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Abstract Geometrical light trapping is a simple and prom-
ising strategy to largely improve the optical absorption and
efficiency of solar cell. Nonetheless, implementation of geo-
metrical light trapping in organic photovoltaic is challenging
due to the fact that uniform organic active layer can rarely be
achieved on textured substrate. In this work, squarely ordered
nanobowl array (SONA) is reported for the first time and [6,6]-
phenyl-Cg,-butyric acid methyl ester (PCBM):poly(3-hexyl-
thiophene) (P3HT)-based organic photovoltaic (OPV) device
on SONA demonstrated over 28 % enhancement in power
conversion efficiency over the planar counterpart. Interestingly,
finite-difference time-domain (FDTD) optical simulation
revealed that the superior light trapping by SONA originated
from optical concentrator effect by nanobowl. Furthermore,
aiming at low-cost, solution processible, and resource sus-
tainable flexible solar cells, we employed Ag nanowires for the
top transparent conducting electrode. This work not only
revealed the in-depth understanding of light trapping by
nanobowl optical concentrator, but also demonstrated the fea-
sibility of implementing geometrical light trapping in OPV.

Electronic supplementary material The online version of this
article (doi:10.1007/s11434-014-0693-8) contains supplementary
material, which is available to authorized users.
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1 Introduction

Solar energy is one of the most promising renewable
energy resources and represents a clean and ultimate
replacement for fossil fuels in the future [1]. Over the past
decades, enormous efforts have been invested in develop-
ing efficient and cost-effective photovoltaic (PV) devices
which are competitive to the fossil fuel [2-6]. Organic
photovoltaic (OPV) has been regarded as one of the
promising candidates for large-scale, low-cost, and effi-
cient solar energy harvesting [7-24]. Typical OPV devices
are fabricated on conducting indium-doped SnO, (ITO)-
coated glasses or transparent plastics [25]. However,
indium is rare on earth, and the sheet resistance of ITO on
plastics is relatively high, which compromises OPV device
performance [26]. Comparatively, a metal foil substrate has
the advantages of excellent conductivity, robust mechani-
cal flexibility, cost-effectiveness, good thermal stability,
and roll-to-roll processibility [27, 28]. In the past ten years,
enormous efforts have been directed on inverted OPV
devices and different metal substrates have been explored.
Among those metals, aluminum is favorable due to its low
cost, light weight and excellent flexibility. Meanwhile,
light trapping by textured substrate is an appealing strategy
to improve solar cell efficiency. In this regard, several
unique nanophotonic structures have been developed on
aluminum substrate using anodization [29-36]. After alu-
minum anodization and removal of alumina, three-dimen-
sional nanostructures, such as nanospike and nanoconcave,
can be obtained. The effectiveness of these nanostructures
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for improving performance of inorganic thin-film solar
cells had been demonstrated [29, 37]. However, application
of these nanostructures for OPV has yet been successfully
demonstrated up to now. This is partly due to the more
stringent requirement on active layer thickness uniformity
for OPV devices, and such uniformity is hard to be guar-
anteed on high aspect ratio nanostructures with the existing
coating techniques. Recently, we combined nanoimprint
technique and newly developed aluminum anodization to
fabricate squarely ordered nanobowl array (SONA) on low-
cost, light-weight, and flexible aluminum foil. In particular,
such nanobowl architecture could act as a nanoscale optical
concentrator and trap the incident light. Toward the
application for OPV, SONA could improve optical
absorption in photoactive layer and allow deposition of
uniform and high-quality active materials because of the
relatively smooth structure as compared to nanospikes or
nanocones. Herein, we reported the flexible OPV devices
fabricated on SONA substrates, and PCBM:P3HT was used
as the photoactive layer for the proof of principle in OPV.
On the other hand, targeting on low-cost, solution pro-
cessible, and resource sustainable flexible solar cells, we
employed Ag nanowire for the top transparent conducting
electrode. More importantly, through simulations and
experiments, we demonstrated significantly improved
optical absorption and power conversion efficiency (PCE)
of OPV devices.

2 Experiments

The fabrication procedure of the SONA-based OPV cell is
briefly described in Fig. 1a, and the detail process can be
found in Sect. 3. Briefly, the process comprises: (i) Nano-
imprint using silicon stamp to produce nanodot array on
clean aluminum foil. Thereafter, aluminum foil with hole
array on the surface was anodized in appropriate electrolyte

.

PCBM:P3HT/PEDOT:PSS

and voltage; (ii) Removal of anodic alumina membrane by
wet chemical etching to expose the SONA; (iii) Sputtering
Cr or Pt thin films and ultrasonic spray pyrolysis (USP)
deposition of a ZnO film; (iv) Spin-coating of polymer
active layer (PCBM:P3HT and poly(3,4-ethylenedioxy-
thiophene)/poly(styrenesulfonate) (PEDOT:PSS)) on a
SONA substrate; and (v) Deposition of Ag nanowires
(NW) as top electrode. The corresponding band diagrams
of the desired OPV cells are shown in Fig. 1b. The gen-
erated holes can migrate to Ag nanowire electrode through
the PEDOT:PSS layer, while the photoexcited electrons
could transport through ZnO layer to the Pt-coated Al
substrate (Fig. 1b). The key of fabricating SONA relies on
the regular hole array created by nanoimprint on aluminum
surface using silicon stamp prior to the aluminum anod-
ization, and Fig. 2a shows the top view SEM image of
aluminum surface after nanoimprint. It is worth pointing
out that the pitch of SONA was controlled by the pitch of
nanodot array on the nanoimprint stamp. In order to study
the relationship between the pitch of SONA and OPV
device performance, SONA with pitch of 1,000, 1,200, and
1,500 nm is fabricated and showed in Fig. 2b—d, respec-
tively. Furthermore, atomic force microscopy (AFM) was
performed to study the morphologies of SONA. Figure S1
(Online) presents the AFM image and Z-height analysis of
SONA with 1,000-nm pitch. As shown in the AFM data,
1,000-nm-pitch SONA had a fixed nanobowl height of
225 nm and therefore it is named as P1000-H225 in the
following text. The heights of nanobowl for rest of the
pitches are plotted in Fig. S2 (Online), and 1,200- and
1,500-nm-pitch SONA have been named as P1200-H260
and P1500-H325, respectively. As shown in Fig. S2
(Online), the nanobowl height monotonically depends on
the pitch of SONA. For the OPV device fabrication, since
there is usually a thin layer of native oxide on the Al
surface, a 20-nm-thick Pt layer was deposited on the SONA
by sputtering followed by ZnO coating. This ZnO layer of
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Fig. 1 SONA-based OPV cell. a Schematic diagram showing the fabrication process of SONA-based OPV cell. (i) Nanoimprint and
anodization. (ii) Removal of anodic alumina membrane to expose the underneath nanobowl. (iii) Deposition of ZnO hole-blocking layer by
ultrasonic spray pyrolysis (USP). (iv) Spin-coating of polymer active layer (PCBM:P3HT and PEDOT:PSS) and (v) Ag NW deposition. b The

corresponding band diagrams of the desired OPV device
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Fig. 2 SEM images of the SONA with different pitches. a SEM top
view of aluminum surface after nanoimprint. b SEM top view of
SONA with pitch of 1,000 nm and height of ~225 nm. ¢ Tilting
SEM view of SONA with pitch of 1,200 nm and height of ~260 nm.
d SEM top view image of SONA with a pitch of 1,500 nm and a
height of ~325 nm. All scale bars shown here were 1 pm

about 30 nm thick serves as a hole-blocking layer and was
coated by the USP technique as mentioned above. And the
uniformity of the ZnO layer is clearly evidenced in Fig. S3
(Online), which essentially replicated the original mor-
phology of the SONA. Therefore, it was concluded that the
simple USP technique can provide metal-oxide coating
with extraordinary uniformity, and in our previous reports,
we have demonstrated that USP technique worked per-
fectly with high aspect ratio nanostructure as well [38, 39].

In order to explore OPV application of SONA sub-
strates, OPV devices were fabricated on the SONA sub-
strates using standard photoactive materials: P3HT as
electron donor and PCBM as electron acceptor. Specifi-
cally, PCBM:P3HT was spin-coated on SONA substrates,
followed by PEDOT:PSS, and then, Ag NW were prepared
using polyvinyl pyrolidone (PVP) as structure-directing
reagent [40—43]. The device configuration could be repre-
sented as SONA substrate/Pt/ZnO/photoactive layer/PE-
DOT:PSS/Ag NW, as shown in Fig. 1a.

3 Materials and methods
3.1 Preparation of SONA

Aluminum (Al) foil was cut into 2 cm by 2 cm pieces and
cleaned in acetone and isopropyl alcohol. The sheets were

) SCIENCE CHINA PRESS

electrochemically polished in a 1:3 (v:v) mixture of per-
chloric acid and ethanol for 2 min at 10 °C. The polished
Al foils were imprinted by silicon molds (squarely ordered
pillar array with height of 200 nm, pitches of 1,000, 1,200
and 1,500 nm and a pressure of about 2 x 10* N cm™2 to
initiate the perfectly ordered anodic alumina membrane
(AAM) growth). Then, the Al sheets were anodized with
homebuilt anodization setup. For the growth of SONA with
a pitch of 1,000 nm, anodization was carried out at a 200-V
voltage and in a mixture of 1.5 mL of 1 % H;PO,,
1:1 v/v % of 1 % citic acid and ethylene glycol (total
volume: 240 mL) at 10 °C for 20 min; for the growth of
SONA with a pitch of 1,200 nm, anodization was carried
out at a 240-360 V voltage and in a mixture of 1 mL of
1 % H3POy4, 1:1 v/v % of 1 % citric acid and ethylene
glycol (total volume: 240 mL) at 10 °C for 20 min. For the
growth of SONA with a pitch of 1,500 nm, anodization
was carried out at a 300-V voltage and in a mixture of
0.5 mL of 1 % H3POy, 1:1 v/v % of 1 % citric acid and
ethylene glycol (total volume: 240 mL) at 10 °C for
20 min. Carbon rod was used as the counter electrode. For
the exposure of SONA, the AAM film was etched in a
mixture of chromic acid (1.5 wt%) and phosphoric acid
(6 wt%) solutions at 100 °C for 20 min. After etching, the
SONA were cleaned with DI water and blown dry with air
for the subsequent thin-film deposition.

3.2 Preparation of Ag nanowires as transparent
conducting electrode

The Ag nanowires were prepared using polyvinyl pyroli-
done (PVP) as structure-directing reagent. To obtain long/
thin Ag NW for OPV cells, controlled centrifugal separa-
tion was carried out at a low speed of 4,000 r min~'. The
as-obtained long/thin Ag NW could achieve a high trans-
mission of over 90 % at 550 nm wavelength and a low
sheet resistance of 13.8 Q cm ™2 (Fig. S4 online).

3.3 Preparation of SONA-based OPV cells

A 20-nm-thick Pt layer was first coated on SONA by
magnetron sputtering. Second, an approximately 30-nm-
thick ZnO layer was deposited on SONA by ultrasonic
spray pyrolysis (USP) using a methanol solution of zinc
acetate (5 mmol L_l). Third, a 1,2-dichlorobenzene
solution (1 mL) of P3HT (10 mg) and PCBM (20 mg)
was spin-coated on the SONA with ZnO layer in a glove
box and annealed at 150 °C for 10 min to form a uniform
polymer bulk heterojunction layer on top of ZnO. After-
ward, the samples were moved out of the glove box,
followed by an about 50-nm-thick PEDOT:PSS buffer

@ Springer



112

Sci. Bull. (2015) 60(1):109-115

layer spin-coating on top of the active layer and was
annealed at 120 °C for 5 min afterward. Finally, Ag NW
dispersed in isopropyl alcohol (IPA) (1 mg mL™") was
spin-coated on top of the buffer layer and was then
annealed at 120 °C for 5 min in a glove box. The active
area was defined by the shadow mask with areas of
(3 x 3) mm>.

3.4 Characterization

Morphologies of the nanomaterials were directly examined
by SEM using a JEOL6700F at an accelerating voltage of
5 kV. Diffused reflectance spectra were carried out on the
same film samples using a Perkin—Elmer UV-vis spectro-
photometer (model Lambda 20). Solar simulator (Oriel
solar simulator, 450 W Xe lamp, AM 1.5 global filter) was
calibrated to 1 sun (100 mW cm™~?) using an optical power
meter (Newport, model 1916-C) equipped with a Newport
818P thermopile detector. Two electrode terminals were
made by connecting one end of Ag NW net and the other
end of thin Pt layer on Al substrate both by Ag paste. The
electrochemical spectra were measured by the Zahner
Zennium C-IMPS system.
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-02 -01 00 01 02
X (micron)

03 05

4 Results and discussion

Figure 3a, b shows the SEM top view and optical image of
the SONA-based OPV device. To examine the optical
absorption enhancement of SONA-based OPV device,
UV-vis absorbance was measured and the absorption
spectra are presented in Fig. 3c. Apparently, optical
absorptions of the SONA-based OPV devices were much
better than that of the flat counterpart especially at long
wavelength beyond 620 nm. Among three kinds of pitches of
SONA, P1000-H225 showed slightly higher optical absorp-
tion than the rest of the two pitches which is consistent with the
optical studies of our previous report [30]. To further shed
light on the absorption enhancement, three-dimensional
finite-difference time-domain (FDTD) simulations were per-
formed on a variety pitch of SONA devices [44]. In particular,
carrier generation rates (GR) profiles were calculated by
assuming that each photon absorbed within the semiconductor
creates one electron—hole pair, and the field profiles at
400-700 nm were used to calculate the GR per unit volume:
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Fig. 3 Optical characterization and simulations. a, b SEM top view and optical image of SONA-based OPV cell, respectively. ¢ Optical
absorption spectra of flat and SONA-based OPV devices with different pitches. d, e Cross-sectional generation rates profile of flat and P1000-
H225 OPV device. f Calculated ideal J,. of flat and SONA-based OPV devices from GR simulation
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where |E)(a))|2 is the magnitude of the electric field
squared within the structure resulting from solar illumina-
tion and ¢’ is the imaginary part of the dielectric function
of the semiconductor.

Displayed in Fig. 3d—e are the cross-sectional GR pro-
files of OPV devices on flat and P1000-H225, respectively.
Notably, it can be observed from the color index that the
GR in P1000-H225 is significantly higher than the flat
counterpart. The superior GR of P1000-H225 over flat can
be attributed to the focusing of incident light within the
photoactive layer by the concave mirror-like nanobowl
concentrator. The focusing effect by the nanobowl can be
further evidenced by the concentrated generation at the
central region of the photoactive layer which corresponds
to the focal point of concave mirror. Cross-sectional GR
profile of devices on P1200-H260 and P1500-H325 are
shown in Fig. S5 (Online), and they also showed higher GR
over flat control. In order to identify SONA substrate with
the best light trapping capability, the ideal short-circuit
current density (J,.) of each candidates was calculated by
assuming that generated electron—hole pair was entirely
contributed to the current and the results are shown in
Fig. 3f. Intriguingly, P1000-H225 has the highest ideal J.
among all SONA substrates and the ideal J,. decreased
with increasing the SONA pitch. This result can be
explained by the up-shifted focusing point out of photo-
active layer due to increased diameters of nanobowl con-
centrator for P1200-H265 and P1500-H325. Furthermore,
SONA structures also provided efficient light trapping at
various incident angles which are of crucial importance
from practical perspective as sunlight incident angle varies
throughout the day [34, 45]. As revealed from angular-
dependent reflectance measurement in Fig. S6 (online),
reflectance of SONA-based OPV device remained low
even at oblique incident angle. Moreover, the promising
light trapping capability of SONA substrate was further
proven by their PV performance. OPV devices fabricated
on SONAs were characterized under AM 1.5G illumination
(100 mW cm™). Figure 4a presents the current density—
voltage (J-V) characteristic of SONA-based and flat con-
trol OPV devices, and their corresponding electrical
parameters are summarized in Table 1. The flat OPV cell
showed a Ji. of about 8.31 mA cm ™2, open-circuit voltage
(V) of about 0.57 V, and fill factor (FF) of about 51.2 %,
achieving an overall power conversion efficiency (PCE) of
about 2.43 %. With improved light trapping by nanobowl
concentrator, P1000-H225-based OPV cells had much
stronger photon absorption in photoactive layer leading to
the highest Ji. of ~9.41 mA cm ? among all SONA
substrates, which showed 13.2 % enhancement as com-
pared to the flat control. With V. ~0.573 V and FF ~
57.9 %, this champion device yielded a PCE ~3.12 %.
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Fig. 4 Photovoltaic performance characterization. a J-V curves of
the best-performance device in different pitches SONA. b J-V curves
of a flexible SONA OPV device with and without bending

Table 1 Photovoltaic characteristics of the OPV devices under AM
1.5G illumination (100 mW cmfz)

Device Jo. (MA cm™?) Voe (V) FF (%) PCE (%)
Flat 8.31 0.571 51.2 243
P1000-H225 9.41 0.573 57.9 3.12
P1200-H260 8.45 0.560 43.8 2.07
P1500-H325 8.01 0.578 50.8 2.35

The values are the averages of three most efficient samples of each
candidate

The enhanced performance by P1000-H225 SONA is fur-
ther evidenced by incident photon-to-electron conversion
efficiency (IPCE) measurement shown in Fig. S7 (Online).
In contrast, J. of OPV devices fabricated on P1200-H260
and P1500-H315 was lower than that on P1000-H225
which agreed with the GR simulation. It is worth noting
that the FF of OPV devices fabricated on P1200-H260 and
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P1500-H315 were lower than that on P1000-H225 which
can be attributed to the thicker spin-coated photoactive
layer at their relatively deeper nanobowl for large-pitch
SONAs and therefore resulting in significantly lower fill
factor. As revealed in the UV—vis measurement, SONA-
based OPV devices exhibited prominent light scattering in
red light region above 620 nm. Previously, aluminum has
served as a flexible substrate in CdS pillar array—CdTe PVs
and a-Si PV [46, 47]. Similarly, the SONA-based OPV cell
has excellent flexibility which can be demonstrated by the
J-V characteristics shown in Fig. 4b. Notably, the bending
only affected the device performance marginally, thus
suggesting that the SONA could serve as a flexible sub-
strate for low-cost OPV cells.

5 Conclusions

We have demonstrated the potency and capabilities of
flexible polymer solar cell module fabricated on nanobowl
substrates with PCBM:P3HT as a photoactive layer and Ag
nanowires as a top transparent conducting electrode. The
nanobowl structure exhibited intriguing light concentration
effect thus leading to over 28 % improvement of perfor-
mance of the OPV devices. To our best knowledge, this
effect has rarely been reported and harnessed previously
for photovoltaics. The simplicity of structure fabrication
and its attractive effectiveness on light trapping offers a
promising path for large-scale production of high-perfor-
mance flexible PV cells.
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