) with di-
mensions of 8�1.5 mm2 as shown in Supporting Information Fig.
S6a and b. Note that the thickness of the plastic substrate is set as
1 mm in order to reduce the simulation time. The right side of the
device was anchored and �3 N/m2 load was applied to the other
side as illustrated in Supporting Information Fig. S6c. Fig. 5c and d
show the cross-sectional stress distribution for the flat and na-
nocone devices, respectively. The simulation results demonstrate
that the stress concentration occurs between the layers of devices.
In this regards, the textured device reveals much more uniform
distribution of stress through all layers of the device as compared
to the flat one especially in the interfacial regions, leading to lower
possibility of crack nucleation in the films during bending. The ITO
layer at the top and near to the anchored edge shows the highest
stress due to its higher Young's modulus than the silicon layer
underneath (more details can be found in Supporting informa-
tion). The silicon and silver layers also indicate high tensile stress
since they also have high Young's modulus but slightly lower than
that of the ITO layer. Interestingly, the textured device illustrates
lower stress through all layers compared with the flat one as
shown in Fig. 5c and d, due to higher surface area in the interfacial
regions between the layers. For instance, the maximum stress of
ITO layer in the textured device occurs on the very small area;
however the highest stress is distributed in a large area in the flat
device. As a result, not only the level of stress but also the per-
centage of high stress regions distributed in the textured device is
less than the flat one. In addition, it can be seen only a few areas
with high stress concentration in textured device specially in the
valleys regions, resulting in localized stress distribution and lower
total strain energy. Thus this stress releasing mechanism can sig-
nificantly improve the flexibility and durability of the textured
device, especially when the device layers have different CTEs. To
further support our results, the optical photographs of the flat and
textured devices after being bended with a curvature radius of
4 mm are illustrated in the insets of Fig. 5c and d, and with their
SEM images shown in Supporting Information Fig. S7. Evidently, a
lot of crack lines exist on the surface of the flat device after being
bended with a curvature radius of 4 mm, while they can be hardly
found on the surface of the nanocone device. In a word, the na-
nocone structure can release the stress concentration through the
layers, thus improve the flexibility and mechanical properties of
the device. These results demonstrated the predominant flexibility
and bendability of thin film solar cells on nanocone plastic sub-
strates, which is essential for flexible PV applications, and other
portable and personal electronic devices.
4. Conclusions

In summary, we have developed a low cost and scalable ap-
proach to fabricate regular nanocone arrays on PI substrate. The
nanotextured substrate delivered higher thermal stability and
excellent mechanical flexibility, thus is promising for flexible
electronic devices. Thereafter, thin film a-Si:H solar cells were
directly fabricated on the nanocone PI substrates to demonstrate
their unique advantages on flexible thin film solar cells. Particu-
larly, it was found that properly designed nanocone substrates can
significantly improve solar cell device performance, with almost
doubled PCE compared with the devices fabricated on flat sub-
strates using the same solution process. Even compared with the
devices fabricated on commercial flat PI substrates, the nanocone
devices still outperform by 48%. Meanwhile, it was discovered that
the fabrication yield of properly designed nanocone solar cells is
much higher than flat devices. The large improvement on device
performance and fabrication yield can be rationalized by a com-
binational effect of superior light trapping capability and the
thermal strain/stress release. Moreover, it was found that the na-
nocone plastic solar cells possess much improved flexibility and
robustness as opposed to the flat devices. Experiment and me-
chanical modeling showed that the nanotexturized substrate helps
to significantly reduce the stress and strain inside a solar cell de-
vice induced by mechanical bending. This phenomenon has not
been reported before and it is of practical importance for flexible
electronics not limited to solar cells. Overall, this work demon-
strates a viable and convenient route toward low cost fabrication
of efficient and robust flexible thin film solar cells. Although a-Si:H
is used as the model material in this work, the developed nano-
cone plastic substrates can also be extended to other types of thin
film PV devices, and even other flexible electronics.
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