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Enhanced optical coupling via an indium tin oxide quasi-periodic structure (ITO-QPS) as the
frontal electrode for organic thin film solar cells was demonstrated. The QPS was fabricated
via scalable polystyrene colloidal lithography, which effectively coupled the incident light to
the photo-active layer through antireflection and light-trapping mechanisms. The cell effi-

ciency was boosted from 2.91% to 3.26%, corresponding to a 12% enhancement after ITO pat-
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terning. Moreover, the angle-resolved absorption spectroscopy also confirmed excellent
light coupling at large angles of incidence to 45°, particularly in the wavelength range
between 540 and 670 nm. The ITO-QPS guarantees broadband and omnidirectional light
harvesting and is widely applicable to a variety of thin film solar cells.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Thin-film solar cells offer the benefits of reduced mate-
rial and fabrication costs and the convenience of large-area
fabrication in the industrial production [1]. However, for
thin-film structures the short optical absorption length
and insufficient optical coupling into the thin active layer
are the major challenges. The design for the high photon
absorption usually requires relatively thick active layers,
which results in poor carrier collection efficiencies [2-5].
Geometries that sufficiently couple the incident solar pho-
tons into the thin-film absorber layer are mandatory for
high efficiency solar cells via anti-reflection and light trap-
ping. In the past, a multilayer antireflection coating (ARC)
was commonly used to reduce the surface reflection.
However, issues related to material selection, thermal

Abbreviations: ARC, antireflection coating; AOIs, angles of incidence;
QPS, quasi-periodic structure; PS, polystyrene.
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mismatch and instability of the thin-film stacks remain
major obstacles to the application of such broadband and
angle-independent antireflection coatings in solar cells
[6]. Light trapping is another way to increase the absorp-
tion, utilizing geometries to increase the optical path of
the photons near the band edge of the photo-active layer.
Several works were done by utilizing structures to provide
light trapping in thin film cells [7-11]. Some of previous
works on light trapping focused on engineering the back-
side structures, which scatter or diffract the incompletely
absorbed photons to oblique angles and hence increase
the propagation length within the absorption layers [12-
15]. In previous studies, engineering the backside structure
enables only the light trapping mechanism, which primar-
ily enhances the absorption of long-wavelength photons.
However, the frontal structure not only provides forward
scattering for light trapping, but also facilitates light trans-
mission, which in turn improves the absorption in both,
the short and long wavelength ranges. Previously reported
textured metal back-electrodes also suffer from substantial
loss owing to surface plasmonic absorption, which cancels
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the absorption enhancement due to scattering [16-20].
Moreover, the backside structures do not increase the opti-
cal transmission at oblique angles of incidence (AOIs).

Herein, we present a quasi-periodic structure (QPS) on
the indium tin oxide (ITO) anode, fabricated by scalable
colloidal lithography. The ITO-QPS effectively couples the
incident light to the photo-active layer via antireflection
and light trapping mechanisms to boost the conversion
efficiency of organic solar cells. Moreover, angle-resolved
absorption spectroscopy reveals outstanding light coupling
via ITO-QPS at large AOIs, promising omnidirectional and
broadband light harvesting.

2. Experimental

The schematic illustration of the fabrication process is
shown in Fig. 1. The ITO-QPS was fabricated with scalable
colloidal lithography utilizing polystyrene (PS) nano-
spheres with a diameter of 600 nm as sacrificial masks. First,
the PS spheres were spun-coated onto 260 nm thick ITO
glass which self-assembled into a monolayer of closely-
packed beads. A metal etcher (ILD-4100) was then em-
ployed to fabricate the ITO nanorod structure with
BCl3 = 100 sccm injection, pressure of 5 mtorr and an etch-
ing time of 170 s, which resulted in an ITO nanorod with a
height of 100 nm. Removal of leftover PS was performed
by dipping the ITO glass into acetone with sonification for
5 min. The scanning electron images (SEM) of the ITO-QPS
before depositing the active layers are shown in Fig. 2a
and b.

The glass substrate with ITO-QPS was then cleaned by
ultrasonic treatment in detergents, including methanol,
acetone and isopropyl alcohol, and finally dried overnight
in an oven. Then, 12 nm PEDOT:PSS (Baytron P VP Al
4083) was spun-cast on the ultraviolet ozone-treated ITO.
After annealing the PEDOT:PSS film at 120 °C for 30 min in
the air, the sample was transferred to a glove box. The active
material consisted of 2wt% RR-P3HT (Mw 3.7 x 10*
gmol~!) and 2 wt.% PCBM in a dichlorobenzene solution,
obtained from Rieke Metals and Nano-C Inc., respectively.
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Fig. 1. The fabrication process of an organic solar cell with a patterned
frontal electrode using colloidal lithography.

The solution blend was then spun-cast onto the PEDOT:PSS
layer at a speed of 600 rpm for 60 s and then dried in covered
Petri glass dishes for 30 min at room temperature. The thick-
ness of P3HT:PCBM is 170 nm. Next, the semi-finished sam-
ples were baked on a hotplate for 30 min at 120 °C. Finally,
30 nm thick calcium followed by 60 nm thick aluminum
was thermally coated onto the active material at a pressure
of 6 x 107° torr through a 0.1 cm? shadow mask. The sam-
ples are prepared with a size of 20 x 50 mm and the results
shown here are the averages of three samples.

Efficiency measurements were performed under
simulated AM1.5G irradiation (100 mW/cm?) using a Xenon
lamp-based Thermal Oriel 1000 W solar simulator. The
spectrum of the solar simulator was calibrated by a
PV-measurement (PVM-154) mono-Si solar cell (NREL
calibrated), and a Si photo diode with KG-5 color filter
(Hamamatsu, Inc.) was used to check the irradiation of the
exposed area (100 mW/cm?). The PVM-154 combined with
a KG-5 filter (350-700 nm passed, Newport) was used to
simulate a reference solar cell with a spectral response from
350 to 700 nm, where the calibration was based on the IEC-
69094-1 spectrum. [-V curves were measured with a semi-
conductor source measure unit (Keithley 2400) using a four
wire connection and the measurements were corrected for
the external series resistance. Stability in time is continu-
ously monitored by routinely repeating the measurements
on c-Si solar cells. The temperature of the cells was actively
controlled during the measurements at 25 + 1 °C.

The external quantum efficiency (EQE) system is
equipped with a 450 W Xenon lamp (Oriel Instrument,
model 6266) light source, a water-based IR filter (Oriel
Instrument, model 6123 NS) and a monochromator (Oriel
Instrument, model 74,100). The beam spot on the sample
is rectangular, measuring roughly 1 x 3 mm. A calibrated
silicon photodetector (Newport 818-UV) was used to cali-
brate the EQE system before measurements. A lock-in
amplifier (Standard Research System, SR830) and an opti-
cal chopper controller (SR540), set in the voltage mode,
were also equipped to lock the output signal and the pho-
tocurrent was converted to the voltage using a 1ohm
resistor, which was parallel to the sample. The tempera-
ture of cells was again actively controlled during the mea-
surements at 25+ 1 °C.

3. Results and discussion

Fig. 3 depicts the measured absorption and external
quantum efficiency (EQE) spectra of organic solar cells
with the ITO-QPS and with a flat ITO layer at normal inci-
dence. The absorption measurement was carried out using
an integrating sphere system to collect the scattered re-
flected photons. The superior absorption in the entire spec-
trum for the ITO-QPS cell is shown, especially in the
wavelength range between 520 and 670 nm. The enhanced
absorption results from the light coupling by the ITO-QPS,
which serves both functions as the antireflection and for-
ward scattering for light trapping. Inspection of the
absorption and EQE spectra confirms that the enhanced
carrier generation is contributed from the superior photon
absorption.
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