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  A photovoltaic device is essentially a solar-energy harvesting 
device, converting the incoming photons to charge carriers. 
Therefore, the capability of capturing the incident photons is 
one of the key characteristics of a solar cell device. Since the 
refl ectance loss of light leads to ineffi cient utilization of the inci-
dent photons, various anti-refl ection (AR) schemes have been 
developed to achieve high-effi ciency solar cell devices. Conven-
tionally, quarter-wavelength ( λ /4) AR coatings have been widely 
used on the front surface of photovoltaic devices/modules. [ 1 ]  
However, their effectiveness typically has wavelength and inci-
dent-angle dependencies, and high-quality AR coating relies on 
chemical or physical deposition processes that increase the pro-
duction cost. [ 2–4 ]  Meanwhile, nano/microstructures have been 
discovered with broadband light trapping capability, which can 
signifi cantly suppress device front-surface refl ection. [ 5,6 ]  Hence, 
a variety of nano/microstructures, such as nano/micro-pyra-
mids, [ 7–9 ]  nanowires, [ 10–12 ]  nanopillars (NPLs), [ 13–15 ]  nanocones 
(NCs), [ 16–18 ]  nanodomes, [ 19 ]  nanospheres, [ 20–22 ]  and so forth, 
have been extensively studied with different photonic mate-
rials, such as Si, Ge, CdS, and Cu(In, Ga)Se (CIGS) .  Although 
these structures have demonstrated appealing performance on 
photon management, many of them have been fabricated with 
costly and/or destructive methods, such as lithographic and 
wet/dry etching approaches. [ 8,23 ]  And these approaches may 
not be necessarily applicable for thin-fi lm photovoltaics, espe-
cially for fl exible applications. On the other hand, fabricating 
active photovoltaic materials into nano/microstructures intro-
duces defects and the increased surface recombination, hence 
it needs to be carefully designed and performed. [ 10,24–26 ]  In this 
work, we have utilized a facile molding process to fabricate 
fl exible plastic AR fi lms with three-dimensional (3D) nano-
cone arrays on the front surface. The geometry of the nano-
cones, i.e., their pitch and height, can be precisely controlled by 
tuning the structure of the inverse nanocone mold fabricated 
with anodization in conjunction with nanoimprinting. The AR 
fi lms can be readily attached to fl at substrates, such as glass 

and Si, without adhesive glue. Therefore, their effectiveness 
has been examined on high-effi ciency CdTe thin-fi lm solar cells 
fabricated on glass substrates. The optical refl ectance measure-
ments and simulations have shown that the nanocone structure 
can signifi cantly reduce the refl ectance of the glass window 
above the CdTe light-absorbing layer, resulting in appreciable 
device performance improvement, confi rmed by both current–
voltage characteristics and quantum effi ciency measurements. 
Furthermore, it was found that the improved AR effect can be 
observed with oblique light incident angle, which is highly ben-
efi cial for practical deployment of photovoltaic panels. Particu-
larly for the studied high performance CdTe solar cell devices, 
it was found that over 1 kW h m −2  daily electrical energy output 
can be achieved with the nanocone AR fi lm, indicating ca. 7% 
overall enhancement over the same device without the nano-
cone AR fi lm. Besides the intriguing AR property, it was also 
discovered that the nanocone structures are superhydrophobic, 
with a high water contact angle. This effect suggests the plastic 
AR fi lm can possess a self-cleaning function, which is favorable 
for solar cells/modules deployed in dusty environments. 

 The fl exible nanocone fi lms in this work were fabricated by 
molding polydimethylsiloxane (PDMS) with anodic alumina 
inverse-nanocone (i-cone) arrays fabricated on aluminium 
(Al) substrates. Note that PDMS is a low cost, environmental 
friendly, and highly transparent material. On the other hand, 
other plastic materials, such as polycarbonate, polyimide, etc., 
can also be molded with a similar approach to satisfy various 
practical requirements, such as fl exibility, durability, etc. [ 27 ]  
 Figure    1  a1 to a3 shows schematics of the fabrication pro-
cess. Briefl y, an electrochemically polished-clean Al foil was 
imprinted using a silicon stamp with hexagonally ordered 
nanopillars with height of 200 nm and tunable pitch of 500 nm 
to 2 µm to produce a nanoindentation array on the surface of 
the Al foil, as shown in Figure  1 a1. Thereafter, the i-cone array 
(Figure  1 a2) was fabricated by a multi-step anodization and wet 
etching process on the imprinted Al foil in an acidic solution 
with a proper direct-current (DC) voltage. [ 27–29 ]  Figure  1 b and 
the inset show scanning electron microscopy (SEM) images 
of a fabricated i-cone array with cross-sectional and top views, 
respectively. Note that both of the pitch and the height of the 
i-cones shown in Figure  1 b are 1 µm, however, it is largely tun-
able, as we reported previously. [ 27 ]  After obtaining an alumina 
i-cone array, a 50 nm Au fi lm was sputtered on the surface of it 
as an anti-sticking layer between the i-cone array and PDMS for 
easy peeling off of PDMS from the template subsequently, so 
that the template can be reused multiple times without leaving 
PDMS residue. Finally, the premixed PDMS (Sylgard 184, Dow 
Corning 10:1 ratio with the curing agent) was poured onto the 
Au-coated template followed by a degas and curing process at DOI: 10.1002/adma.201304938
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80 °C, as shown in Figure  1 a3. Afterwards, 
a PDMS nanocone fi lm with thickness ca. 
0.2 mm was obtained by directly peeling off 
PDMS from i-cone template, as demonstrated 
in Figure  1 a4 and c. Notably, the nanoimprint 
process is a much more effi cient process to 
fabricate nanoindentations as compared to 
lithographic processes. It can be repetitively 
performed on one Al substrate at different 
locations, hence a large-scale i-cone array can 
be conveniently obtained. In the Supporting 
Information, Figure S1 shows a photograph 
of an i-cone array sample obtained with four 
nanoimprint steps.  

 Following the process described above, 
the obtained nanocone PDMS fi lms have a 
number of distinct features that make them 
attractive as AR layers.  Figure    2  a shows a 
photograph of a fabricated nanocone fi lm 
naturally attached on a 0.18 mm thick poly-
carbonate fi lm, which demonstrates its 
excellent fl exibility. Note that the nanocones 
are in the middle of the sample, showing a 
diffraction effect indicating their excellent 
regularity. Due to the strong Van der Waals 
interaction between PDMS and glass, PDMS 
can be easily and fi rmly attached to fl at glass 

substrates without using other adhesives. [ 30 ]  
This self-attachable property leads to conven-
ient mounting and replacement of the nano-
cone AR fi lm on a solar cell surface. In this 
work, we have examined the effectiveness of 
nanocone AR fi lm on high effi ciency CdTe 
solar cells. Figure  2 b schematically illustrates 
the structure of the solar cell device with 
nanocone PDMS fi lm attached on the top. 
The details of the CdTe solar cell fabrication 
can be found in the Supporting Information; 
briefl y, the CdTe solar cells were fabricated 
on fl uorine-doped tin oxide glass. A layer of 
 n -type CdS window layer was deposited using 
chemical bath deposition. Then, multicrys-
talline  p -type CdTe fi lm was deposited with 
close space sublimation followed by proper 
CdCl 2  treatment and annealing. Then a layer 
of Mo/Al stack was evaporated on the back 
side of the device with a shadow mask serving 
as the back contact. In the Supporting Infor-
mation, Figure S2 shows the cross-sectional 
SEM image of the completed CdTe solar 
cell. Figure  2 c shows the visual effect of the 
nanocone AR layer on CdTe devices captured 
under a “refl ection mode”. The bare sample 
on the right shows the clear refl ection of the 
indoor fl uorescence lamp. In contrast, the 
sample with PDMS nanocone on the left 
conspicuously shows the suppression of the 
refl ectance. The detailed optical and device 

   Figure 1.    Schematics of nanocone fi lm and SEM images of Au-coated template and PDMS 
nanocone. a1) A Si mold with hexagonally ordered nanopillars used as imprint mold with four 
nanoimprint steps. a2) The i-cone array fabricated by a multi-step anodization and wet etching 
process on the imprinted Al foil. a3) Premixed PDMS poured on Au-coated template followed 
by a degas and curing process. a4) Regular nanocone on fl exible PDMS after peeling off. b) Au-
coated template with 1 µm pitch and 1 µm depth. c) Nanocone with 1 µm pitch and 1 µm depth. 

   Figure 2.    a) Flexible nanocone fi lm. b) Schematic structure of the solar cell device with nano-
cone PDMS fi lm attached on the top. c) Visual effect of the nanocone AR layer on CdTe devices. 
The bare sample on the right and the sample with PDMS nanocone on top on the left. d) A 
drop of water on the nanocone PDMS fi lm showing a large contact angle of 152°. e) A drop of 
water on the fl at PDMS fi lm showing a contact angle of 98°. 
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and the height of the nanocones are 1 µm. It can be seen that 
the refl ectance of the device with the nanocone AR fi lm was 
decreased by ca. 4% for the given wavelength range, as com-
pared to the one without PDMS nanocones. This reduction of 
front-side refl ectance is primarily due to the tapered nanocone 
shape, which provides a gradual change of effective refractive 
index from air to PDMS. [ 35–37 ]  In addition, since there is mar-
ginal difference on refractive index ( n  = 1.41 at  λ  = 550 nm) 
for PDMS and the underneath glass ( n  = 1.46 at  λ  = 550 nm), 
the refl ectance at the PDMS/glass interface is negligible. There 
is still a few-percent refl ectance after using the nanocone AR 
fi lm, which originates from the layers below, including FTO 
( n  = 1.92 at  λ  = 550 nm), CdS ( n  = 2.51 at  λ  = 550 nm), and 
CdTe ( n  = 3.05 at  λ  = 550 nm). Further elimination of device 
refl ection can be achieved by roughening the back side of glass 
substrate by wet etching before FTO coating to further sup-
press the refl ectance from these underneath layers.  

 In order to verify the refl ectance spectra obtained from the 
experiments and further shed light on how the light couples 
into nanocones, fi nite-difference-time-domain (FDTD) simula-
tions of refl ectance spectra and the cross-sectional electric fi eld 
intensity (| E | 2 ) distribution of electromagnetic wave at 600 nm 
wavelength were obtained with and without nanocone structure, 
as illustrated in Figure  3 b. The overall trend of simulated refl ec-
tance spectra is quite consistent with that of the experimental 
ones, with apparent reduction of refl ectance for nanocones. 
Meanwhile, the oscillations of the spectra can be attributed to 
the interference between the top glass–air interface and bottom 

performance characterization will be discussed later. In addi-
tion to the AR property, it was also found that the PDMS nano-
cone arrays have superhydrophobic characteristic with large 
water contact angle. As illustrated in Figure  2 d, a 2 µL water 
droplet was placed on the surface of the nanocone PDMS fi lm 
and the contact angle was found to be 152°. In comparison, the 
contact angle on a fl at PDMS fi lm was also measured, as shown 
in Figure  2 e, and found to be 98°; this clearly demonstrates the 
improvement of hydrophobicity with nanocone structure. In 
fact, it has been reported that fabricating hydrophobic materials 
into nanostructure can largely increase water contact angle. [ 19 ]  
Superhydrophobicity and the “Lotus effect” have been exten-
sively investigated for self-cleaning surfaces. [ 31–34 ]  In the Sup-
porting Information video, it can be seen that water dripped 
down does not stay on the nanocone fi lm, which can lead to 
easy dust removal. This unique property of PDMS nanocones 
suggests that, in addition to the AR capability, the nanocone 
fi lm also has attractive self-cleaning function for solar cells/
modules deployed in dusty environments.  

 To quantitatively characterize the AR effect of 3D PDMS 
nanocones on CdTe photovoltaic devices, refl ectance spectra in 
a wavelength range from 400 to 900 nm were obtained using 
a home-built ultraviolet/visible measurement set up. Note that 
due to the light-scattering nature of the 3D nanostructures, an 
integrating sphere was used to acquire the refl ected light accu-
rately. [ 29 ]   Figure    3  a shows the refl ectance spectra of a bare CdTe 
device and a device covered with a 3D nanocone AR fi lm meas-
ured with normal incident light. Note that both of the pitch 

   Figure 3.    a) Refl ectance measurements of CdTe device 1 with and without PDMS nanocone fi lm. b) FDTD simulations of refl ectance spectra and the 
cross-sectional electric fi eld intensity distribution of electromagnetic wave at 600 nm wavelength. c) Simulated integrated refl ectance at different pitches 
and heights. d) QE measurement of CdTe device 1 with and without PDMS nanocone fi lm. 
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( J–V ) curve of the device with and without the nanocone AR 
fi lm was also acquired with an solar simulator (Newport corpo-
ration, 91150V) under 1 Sun illumination, as shown in the Sup-
porting Information, Figure S4a. With the obtained open-cir-
cuit voltage ( V  oc ), fi ll factor ( FF ), and  QEJ  sc , the power conver-
sion effi ciencies of the device with and without nanocones were 
calculated as 15.1% and 14.4%, respectively, as shown in the 
inset of Figure  3 d. These results demonstrate ca. 4.9% improve-
ment of conversion effi ciency, which is substantial for a high-
performance CdTe solar cell device. As a matter of fact, in order 
to obtain a credible trend, three devices were measured using 
the same nanocone AR fi lm since it can be easily detached and 
placed on any device. The  J–V  curves and QE curves are shown 
in the Supporting Information, Figure S4 and S5, and the 
measured parameters of all three devices are summarized in 
Table S1, which consistently show the improvement of  J  sc  and 
marginal improvement of  V  oc . Note that in these cases  QEJ  sc  
were used for calculation of effi ciency instead of the  J  sc  directly 
obtained from the solar simulator due to their better accuracy. 
As discussed above, the nanocone AR structure reported here 
does not introduce defects and extra surface area on the active 
photovoltaic material, thus does not lead to a drop of  V  oc , as 
encountered in other cases. Note that the current world-record 
 J  sc  for CdTe solar cell is 28.59 mA cm −2 ; [ 39 ]  the obtained  QEJ sc   
here is not too far from this value. Research has shown that 
for high-effi ciency solar cells, even marginal improvement 
on one of the fi gure-of-merits is challenging. For a close-to-
optimal photovoltaic device, there is a delicate balance between 
light capturing and photocarrier collection, and an aggressive 
approach to improve one of them by altering device structure 
may lead to loss on the other one if not designed properly. In 
this regard, introducing an additional AR fi lm on top of the 
device can conveniently improve its performance without sabo-
taging the balance between the light absorption and photocar-
rier dynamics in the device. 

 It is worth pointing out that the above measurements were 
carried out with normal incident light, while for practical opera-
tion, the angle of solar irradiation changes over the time in a 
day. Therefore, light absorption for angular incidence should be 
investigated. In our experiments, the refl ectance of a CdTe device 
with and without PDMS nanocones were obtained for light 
incident angles from 0° (normal incidence) to 60° in 10° inter-
vals using an integrating sphere and a broadband halogen light 
source, as shown in  Figure    4  a. Intriguingly, it can be clearly seen 
that the refl ectance of a nanocone device remains unchanged at 
ca. 5% for incident angles from 0° to 60°. However, it increases 
progressively from 8.5% up to 13.2% when the incident angle 
is increased to 60° without nanocone fi lm. This observa-
tion suggests that the nanocone AR effect is even more pro-
nounced at higher incident angle. Furthermore,  J  sc  at different 
incident angles were also measured and shown in Figure  4 b, 
with  V  oc ,  FF , and conversion effi ciency shown in the Supporting 
Information, Table S2. Apparently from Figure  4 b, the abso-
lute enhancement of  J  sc  is approximately 0.8 to 1.1 mA cm −2  
and is rather independent from incident angle. Nevertheless, 
due to the reduction of  J  sc  when increasing the angle, the rela-
tive improvement of  J  sc  progressively increases from 3.6% to 
8.5% when the incident angle increases from 0° to 60°. Besides, 

glass–FTO interface. This is not seen in the experimental 
refl ectance spectra due to the non-ideally planar glass surfaces 
in reality. Additionally, refl ectance spectra with different PDMS 
thicknesses have been simulated, as shown in the Supporting 
Information, Figure S3, demonstrating that the overall refl ec-
tance of CdTe device with 3D nanocone fi lm is not sensitive to 
the thickness of PDMS layer. In the cross-sectional electric fi eld 
intensity (| E | 2 ) distribution shown in the inset of Figure  3 b, the 
electromagnetic (EM) plane waves propagate downwards from 
 Z  = 1 µm. For the left inset, the top surface of the glass sub-
strate locates at  Z  = –0.5 µm. And for the right inset, the top of 
the nanocone locates at  Z  = 0.5 µm. Note that the color index 
at the specifi c location refl ects the intensity of | E | 2  at that point, 
normalized with the EM source propagating in free space. The 
yellow stripe-like patterns indicate interference between the 
incoming wave with the refl ected wave. And the color above 
 Z  = 1 µm manifests the intensity of the refl ected wave. It can be 
seen that the existence of nanocones results in weaker interfer-
ence and weaker intensity of the refl ected wave. In addition, it 
can conspicuously be seen from the | E | 2  distribution inside the 
nanocone structure that the EM wave energy can be effi ciently 
coupled into the nanocone. 

 It has been reported in a few studies that the geometry of 
the nanostructures can affect their photon-management prop-
erties. [ 29,38 ]  As mentioned before, the geometric factors of nano-
cones, i.e. pitch and height, can be largely tuned with the estab-
lished approach. Therefore, systematic optical simulations have 
been performed in order to identify the optimal structures for 
light trapping. Particularly, the refl ectance spectra of nanocones 
with different pitches and heights were simulated to investigate 
the infl uence of their geometry on the AR effect. These spectra 
were then integrated with AM1.5G photon fl ux spectrum to 
obtain the total integrated refl ectance. [ 28 ]  As shown in Figure  3 c, 
all the nanocone structures demonstrate lower refl ectance than 
bare glass (no PDMS) and PDMS without nanocones. Further-
more, the integrated refl ectance does depend on the geom-
etry of the nanocones. Overall, refl ectance decreases when 
increasing nanocone height at a fi xed pitch, or reducing pitch 
at fi xed height. These interesting trends can be explained with 
the following rationale. Due to the conical shape of the indi-
vidual nanostructures, both height increase with the fi xed pitch 
and pitch decrease with the fi xed height leads to steeper conical 
side wall slope. This can result in more probability of light scat-
tering between nanocones, thus suppressing refl ectance. Most 
importantly, these simulations confi rm that the PDMS nano-
cones with 1 µm pitch and 1 µm height obtained in the experi-
ments have almost the optimal AR effect. 

 The purpose of introducing optical AR effect on solar cells is 
to improve photon utilization effi ciency, eventually to enhance 
device performance. Therefore, CdTe solar-cell device electrical 
characterization was performed systematically with and without 
attaching the nanocone AR fi lm for the sake of comparison. 
Figure  3 d shows the external quantum effi ciency (QE) meas-
urements (Oriel QE-PV-SI, Newport Corporation) of one CdTe 
solar cell device with and without a nanocone AR fi lm, which 
provides direct evidence of the AR effect. After integrating 
with the AM 1.5G spectrum, the short-circuit current density 
( QEJ  sc ) of devices with and without nanocones were obtained 
as 25.14 and 24.03 mA cm −2 , respectively, which indicates ca. 
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60°, corresponding to 4 h away from noon time. [ 37 ]  As shown 
in Figure  4 c, the nanocone device demonstrates an all-day 
improvement of electrical power output, with the percentage 
showing in Figure  4 d. With these results, daily energy output 
can be readily calculated and shown in the inset of Figure  4 d, 
with the detail of the calculations shown in the Supporting 
Information (Figure S6). Interestingly, the solar cell device 
with the nanocone AR fi lm demonstrates 1.063 kW h m −2  daily 
energy output, which has close to 7% enhancement over the 
device without the AR fi lm.  

 In summary, we have demonstrated a facile process to fab-
ricate fl exible nanocone arrays with well-engineered nanotem-
plates. The fl exible nanocone fi lm can be easily attached to a 
fl at substrate, such as glass, Si or a fl exible substrate, without 
addition of any adhesive glue. The 3D nanocone fi lms have 
been used as an additional AR layer mounted on high effi -
ciency CdS/CdTe solar cells in this work. The fi lm was found to 
be superhydrophobic with self-cleaning function. More impor-
tantly, the optical property investigations have shown that the 

it can be also seen from Supporting Information Table S2 that 
 V  oc  increases with incident angle as well. Note that  J  sc  from the 
solar simulator was used for effi ciency calculation due to the 
diffi culty on integrating the tilt setup with the QE system. Since 
the light source of the solar simulator is collimated, tilting 
the solar cell device away from normal incidence results in 
reduction of the project area that receives light; therefore the real 
effi ciency of the device, which is defi ned as the ratio between 
the electrical power output and the actual optical power input, 
needs to be calibrated with area reduction, as shown in the 
values inside the brackets in Supporting Information Table S2. 
The calibrated effi ciencies in Supporting Information Table S2 
more clearly show the advantage of the nanocone AR fi lm at 
higher incident angle. Particularly the effi ciency of the device 
is improved by ca. 10% for 60° incident angle. This is of sig-
nifi cance for practical deployment of solar panels without a 
costly solar tracking system. To further evaluate this point, 
power output of the device is plotted against daytime in a day 
assuming normal incidence, corresponding to noon time, and 

   Figure 4.    a) Refl ectance spectra of a CdTe device with and without PDMS nanocone fi lm obtained for the light incident angles tuning from 0° (normal 
incident) to 60° at 10° intervals. b)  J  sc  of a CdTe device with and without PDMS nanocone fi lm obtained at different incident angles, together with the 
angular-dependent relative improvement of  J  sc . c) Power output of a CdTe device with and without PDMS nanocone fi lm against daytime. d) Power 
output improvement of a CdTe device with and without PDMS nanocone fi lm against daytime, with their daily energy output in the inset. 
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nanocone structure can signifi cantly reduce the device front-
side refl ectance, which was verifi ed by FDTD simulation. The 
systematic solar cell device electrical characterizations clearly 
and consistently showed that the nanocone AR fi lm can con-
siderably improve device short-circuit current density with 
marginal improvement on open-circuit voltage, leading to a 
conspicuous increase of power conversion effi ciency. Intrigu-
ingly, it was discovered that the AR effectiveness improves 
with light incident angle, leading to substantial enhancement 
of daily electrical energy output over 1 kW h m −2 . Notably, this 
type of fl exible AR fi lm can be applied for a wide range of pho-
tovoltaic technologies based on rigid and fl exible substrates, 
including Si- and copper–indium–gallium–selenide-based tech-
nologies. Other polymeric materials, such as those with high 
refractive index, could be also used instead of PDMS if the AR 
fi lms will be mounted on high-refractive photovoltaic materials 
to achieve better AR effect. Overall, the process demonstrated 
here is highly versatile and it enables a new route to fabricate 
cost-effective AR layers.   

 Experimental Section 
  Materials : Aluminium foil (0.25 mm thick, 99.99% purity) was 

purchased from Alfa Aesar, polycarbonate fi lm (0.2 mm thick) was 
provided by Suzhou Zhuonier Optical Materials Co., Ltd., silicone 
elastomer and the curing agent were obtained from Dow Corning. 
FTO glass substrate (Pilkington TEC10 Glass) was purchased from 
Pilkington. All other chemicals were products of Sigma-Aldrich. 

  Flexible Nanocone Films Assembly:  An electrochemically polished clean 
Al foil was imprinted using a silicon stamp with hexagonally ordered 
nanopillars with height of 200 nm and tunable pitch of 500 nm to 
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 anodization 
and wet etching process on the imprinted Al foil in an acidic solution 
with a proper direct-current (DC) voltage. [ 27–29 ]  Afterwards, a 50 nm 
Au fi lm was sputtered on the surface of the obtained alumina i-cone 
array as an anti-sticking layer between the i-cone array and PDMS for 
easy peeling off of PDMS from the template subsequently. Finally, the 
premixed PDMS (Sylgard 184, Dow Corning 10:1 ratio with the curing 
agent) was poured onto the Au-coated template followed by a degas 
and curing process at 80 °C. Afterwards, a PDMS nanocone fi lm with 
thickness ca. 0.2 mm was obtained by directly peeling off PDMS from 
i-cone template. 

  Fabrication of CdTe  Solar Cell Devices : The CdTe solar cells were 
fabricated on fl uorine-doped tin oxide glass. A layer of  n -type CdS 
window layer was deposited using chemical bath deposition. Then, 
multicrystalline  p -type CdTe fi lm was deposited with close space 
sublimation followed by proper CdCl 2  treatment and annealing. In the 
end, a layer of Mo/Al stack was evaporated on the back side of the 
device with a shadow mask serving as the back contact. 

  Device Characterization : SEM images of Au-coated samples were 
characterized by a JEOL JSM-6700F SEM working at 5 kV. UV-vis spectra 
of all devices were obtained using a home-built ultraviolet/visible 
measurement set up. The QE measurements of CdTe solar cells were 
achieved by Oriel QE-PV-SI (Newport Corporation). All the  J–V  curves 
were carried out using a solar simulator (Newport corporation, 91150V) 
under 1 Sun illumination.  
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