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A B S T R A C T

Flexibility and power-to-weight (PTW) ratio are the key factors for promoting wearable or portable solar cell
applications. Planar hydrogenated amorphous silicon (a-Si:H) thin films deposited directly on soft aluminum
foils (AF) are usually subject to easy cracking and delamination due to the mechanical instability on AF surface.
Here, an exceptionally robust three-dimensional (3D) construction of a-Si:H radial p-i-n junction solar cells on
soft supermarket-available AF of 15 µm thick is reported, where the discrete and firmly standing Si nanowire
(SiNW) cores, grown and rooted on the soft AF surface, frame up a 3D architecture that protects the protrusive
photo-active radial junctions from the unstable a-Si/Al bottom layer. An excellent flexibility and integrity of the
3D a-Si:H radial junctions have been achieved, even under bending to radius of 5mm. Remarkably, without any
diffusion barrier protection, a power conversion efficiency of 5.6% has been recorded, with an open-circuit
voltage of 0.71 V and photo-current density of 14.2 mA/cm2, leading to a high PTW ratio of> 1300W/kg.
Importantly, the overall fabrication cost can be largely slashed off, by ~46% compared to conventional a-Si:H
solar cells, as the need for a bottom TCO contact/texturing layer, for a back-reflection coating and for a glass/
polymer substrate are all exempted.

1. Introduction

Flexible and light-weight solar cells are finding broad applications
in portable and wearable electronics, where the power-to-weight (PTW)
ratio is a critical parameter for implementation [1–7]. Compared to the
flexible solar cells built on organic, hybrid perovskite materials [8–11]
or ultra-thin mono crystalline silicon wafers (thickness< 40 µm,
thinned by chemical etching or exfoliation) [12,13], hydrogenated
amorphous silicon (a-Si:H) thin film solar cells can be made via a low-
cost, large scale and industrial-proven mature technology, without the
use of any toxic or heavy-metal elements [14,15], while boasting still a
better weak light performance [16] and a lower temperature coefficient
[17,18]. Usually, flexible a-Si:H solar cells are constructed upon stain-
less steel (SS) [16,19–21] or PI (polyimide) and PEN (polyethylene

naphthalate) polymer substrates [4,5,16,22], where transparent con-
ductive oxide (TCO) texturing, back-reflection coating and nickel/or
chromium diffusion barrier layers are required to enhance light har-
vesting and, more importantly, to prevent metal diffusion from the
bottom substrate into the p-i-n junctions [4,19,21–23]. However, all
these extra protection and buffer layers add to the fabrication com-
plexity, cost and weight that reduce the PTW ratio performance of
flexible thin film modules, which is however becoming a critical figure-
of-merit for many portable solar power solutions.

Aluminum foil (AF) has been best known for its high electric con-
ductivity, low cost, excellent optical reflectivity over a wide spectrum
of wavelengths, and its outstanding flexibility and self-sustainability
even when the AF is thinned to below< 20 µm. However, the surface
of the AF substrates is relatively soft and mechanically unstable,
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compared to those of rigid SS or glass substrates coated with TCO layers
[24,25]. As a consequence, a-Si:H thin films deposited over the pliable
AF substrates are vulnerable to cracking and even delamination
[26,27]. It has also been known that Al atoms can diffuse into the Si
thin film, at elevated temperature> 200 °C, to weaken n-type doping
in case of contacting an n-type doped a-Si:H layer [4]. Recent works
have demonstrated nanostructured anodized aluminum oxide (AAO)
patterns [28,29] formed on a thick Al sheet (> 250 µm) as a photonic
template to maximize the light absorption performance of a-Si:H solar
cells, the needs of extra TCO and metal buffer layers reduce greatly the
overall flexibility of the solar cells, while degrading also their PTW ratio
performance.

Recently, three-dimensional (3D) silicon nanowires (SiNWs)
[30–33] and ZnO nanorods [22,34–37] have been widely explored as a
promising architecture towards high performance thin film photo-
voltaics, where a strong light harvesting performance allows for the use
of a thinner intrinsic absorber layer (< 100 nm) that helps to enhance
the sweeping built-in field, facilitate carrier collection, suppress light-
induced-degradation (LID) effect and tolerate more defective i-layer
material [38,39]. All these benefits have been indeed verified in our
previous works on the 3D radial junction (RJ) thin film solar cells,
constructed over SiNWs grown with tin (Sn) droplets via a vapor-liquid-
solid (VLS) process upon rigid TCO-coated glass substrates [40–43].
However, the mechanical advantages and potential of the RJ con-
struction, which could lend themselves to addressing the mechanical
challenges at microscale, as illustrated in Fig. 1f, has been little ex-
plored.

In this work, we report an exceptionally robust and very low-cost 3D
construction of RJ a-Si:H thin-film solar cells over SiNWs directly grown
upon supermarket-available, ultra-thin and flexible AF of only 15 µm
thick. An excellent flexibility and mechanical stability have been wit-
nessed even under repetitive concave or convex bendings to large
curvature of 1/5mm−1, with still reasonable photoelectric performance
under standard AM 1.5G illumination. This also leads to a record high
PTW ratio of> 1300W/kg, thanks to the use of an ultra-thin and light-
weight AF as substrate, and exempting the needs for bottom TCO
contact/texturing, diffusion barrier and back-reflection layers

commonly used in conventional planar solar cells. Further finite ele-
ment modeling and analysis reveal that the discrete SiNWs, firmly
standing and rooted on the soft AF surface, can provide strong anchor-
sites to maintain the integrity of the a-Si:H thin films, while the photo-
active protrusive RJ regions are well protected from the bottom strain
layer.

2. Experimental section

2.1. Device fabrication

The fabrication procedures of the a-Si:H radial junction units are
schematically illustrated in Fig. 1a-c, where a thin tin (Sn) layer of 2 nm
thick was first evaporated to the surface of aluminum foils (AF, 8011/O
of 15 µm thick, as seen for example in the photograph shown in Fig. 1d)
purchased from supermarket. Then, the AF pieces were cleaned by ul-
trasonication in acetone, methanol and deionized water, before being
wrapped around glass or wafer holders of one-inch wide to facilitate
sample handling. Then, the Sn layer was treated by H2 plasma in a
plasma-enhanced chemical vapor deposition (PECVD) system, with H2

flow, RF power density and chamber pressure of 20 standard cubic
centimeter per minute (SCCM), 10mW/cm2 and 30 Pa at 200 °C, re-
spectively, for 5min to form discrete Sn droplets that were later used as
catalyst to mediate the vertical growth of SiNWs, via a plasma enhanced
VLS process with silane (SiH4) as precursor at 400 °C. During the VLS
growth, a mixture of 60 SCCM H2, 6 SCCM silane (SiH4) and 2.2 SCCM
diborane dopant (B2H6) precursor gases was introduced to grow ver-
tical p-type SiNWs directly upon the AF surface, with a RF power
density and chamber pressure of 20mW/cm2 and 130 Pa for 15min.
Note that the SiNWs feature, as seen for example in the top and side-
view SEM images in Fig. 1e-f, a typical length of 1 µm and a gradually
tapering diameter from 50 nm at the root to 20 nm at the tip. In the next
step, intrinsic and n-type a-Si:H layers, of around 80 nm and 10 nm
thick on the sidewall, were subsequently deposited around the SiNW
cores at 150 °C, without or with 2.3 SCCM phosphine (PH3) dopant gas,
respectively. Finally, an ITO layer was deposited around the RJ units by
magnetron sputtering to serve as the top transparent electrode. A

Fig. 1. (a-c) illustrate the fabrication procedures of the a-Si:H radial junctions standing directly upon the soft surface of the 15 µm thick supermarket-available
flexible AF, with a photo shown in (d). (e-f) present the top and side-viewed SEM images of the SiNWs grown directly on the AF, where the scale bars are for 400 nm
and 200 nm, respectively. (g) shows a photo of the final radial junction solar cells on AF, encapsulated in EVA polymer layers. (h) depicts a cross-section view of the
inner co-axial p-i-n multilayer structure of the radial junction units.
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schematic sketch of the complete RJ structures is presented in Fig. 1h,
revealing the cross section of the multilayer profile within a RJ unit.
When the light is shed in from top, photo-carriers are generated in the
RJ units and collected by the top ITO and the bottom SiNW/AF elec-
trodes, as depicted schematically in Fig. 1h.

2.2. Device characterizations

The J-V characteristics were measured under standard AM1.5G il-
lumination (Newport, Oriel Sol-1A), while the EQE responses were
measured by QEX-10 measurement System, with a wavelength scan
range from 300 nm to 800 nm with a sweep step of 10 nm.

2.3. Encapsulation

The samples were encapsulated within ethylene-vinyl acetate co-
polymer (EVA) at lamination temperature of 145℃, where piecewise
pressing was applied, with pressure and duration of 0.2 Pa and 2min
and 0.8 Pa for 8min, respectively. The photo-current extraction elec-
trodes are formed by rolled copper foil tapes, which were first glued to
the anodes and the cathodes of the RJ solar cells, as shown in Fig. 1g,
and then encapsulated in EVA thin films by using the standard process
in Trina Solar Ltd. with the encapsulation parameters as described
above.

3. Results and discussions

Fig. 2a shows a typical side-view SEM image of a dense array of RJs

grown over a large area upon the AF surface. The distribution of the RJ
array is found to be rather uniform, despite of the curved surface and
random stripes, with typical fluctuations of 1–3 µm as marked by the
dashed white lines, which are very common for commercial AF due to
the standard twin-roll-casting process [44]. A comparison of the RJ and
planar a-Si:H p-i-n junction thin films deposited directly on AF surface
is presented in Fig. 2c and d, respectively, where the microscope pho-
tographs show that the planar a-Si:H thin films on the AF are extremely
vulnerable to even slight bending of AF, leaving large cracks and
peeling off segments (Fig. 2c), while the SiNW-supported RJ thin film is
found to be rather continuous and uniform (Fig. 2d). This finding
provides, first of all, a strong proof of the outstanding mechanical sta-
bility and robustness of the 3D RJ thin film construction to accom-
modate the large surface roughness and fluctuations upon the me-
chanically unstable soft AF surface.

A closer top-view SEM image of the RJ structure is presented in the
inset of Fig. 2a, where the RJ units, of ~180 nm in diameter (without
ITO) and ~1 µm long, are randomly oriented. A comparison of the RJ
units, before and after ITO coating, is provided in the cross-section SEM
images shown in Fig. 2b. It is interesting to note that, while the a-Si:H
thin film coating by PECVD can be quite conformal around the SiNWs,
the deposition of ITO by sputtering is not so uniform, especially along
the depth of standing RJ units. For instance, while the RJ has a rather
uniform diameter of ~200 nm, the ITO coating thickness varies from
100 nm on the top to only 40 nm at the root and on the bottom surface.
This is seemingly a disadvantage for photo-current collection along the
bottom ITO pathway (BIP) that is thinner and thus more resistive.
However, among the random but mutually crossed RJ units, there exist

Fig. 2. (a) Side-view SEM image of the a-Si:H RJ thin films grown upon SiNW array standing upon AF surface, while the inset shows more details of the geometric
features. Cross-section SEM examinations of the standing RJ units on the soft AF surface, with or without ITO layer, are provided in (b). (c,d) show the microscope
photos of the planar and the radial junction thin film structure grown upon the same AF substrate, respectively. The simulated von Mises stress distribution among
the RJ units on top of AF substrates, when subject to convex bending, is presented in (e), while the stresses evolutions at three different locations, as marked in (g) and
under different bending strains, are extracted and plotted in (f).
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also extra current paths, that is the top ITO-crossing pathway (TIP),
which can help to transport and collect the photo-current among the
crossed RJs. For example, a possible TIP route is marked in the right-
bottom inset of Fig. 2a by a white dash line, which is indeed beneficial
for the photo-carrier extraction from the 3D-RJ units, without the need
to go through the more resistive BIP routes. On the other hand, as de-
monstrated in our previous simulation works on light field propagation
and absorption, most of the incident light will get absorbed by the top
portion of the RJ cells. So, the existence of such an extra TIP route for
lateral transport can be helpful to extract the photo-current directly
from the photo-active regions of the RJs. A poor electric connection to
the more defective bottom layers could, to some extent, help to isolate
or even suppress the impact from the leakage current sinks usually
found at the deep root of RJs. These features are indeed unique in the
3D randomly oriented and crossing RJ framework.

The current density-voltage (J-V) measured under standard AM1.5G
illumination and the external quantum efficiency (EQE) curves, of the
radial junctions on AF, radial junctions on AZO and planar junctions on
AF, were measured and presented in Fig. 3a-b, respectively. It is in-
teresting to note that all the radial junction solar cells have achieved a
much higher Jsc compared to those of planar ones, thanks to a strong
light trapping effect among the 3D arrays. This can also be inferred
from their reflection spectra presented in Fig. 3c, where the two radial
junction samples demonstrate a rather low (10–20%) reflectivity over a
wide wavelength range, while the planar junction on AF suffers from a
strong reflection, particularly at long wavelengths ( >λ 450 nm). In

addition, the radial junctions constructed over AF substrate generate a
higher short-circuit photocurrent (Jsc =14.2mA/cm2) than that by co-
deposited radial junctions (Jsc =11.2mA/cm2) fabricated on flat AZO/
glass substrate, which could be partially assigned to the beneficial back-
reflection contributed by the AF substrate, while there is no such
coating at the bottom for the reference sample on AZO/glass.

Moreover, it is remarkable that, upon the rough and pliable AF, the
radial junctions can still deliver an open-circuit voltage of =V 0.71 Voc ,
only slightly lower than that of =V 0.73 Voc by the co-deposited radial
junctions on flat AZO/glass. In comparison, the planar junctions co-
deposited upon the same AF substrate deliver only a rather low

=V 0.35 Voc , while the planar junctions deposited over AZO/glass can
easily achieve an open circuit voltage of =V 0.75 Voc (not shown here).
These findings highlight the robustness of such 3D-RJ construction, in
terms of maintaining the integrity and functionality of the a-Si:H p-i-n
thin films deposited over the soft AF surface. Meanwhile, the fill factor
(FF) of the RJ cells on AF is only 56%, which is lower than that of 62%
for their counterparts on AZO/glass. A possible reason could be that the
aluminum oxide layer remaining on the surface of the AF substrate
could increase the electric resistance to the RJs. Further improvement is
expected given a better surface treatment or complete removal of this
oxide layer in further investigations.

The flexibility of the radial junction solar cells fabricated on AF
substrate is tested by attaching them to cylinder rods or troughs of
different radii, ranging from =R 5 mm to 25 mmr , as shown in Fig. 4a
and Fig. 5a, respectively. Note that, though EVA encapsulation can be

Fig. 3. (a,b) show the current density-voltage (J-V) and external quantum efficiency (EQE) curves, measured under AM1.5G illumination for the thin film solar cells
in radial junction or planar architectures and upon soft AF or solid AZO glass substrates, with their corresponding performance parameters extracted and compared in
the histograms shown in (d). The reflectivity of the three different samples is presented in (c), with the pictures of the RJ and planar thin film solar cells shown in the
insets.
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applied to encapsulate the radial junctions on AF samples, as seen for
example for the one shown in Fig. 1e, the 3D-RJ cells are by themselves
robust and self-sustainable enough to go through the tests without the
support of EVA layers. So, in the following studies, the bare radial
junction samples (complete RJs on AF foils with electric connections
but no EVA encapsulation) were characterized while being subject to
convex-up bending, as illustrated schematically in Fig. 4a. The evolu-
tion of the J-V curves, the contact resistances, the Voc and the Jsc, under
different bending conditions, are presented in Fig. 4(b), (c), (d) and (e),
respectively. It is interesting to note that the Voc remains rather stable

with a slight drop to 0.69 V, even after 300 times convex-up bending to
a very small radius of =R 5 mmr . This is accompanied, however, with a
more significant photo-current decrease (Fig. 4e), when the bending
becomes larger and with more bending times. The major reason behind
can be assigned to the decreased shunt resistance Rp (by 50% under

=R 5 mmr bending) and increased series resistance Rs in the RJ units as
witnessed in Fig. 4c. These observations indicate that damages hap-
pened in the 3D-RJs under large convex-up bending strain. Despite of
this, the radial junction solar cells can still maintain a rather stable Voc
output and 71% of their initial PCE up to =R 5 mmr bending.

Fig. 4. (a,b) show the convex-up testing photo and J-V characteristics with different bending radii. Their corresponding variation trends, in terms of the series and
shunt resistances, Voc and Jsc, are provided in (c-e), respectively.

Fig. 5. (a,b) show the concave-down testing photo and J-V character with different bending radii, their corresponding variation trends, in terms of the series and
shunt resistances, Voc and Jsc, are provided in (c-e), respectively.
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When the flexible 3D-RJ cell was bent to the opposite direction, that
is into a concave-down bending configuration by attaching them to
troughs of different radii, as depicted in Fig. 5a, the measured photo-
current density of Jsc is found to increase significantly from 14mA/cm2

to more than 22mA/cm2, as shown in Fig. 5b. Meanwhile, the Voc de-
creases from 0.71 V to 0.68 V, similar to that observed under convex-up
bending. This abnormal Jsc increase could arise simply from the fact
that the AF substrate in concave bending state plays a role like a mirror
that can focus the nearby incident light into the center region, which is
equivalent to enhancing the intensity of incident light and thus a higher
photocurrent signal can be recorded under concave bending. Mean-
while, it is also interesting to note that, as seen in Fig. 5c, the series
resistance Rs extracted under concave bending increases by only 20%
(even bent to 5mm in radius), which is much less significant compared
to that of up to 70% in the opposite convex bending as witnessed in
Fig. 4c. This can be explained based on a geometry consideration that,
among the 3D radial junction architecture, a concave bending will force
the nearby radial junction protrusions to lean to their neighbors, and
thus forming more extra top-ITO-contacts or TIP routes to counter the
increase trend of series resistance under large bending. This is indeed a
unique aspect of the 3D mutual-crossed RJ solar cells.

Finite element simulation of the radial junctions constructed upon
the flexible AF was also carried out to shed light on the strain dis-
tribution among the 3D structures. In Fig. 2e, the edges of a thin AF
sheet are fixed while the center is pushed up by a bottom cylinder
(hidden for clarity) with different radii. It is clear that, the von Mises
stress distribution among the bent 3D radial junctions is not uniform,
but mostly concentrated at the roots of the vertical protrusions. The
stresses extracted at different distinctive places, as marked in the cross-
section profile in Fig. 2g, were plotted against the tensile strain (caused
by a convex-up bending) in Fig. 2f. It is found that, while the stresses at
the roots and the nearby planar regions increase gradually to approach
the failure limit of a-Si thin film (~50 GPa) [45], the stress accumulated
in the out-of-plane sections, that is, in the middle and on the top of the
protruded radial junctions, are 2 and 4 orders of magnitude lower. This
implies that the out-of-plane radial junction segments can be very well
separated and protected from the stress concentrated on the bottom
layer. More importantly, the mutual crossing radial junctions, as wit-
nessed in Fig. 2a, can provide unique resilient and convenient 3D cur-
rent pathways to extract the photo-carriers selectively from the active
top segments that experience very little stress even under large bending.
Finally, it is also important to note that the radial junctions on AF
samples with standard EVA polymer encapsulation, where the thin film
is sandwiched in the neutral strain plane, demonstrate an excellent
robustness and flexibility that can sustain more than 200 times me-
chanical bending to 20mm radius of curvature while retaining 80%
PCE.

Compared to the flexible thin film solar cells reported in the lit-
erature and summarized in Table 1, the 3D construction of RJ solar cells
directly upon the supermarket-available AF substrates can spare the use
of extra surface texturing materials, which are usually accomplished by
sacrificial etching into a thick TCO layer (for example, from 4 µm thick
to 1.5–2 µm in conventional a-Si:H thin film solar cells) upon planar or
AAO (anodized aluminum oxide) nano patterns [27,28]. More im-
portantly, the SiNWs serving as firmly anchor sites to host the a-Si:H
thin film and make it possible to deposit thin film solar cells directly
upon the very cheap, soft and reflective AF surface. This removes the
need for Ag or TCO as back reflector, buffer, and protection layers.
Importantly, a strong light trapping performance has been well pre-
served among the 3D-RJs on AF solar cells, which help to achieve a
relatively high Jsc output of 14.2 mA/cm2. Combining the reasonable
Voc and overall PCE performances with a lightweight and flexible AF
substrate, a record high PTW ratio of ~1300W/kg has been achieved,
which represents an important benefit for deploying flexible, portable
and wearable electronics.

In addition, it is noteworthy that the possibility of a robust and Ta
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scalable construction of 3D-RJs directly upon the AF substrates brings
in also an exciting opportunity to reduce the fabrication cost of a-Si:H
modules by a large amount. Though a large scale verification of this
strategy falls beyond the scope of this work, it is still reasonable, and
also very instructive, to estimate the cost-reduction potential of this 3D-
RJ@AF strategy. As schematized in Fig. 6, the cost breakdown of con-
ventional planar a-Si:H thin film solar cells usually consists of the
portions of TCO & Texturing (20%), glass substrate (20%), back Ag-
reflector (8%) and a-Si thin films (15%), and package & others (39%)
[46–50]. Because the AF is very cheap and highly reflective, almost as
good as Ag layer in visible range, and the strong light trapping per-
formance of 3D-RJs can help to remove the needs for extra TCO tex-
turing structure and the back-reflection Ag coating layer, the fabrica-
tion cost of the a-Si:H 3D-RJs@AF solar cells could be greatly reduced
to only 56% of the original cost. This significant cost reduction, com-
bined with high flexibility and very high PTW performance, will help to
promote the a-Si:H thin film technology to serve as a very competitive
solution for high power-to-cost flexible photovoltaics.

4. Conclusions

In conclusion, we have demonstrated a robust 3D RJ flexible solar
cells, built directly on ultra-thin AF of 15 µm thick, and achieved with
very high PTW ratio performance of 1382W/kg. The high flexibility
and robust mechanical properties, even under large bending to local
radii< 5mm, are attributed to the unique 3D construction of radial
junction units upon discrete SiNWs, which were grown and firmed
rooted in the soft AF substrate. More importantly, without the need for
a bottom TCO contact/texturing, nor for a back-reflection silver
coating, the fabrication cost of a-Si:H solar cells can be largely reduced
by ~46%. These results thus indicate a very promising new strategy to
establish high performance flexible photovoltaics, catering to the needs
of high flexibility, robustness, low-cost and high PTW performances in
the booming portable and wearable electronics marketplace.
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