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a b s t r a c t

The influence of module design on the performance of OPV modules was studied, especially longitudinal
partition effects. Two different module designs were used, one with wider cells (8 mm) and one with
narrower cells(3.7 mm).The narrow structure had a current extraction metal sub-electrode in the middle
of the module, and a tandem series connection of 4 or 5 cells was used for a fixed total module area. The
current density, fill factor, shunt resistance, and power conversion efficiency of the narrow cells were
higher than those of the wide cells with a comparable length-to-width ratio. As the longitudinal
partitioning of a cell increases, the performance of the device increases. However, the effective active
area of the module decreases, so the total power output will decrease. The optimum length-to-width
ratio of wide or narrow cells is between 16 and 18.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

Organic photovoltaics (OPVs) are attractive alternatives to
conventional inorganic semiconductor-based photovoltaics,
because they are light weight, mechanically flexible, compatible
with flexible substrates, and large area device can be fabricated at
low cost. Due to the strong demand for cheap, renewable energy,
OPVs have been the subject of increasing developments over the
last decade [1–8]. Recent rapid improvements in the power
conversion efficiency (up to 10.6%) [4] have increased the antici-
pation for commercial OPV devices in the near future.

To deliver the electrical power needed for applications, a module
structure with connections between each subcell is needed to increase
the output power. Creating a series of connected modules is an easy
way to increase power output. The first series connection in an OPV
was a tandem cell consisting of phthalocyanine and perylenetetracar-
boxylic derivate, which approximately doubled the open circuit
voltage compared to a single solar cell [9]. This study reports a series
connection within a unit cell. Lungenschmied et al. [10] reported the
first meaningful geometrical OPV modules, with square, broad-stripe,
and narrow-stripe geometries. However, the dimensions were not
practical for fabricating actual modules. Lyu et al. [11] reported an
efficiency change according to themodule structure using a theoretical
power loss model. They used a series tandem structure module with
4 different widths (18.6, 11.6, 8.1, and 6.0 mm), and concluded that the
ll rights reserved.
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optimum active cell was 13 mmwide. Many studies have assessed the
effects of cell geometry on unit cell performance, but there have been
relatively few studies on the effects of module geometry [10–17]. In a
shading test of OPV modules, 10% shading shut down the whole
module [17]. Therefore, optimum designs are critical to produce the
maximum power output from a given module area. Krebs et al.
reported several studies on the effects of module structure on the
performance of roll-to-roll processed polymer solar cells [8,18–20]. The
module structure of a polymer solar cell with a serially connected ITO
stripe having different widths was studied. It was concluded that the
width should be narrowest for a low series resistance, and widest for
the active area [18]. They showed that the increased performance of
OPV by narrowing the stripe width was quickly lost due to a loss in
active area.

All of the module studies so far have concentrated only on the
influence of the lateral direction, since charges have to traverse
series connections to produce electricity. We investigated the
influence of module design on the performance of OPV modules.
In particular, we studied the influence of longitudinal partitions on
module performance. We demonstrate that longitudinal partition-
ing is universally applicable to all organic photovoltaic modules.
2. Materials and methods

2.1. Fabrication of devices

A patterned ITO panel for cell testing was prepared by photo-
lithography and cleaned by acetone, isopropyl alcohol, and
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Fig. 1. I–V characteristics of thermally treated MoOx layers.

Table 1
Performance of devices with annealed MoOx.

Annealing T (1C) Jsc (mA/cm2) Voc (V) FF PCE (%)

Room T 7.69 0.58 0.44 1.96
150 8.87 0.59 0.52 2.76
250 9.06 0.58 0.65 3.41
PEDOT reference 8.86 0.59 0.65 3.40
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deionized water. Molybdenum oxide was deposited by thermal
vapor deposition at 7�10−7 Torr and annealed at 250 1C in a
nitrogen dry box for use as a hole transfer layer.

A typical organic solar cell module was prepared as follows: a
blend containing 2.4 wt% P3HT (purchased from Rieke Metals, EE
grade) and PCBM (purchased from Nano-C) with a 1:0.6 weight
ratio was dissolved in anhydrous chlorobenzene and spin-coated
at 2500 rpm for 40 s onto ITO glass coated with a molybdenum
oxide layer. The resulting active layer was 140 nm thick, and was
pre-annealed at 120 1C for 10 min. A 0.8 nm thick LiF layer was
deposited as a buffer for electron extraction on top of the active
layer, and a 150 nm thick aluminum layer was deposited by
thermal vapor deposition at 10−6–10−7 Torr. The prepared device
was post-annealed at 120 1C for 10 min.

2.2. Fabrication of modules

A 10 cm�10 cm piece of ITO glass with a sheet resistance of
8 Ω/□ was prepared from a large piece of ITO glass, and photo-
lithography was used to create the desired pattern. The prepared
ITO glass was then cleaned by rinsing with several solvents
(acetone, isopropyl alcohol, and deionized water) and dried in a
vacuum oven at a temperature of 200 1C. The ITO glass was treated
with ozone for 15 min just before use. The hole transporting layer
(MoOx) was deposited at high vacuum (5�10−7 Torr) by thermal
deposition (with a deposition rate of 1 Å/s). The 30 nm thick MoOx

layer was annealed for 30 min on a 250 1C hot plate inside a glove
box with an N2 atmosphere. The active layer stock solution
(concentration: 2.5 wt%, with a donor acceptor ratio of 1:0.6)
was spin coated at 900 rpm for 5 s inside a glove box, and also
annealed on a hot plate at 120 1C for 30 min. A 150 nm thick
aluminum layer was applied by thermal vapor deposition at 10−6–
10−7 Torr, and the prepared device was post-annealed at 120 1C for
10 min.

2.3. Characterizations

The thickness of the coated film was measured with a surface
profiler (TENCORs, P-10 α-step). The absorption spectra of the
films were obtained using a photodiode array type UV–vis spectro-
meter (HP 8453). An Oriel Class A solar simulator (IEC 904) with an
Oriel Reference Cell (calibrated data traceable to NREL) was used
as a light source. All measurements were performed under a 1 sun
condition (AM1.5 100 mW/cm2). Measurements were not cor-
rected for reflection loss or light absorption in the ITO electrode.
The I–V characteristics were determined with a Keithley 2400
source-measure unit.
3. Results and discussion

A MoOx layer was used as a hole transporting layer instead of
the typical conducting polymer film (PEDOT), since thermally
evaporated MoOx provides better smoothness and stability. Ther-
mally evaporated MoOx provides a more uniform thickness than
spin-coated polymer films in 10 cm�10 cm modules. Additionally,
the acidity of PEDOT solution reduces the lifetime of organic
photovoltaic devices [8,21,22]. The conductivity of MoOx is lower
than that of PEDOT film, but it can be improved by enhancing the
oxygen vacancies, which is easy at relatively low temperature
(250 1C) [23]. Fig. 1 shows the I–V characteristics of 2 mm�2 mm
devices with thermally treated MoOx layers. The device perfor-
mance was enhanced as the annealing temperature was increased.
The reasons for these enhancements include the enhancement of
the layer roughness by baking, and the creation of oxygen
vacancies improving the electron and hole mobilities. As a result,
the device prepared on a MoOx layer annealed for 30 min at 250 1C
had identical performance to a device prepared on PEDOT film, as
summarized in Table 1. The annealed device showed markedly
enhanced power performance compared to the as-prepared device
(representing an enhancement in efficiency of about 70%, from
1.96 to 3.41).

Fig. 2 shows the module designs used in this study. We used
two different designs: one with wider cells (8 mm) and one with
narrower cells (3.7 mm). The module size was fixed at
10 cm�10 cm. Using identical processing techniques (i.e., the
same distance between cells), the wide-cell module has a higher
effective cell area (22.8 and 21.6 cm2) than the narrow-cell module
(18.6, 17.8, and 16.9 cm2). The wide-cell module has 5 cells con-
nected in series to produce an open circuit voltage of about 2.6–
2.7 V, while the narrow-cell module had 4 cells connected in series
to produce about 2.4–2.5 V. The narrow structure has a current
extraction metal sub-electrode in the middle of module to produce
more current with a similar open circuit voltage compared to the
wide structure (i.e. 4 cells connected in series with a current
extraction metal sub-electrode in the middle).

Fig. 3(a) and (b) shows the I–V characteristics of the modules
with wide and narrow cells, respectively. As the longitudinal
partitioning of the cell increased (i.e., the length-to-width ratio
decreased), the current density, fill factor, and shunt resistance
increased. The results are summarized in Table 2. In the wide-cell
module, as the length-to-width ratio decreased from 7.125 (57 mm
long � 8 mmwide) to 3.375 (27 mm long � 8 mmwide), the series
resistance did not change, and the fill factor increased slightly.
However, the short circuit current density increased by about 6% and
the shunt resistance increased by about 40%. As a result of these
changes, the power conversion efficiency increased by about 13%
(from 0.99 to 1.12). In the narrow-cell module, as the length-to-
width ratio decreased from 17.027 (63 mm long�3.7 mm wide) to
2.568 (9.5 mm long�3.7 mm wide), all characteristics increased.
The current density increased by 25%, the fill factor increased by 13%,
the shunt resistance increased by 110%, the series resistance
increased by 45%, and the power conversion efficiency increased
by 45%. Comparing the analogous length-to-width ratios between
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Fig. 2. Module designs used in this study.
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the narrow- and wide-cell modules, the fill factor, shunt resistance,
and power conversion efficiency of the narrow-cell modules were
higher than that of the wide-cell module.

Fig. 4 shows a plot of the short circuit current density (the
experimental errors included) vs. the length-to-width ratio. The
short circuit current density was slightly higher for the wide-cell
module. In the wide cell, the short circuit current density was
increased by about 6% (from 1.16 to 1.23) by reducing the length-to-
width ratio from 7.125 to 3.375. In the narrow cell, the short circuit
current density increased by about 5% (from 1.12 to 1.18) with a
comparable reduction in the length-to-width ratio (from 8.108 to
2.568). The cell structure in this study is a tandem series connection
of 4 or 5 cells, and thus, the transverse distance for a charge is lower
for narrow cells, and the short circuit current density should be
higher. Lungenschmied et al. [10] reported a rapid decrease in device
efficiency with increasing cell width. In this study, however, due to
the power extraction sub-electrode for the narrow-cell module and
the poor charge extraction efficiency due to the contact resistance,
the short circuit current density decreased slightly for the narrow-
cell module. Comparing modules with the same structure, the short
circuit current density decreased as the length-to-width ratio
increased within the same-width module. In other words, charge
production is more efficient when there is more partitioning within
the cells due to the reduced series resistance and increased shunt
resistance. Lyu et al. [11] reported that the optimum active cell
length was 13 mm; however, in our study, the narrow cell (3.7 mm)
had better performance than the wide cell (8 mm), and both are
narrower than the suggested optimum.

Fig. 5 shows the module characteristics (the experimental errors
included) vs. the length-to-width ratio. As shown in Fig. 5(a), the
shunt resistance of the narrow-cell module is higher than that of the
wide-cell module, resulting in higher power conversion efficiency, as
shown in Fig. 5(c). The fill factors for the narrow-cell modules are
about 30% higher than those of the wide-cell modules. This phenom-
enon is reasonable, since the diode factor for the narrow-cell modules
should be better due to the shorter distance for extracted charges to
travel and the deleterious effect of the lateral contributions of the
series resistance from other active areas to the bulk resistance. The
shunt resistance of the narrow-cell module decreases as the length-
to-width ratio increases, which implies that modules with long
stripes have lower shunt resistance, and therefore, lower power
conversion efficiency. As shown in Fig. 5(c), the power conversion
efficiency increased as the length-to-width ratio decreased (i.e., as
partitioning increased). The relative ratio of this efficiency increment
is higher when the cell is narrow. Therefore, the power conversion
efficiency is higher for modules with more partitioning.

Among the device parameters related to power output, the
series resistance is more influenced by the materials used for
fabrication. The fill factor and the shunt resistance are related to
the diode factor, which dictates power loss. As shown in Fig. 5
(a) and (b), the shunt resistance and fill factor increased with
increased partitioning in both modules (narrower and wider).
From the shunt resistance plot (Fig. 5(a)), when we extrapolate
to zero shunt resistance, the length-to-width ratio is about 17 for
both narrow and wide cells. Accounting for experimental error, the
optimum length-to-width ratio should be between 16 and 18.
Since the shunt resistance is a key factor for efficient power
conversion, the length-to-width ratio should be optimal to obtain
maximum power from a given module geometry. Again, as cell
partitioning increases, the device performance increases, however,
the available effective active area within the module and total
output decrease.
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Fig. 3. (a) I–V characteristics of the module fabricated with wide width cells.
(b) I–V characteristics of the module fabricated with narrow width cells.

Table 2
Results of longitudinal partitioning.

L/W ratio Device area (cm2) Jsc (mA/cm2)

Wide 7.125 22.8 1.1670.03
3.375 21.6 1.2370.04

Narrow 17.027 18.6 0.9570.05
8.108 17.8 1.1270.03
2.568 16.9 1.1870.02
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4. Conclusions

The influence of longitudinal partitioning on OPV module
performance was studied. Wide-cell modules (8 mm cells) and
FF Rsh (Ωcm2) Rs (Ωcm2) PCE (%)

0.32870.020 64550725310 13007130 0.9970.04
0.33570.025 92900718430 13257150 1.1270.03
0.38270.014 170800713240 1100790 0.8870.05
0.43070.023 229800718230 650737 1.2270.04
0.43170.027 364700728620 590741 1.2770.04
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narrow-cell modules (3.7 mm cells) were used to form modules
with a fixed area. The narrow-cell module performed better than
the wide-cell module. As the longitudinal partitioning increased,
the device performance increased. Increased cell partitioning,
however, decreased the effect of the active area due to the space
required for partitioning. As a result, the total power output
decreased. The optimum length-to-width ratio in both wide and
narrow cells was between 16 and 18, within the experimental
error. This method can be universally applied to organic photo-
voltaic modules to maximize output.
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