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a b s t r a c t

ITO-free organic solar cells with ink-jet printed current collecting grids and high conducting PEDOT:PSS

as a composite anode are demonstrated. Inkjet printed current collecting grids with different cross-

sectional areas have been investigated. The effect of the width and height of the grid lines and busbars

has been measured and modeled by direct current (DC) simulations. The electrical potential in devices

with different grid profiles have been calculated and reveal critical bottlenecks in the grid electrode

geometry, as the ability of the busbar to collect all the current. Experimentally, the upper limit of the

conductivity of the ink-jet printed current collecting grids is limited by the topology of the grids and

shadow losses in the solar cells.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

Indium tin oxide (ITO) is commonly used as a transparent
electrode in organic solar cells. However, the high price of indium
in combination with the relatively low conductivity of ITO on flexible
substrates (60 O/sq) creates a need for finding an alternative trans-
parent electrode [1–5]. This alternative electrode should provide good
conductivity, high transparency and relatively low price [6–8].
A promising candidate is the semiconducting material poly(3,4-
ethylenedioxythiophene)/poly(styrenesulfonate) (PEDOT:PSS) [9–13],
which is highly transparent and can be easily produced from solution.
However, the sheet resistance of high conductive PEDOT:PSS is
typically in the range of 100–200 O/sq, which is even higher with
respect to the sheet resistance of ITO on flexible substrates. This high
sheet resistance strongly decreases the maximum size of solar cells
with only PEDOT:PSS as a transparent electrode. Aernouts at al.
reported on the usage of PEDOT:PSS in combination with a metallic
silver grid produced by a standard photographic technique [14]. The
silver grid strongly increases the conductivity of the composite
Ag–PEDOT:PSS electrode.

Alternative approaches for grid deposition are lithographic
method [1,15,16], evaporation through a mask [17] or printing
[1,18–24]. Recently, screen printed silver grids, with a sheet resistance
ll rights reserved.
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of 1 O/sq, in combination with high conducting PEDOT:PSS have
been reported as a good substitute for ITO electrodes in organic
solar cells [18]. Screen printed current collecting grids can provide
grid lines of typically 180 mm wide and 1.5–2 mm high. A problem
is that over-coating of these relatively high grid lines with
PEDOT:PSS and an active layer is very difficult, and devices are
easily shorted. Such grids only can be used when they are
embedded into substrate [18]. An interesting alternative for
screen-printed metal grids is ink-jet printing. With ink-jet print-
ing the amount of printed metal can be accurately controlled, and
therefore, very thin lines with a typical resolution of 30–50 um
can be printed. A complication of ink-jet printing is that increasing
the height of the grid lines automatically leads to increased line
widths, and therefore to enhanced shadow losses. In this study we
systematically vary the width and height of ink-jet printed grids
and the busbars. The role of busbars and effects of grid geometry
and conductivity on the performance of 2�2 cm2 organic bulk-
heterojunction solar cells are quantitatively evaluated.
2. Experimental

2.1. ITO-based solar cells

In this study 2�2 cm2 ITO-based solar cells are being used as a
reference to solar cells with a variety of ink-jet printed composite
electrodes consisting of a silver grid in combination with high
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Fig. 1. Schematic illustration of the OPV device architecture.
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conductive PEDOT:PSS. The ITO-based devices are prepared on
both glass (0.7 mm thick) and barrier coated PEN substrates. The
ITO is deposited by sputtering and subsequently patterned by
photolithography. The ITO thickness was 120 nm with a sheet
resistance of 13 O/sq and 60 O/sq for glass and foil substrates,
respectively. Clevios P VP AI 4083 PEDOT:PSS from H.C. Starck
was spin coated at 2000 rpm on ITO substrates, resulting in a dry
layer thickness of 60 nm after baking at 150 1C for 10 min. The
deposition of the photoactive layer and the metallic cathode are
the same as for the ITO-free devices (see below).

2.2. ITO-free organic solar cells

The device architecture of the ITO-free solar cell is schematically
shown in Fig. 1. The organic solar cell devices were prepared in an
ambient atmosphere except for the cathode deposition, which is
thermally evaporated under vacuum. The current collecting grids
were ink-jet printed using a piezoelectric drop-on-demand system
(Fujifilm Dimatix DMP-2800 16 nozzles). A silver nanoparticle based
ink has been used (Suntronic U5603) in which the Ag nanoparticles
(average diameter 30–50 nm) are stabilized with poly(vinylpyrroli-
done) (PVP) in ethylene glycol. Immediately after printing the current
collecting grids are sintered in an oven at 130 1C for 30 min. Highly
conductive Orgacon TM PEDOT:PSS from Agfa-Gevaert was inkjet
printed on top of the silver current collecting grids. For inkjet printing
of PEDOT:PSS a Spectra Galaxy 256 print-head was used.

Poly(3-hexylthiophene) (P3HT) (Plextronics, Plexcore OS 2100)
and [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) (99%, Sol-
enne BV) were dissolved in 1,2-dichlorobenzene with a mixing ratio
of 1:1 by weight. The solution was stirred for 3 h at 90 1C. The
photoactive layer was spin coated using a 4 wt% blend at 1000 rpm
for 30 s, which corresponds to a thickness of 220 nm. The metal
cathode (1 nm LiF, 100 nm Al) was thermally evaporated in a
vacuum chamber through a shadow mask. After cathode evapora-
tion the samples were thermally annealed at 130 1C for 10 min.
The finished glass-based OPV devices were encapsulated with
stainless steel lids using Huntsman Araldites 2014-1 sealer. Flexible
devices were encapsulated using a thin film barrier [25]. The
current–voltage characteristics of the devices were measured using
simulated AM 1.5 global solar irradiation (100 mW/cm2) from a
xenon-lamp-based solar simulator Oriel (LS0104) 150 W. The con-
ductivity of the grids is measured with a Keithley 2100 6½ Digit. The
layers thickness and the cross section areas of the printed grids were
measured using a Veeco Dektak Profilometer.
Fig. 2. Typical cross-section profiles of the ink-jet printed lines with set value of

100 mm and different drop spacing (dp) on SixNy coated glass substrate.
3. Results and discussion

3.1. Inkjet printing of current collecting grids

Using inkjet printing, the current collecting grids are deposited
by precise placement of picoliter volumes of liquid on the substrate.
Interaction between the printed material and substrate will affect
the width of the line. Uniform droplets formation along the 16
nozzles of the printer, are performed by applying 10 kHz frequency
and a nozzle voltage of 24 V. This delivers drops which contain
around 10 pl of ink, creating dot sizes of around 20 mm in diameter.

The spreading behavior of the ink with inkjet printing depends
on the surface energy of the substrate. The devices in this study
were prepared on silicon nitride (SixNy) coated glass substrates or
barrier coated PEN foil. Silicon nitride on the glass was used to
simulate the surface properties of the flexible substrates, because
silicon nitride is the top layer of the barrier coated flexible
substrates. The relatively high surface energy of the SixNy coating
(55–60 mN/m) limits the minimum attainable width of the
printed lines. At the same time, the width of the printed lines
depends on the drop spacing [26], which is set in inkjet printing
parameters. In order to print continuous line patterns it is
necessary to allow adjacent droplets to interact and coalesce. It
is advantageous for these drops to interact while in a liquid state
because surface tension forces will result in a smooth deposited
surface. Tuning the spacing between each droplet allows reaching
different height of the printed lines. After printing, the cross
section area of the lines on 5 different places of the grid was
measured. Fig. 2 illustrates typical cross-section profiles of the
inkjet printed lines for different drop spacing on SixNy coated
glass substrate. The maximum drop spacing which allows indivi-
dual drops to coalesce for this ink and this substrate was 30 mm.
With such drops spacing the minimum amount of silver
ink is used. As a result, the printed lines are characterized by a
minimum width and height that sets a higher limit for the
resistance.

To obtain a higher conductivity of the current collecting grids,
and to minimize series resistance losses, the grid requires a bigger
amount of silver. Increasing the amount of metal in the current
collecting grids has a positive effect in terms of conductivity.

The current collecting grid is the bottom layer in the device
architecture and other functional layers are deposited on top of
the grids. High topology of the grids prohibits a uniform deposi-
tion of the subsequent layers. As shown in Fig. 2 the width and
the height of the grids cannot be changed independently, but
simultaneously increase which creates additional shadow losses
and has a negative effect on the Jsc in OPV devices. To find a
balance between resistance, height and width of the current
collecting grids, devices with different grids dimensions were
prepared.



Fig. 3. Inkjet printed Ag current collecting grids covered by an inkjet printed layer of PEDOT:PSS; (a)—maximum height of the grid lines is 400 nm, PEDOT:PSS thickness is

100 nm. (b)—maximum height of the grid lines is 600 nm, PEDOT:PSS thickness is 100 nm and (c)—maximum height of the grid lines is 600 nm, PEDOT:PSS thickness is

200 nm.
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A 100 nm thick layer of high conducting PEDOT:PSS was inkjet
printed on top of a hexagonally shaped grid with low profile
(400 nm maximum height). Over-coating of such a grid by
PEDOT:PSS typically is still well possible. Visually inspection with
an optical microscope reveals good over-coating of such grids
(Fig. 3a). However, increasing of the grids height beyond 400 nm
introduces difficulties in the grids over-coating. Optical micro-
scopic images reveal a lot of defects in the PEDOT:PSS layer that
covers the current collecting grids with a higher profile (max-
imum height of 600 nm) (Fig. 3b). These devices typically suffer
from a significant current leakage due to short circuit. This
problem can be partly solved by increasing the PEDOT:PSS layer
thickness. A PEDOT:PSS layer with a thickness of 200 nm can
cover the grids, except of intersect points, where the height of the
grids is slightly bigger (Fig. 3c). However, increasing the PED-
OT:PSS layer thickness has a negative effect on the transparency.
It induces about 3% loss in Jsc. On the other hands, increasing of
the PEDOT:PSS thickness is beneficial for the fill factor in OPV
devices (Table 1, devices ‘‘3’’ and ‘‘4’’). This is a result of lowering
of the sheet resistance from 200 O/sq to 100 O/sq by doubling the
PEDOT:PSS thickness to 200 nm. The performance of the solar
cells with different grids profile and different PEDOT:PSS thick-
nesses are summarized in Table 1 (devices ‘‘1’’–‘‘4’’).

From the results it is obvious that the current density in the
devices strongly correlates with the grid surface coverage and the
thickness of PEDOT:PSS layer. The Jsc decreases with increasing
surface coverage as well as with increasing the thickness of
PEDOT:PSS layer, because of a lower light transmittance. On the
other hand increasing the PEDOT:PSS thickness also leads to
slight increasing of fill factor. In total, devices with thicker and
thinner PEDOT:PSS layers have the same efficiency, because these
effects cancel each other.

From these experiments we find that a grid height of 600 nm is
about the limit for successful devices manufacturing. A higher
topology of the grids leads to a strongly enhanced current leakage
and reduced efficiency due to short circuit in uncovered parts of
the grid. The next question is whether ink-jet printed gridlines
with a maximum height of 600 nm to allow over-coating are
feasible in large-area solar cells. For this we combine a systematic
series of experiments on 2�2 cm2 ITO-free organic solar cells
with theoretical modeling of the resistive losses.

3.2. Theoretical modeling

In order to quantify the influence of the current-collecting
grids geometry on the overall performance of organic solar cells,
direct current (DC) simulations have been performed. The multi-
physics finite element package COMSOL has been used to obtain
the electrical potential field V by solving Poisson’s equation for
conductive media

rðs rVÞ ¼ 0
The electrode considered consists of two materials: PEDOT:PSS
and an inkjet printed sintered silver ink with electrical conduc-
tivities (s) of 2�104 S/m and 4.2�106 S/m, respectively. The
layout of the anode consisting of the current-collecting grid and
PEDOT:PSS is shown in Fig. 4a. The gray area represents the
PEDOT:PSS. The grid-lines have cross sections as shown in Fig. 2.
Because ink-jet printed grids have a non-rectangular profile, for
calculation the average lines height was taken (see Table 1). The
busbar had a varied width (700 mm and 2000 mm) and height of
450 nm.

Fig. 4b shows the current density as a function of the applied
voltage for a P3HT:PCBM solar cell. This JV curve has been
recorded for a very small solar cell (glass/ITO/Pedot/OPV/LiF/Al).
As the size of this reference cell is very small (0.09 cm2), the
potential field is homogeneous over the full layout of the cell and
this recorded curve is used as an input parameter for the
modeling of the larger cell depicted in Fig. 4a.

An electrical potential is prescribed on the edge of the busbar,
which is referred to as the work voltage, Vwork. In case of an open
busbar, meaning that the busbar is interrupted between A and B
(Fig. 4a) the Vwork is imposed on edge A. For a closed busbar Vwork

is imposed on both edges A and B. Electric fluxes through the
remaining exterior boundaries are set to be zero, i.e. these
boundaries are electrically insulated. The electric potential is
assumed to be continuous across all internal boundaries in the
composite electrode.

Based on the current density–potential relation depicted in
Fig. 4b, the total current through the device can be calculated at the
converged state for the electrical potential field. The total current
through the cell is obtained as the integral of the current density JP
over the PEDOT:PSS surface AP. The effective current density Jcell is
defined as the total current divided by the cell, that is

Jcell ¼
1

Acell

Z
AP

JP dAP

The calculations were performed for the 2�2 cm2 solar cells
with (1) different thicknesses (different effective conduction
capacities) of current collecting grids, (2) different widths of the
current collecting busbar, and (3) busbar with open and closed
loops. The efficiency parameters of the modeled solar cells are
shown in Table 1, and selected cases are depicted in Fig. 5 and
compared with experimental results. Theoretical calculations
show a good match with experimental results. The lower values
of Jsc in experimental devices can be attributed to the use of
SixNy-coated glass substrates, which decreases the light trans-
mittance into the devices.

Increasing the dimensions of the gridlines (see devices ‘‘1’’, ‘‘2’’
and ‘‘3’’, ‘‘4’’, Table 1) has reduced the surface resistance more
than 2 times, from11.6 to 4.8 O/sq (see Table 1). As a result the
thick grid-lines have a cross sectional area and thus effective
conduction capacity which is 2.4 times larger with respect to the
thin grid lines. The grids surface coverage, however, increases
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from 8.3% to 11.12%. Fig. 5 shows that this tradeoff is in favor of
increasing the cross sectional area (devices ‘‘1’’-devices ‘‘3’’).
However, a big increase of the fill factor by decreasing the grid
resistance was not observed as expected from the modeling. The
fill factor has increased by only 5–7%. This suggests that there are
other parameters which limit current collection in the devices. To
understand this better the devices were studied with infra-red
lock-in thermography with the Thermosensorik CMT 384SM
camera. Lock-in settings are 132 frames/period 1.002 Hz. The
infrared image of device ‘‘3’’ (600 nm high grids and 100 nm
PEDOT:PSS layer) is shown in Fig. 6a, the corresponding photo-
graph of the device is shown in Fig. 6c.

Visualization of the heat or energy dissipation in the devices
clearly illustrates that there is an area with very high current
leakage close to the anode contact point. In the devices ‘‘1’’–‘‘4’’, a
700 mm wide and 450 nm high (average height) busbar was used,
with a resistance of 64.2 O (calculated value). Calculations show
that current collecting busbar can be the limiting factor in the
device design. If the resistance of the busbar is too high, the
busbar is not able to collect all the current generated in the solar
cell, leading to a high current leakage. According to the modeling
decreasing the resistance of the busbar from 64.2 to 22.5 O
should significantly increase the fill factor of the devices. Indeed,
devices with a 2000 mm wide busbar (Fig. 5) have significantly
improved fill factor (devices ‘‘5’’ and ‘‘6’’ in Table 1). For example,
devices with identical current collecting grids, but different
busbars, have efficiencies raising from 0.98% to 1.22% (for thin
current collecting grids, devices ‘‘1’’-‘‘5’’) and from 1.21% to
1.36% (for thick current collecting grids, devices ‘‘3’’-‘‘6’’) with
increasing busbar width from 700 mm to 2000 mm (Fig. 5). The
efficiency increase is achieved mainly due to an increase of the fill
factor. The thermography image of the device with a wider busbar
(Fig. 6b) shows that the problem of current leakage is solved (a
photographic image of the device is shown in Fig. 6d).

Interestingly, modeling shows that the largest gain in perfor-
mance is achieved by ‘closing’ the busbar (‘‘6’’-‘‘7’’) as a result of
imposing the work voltage Vwork on both ends of the busbar.
These numerically obtained results are in good agreement with
the experimental observations. The results illustrate very big
difference in the device performances for the devices with open
(device ‘‘6’’) and closed busbars (devices ‘‘7’’ in Table 1 and Fig. 5).

In Fig. 7, the device geometry and the electrical potential field
are depicted for the four different inkjet printed current collecting
grids geometries, each at its work voltage of maximal power, i.e.
maximum Jcell�Vwork. Increasing the grid line width (‘‘1’’-‘‘3’’) has
relatively small contribution in achieving a uniform potential field,
compared to decreasing the resistance of the busbar (‘‘3’’-‘‘6’’).
This confirms that for this particular design the capacity of the
busbar is the limiting component. A closed busbar (‘‘7’’) results in a
significant performance improvement without increasing the
amount of grid material. Thus, increasing the height and the width
of current collecting grids, increasing the width of busbar, and the
usage of busbar with closed connection gives possibility to increase
efficiency from 0.98% to 1.54%, the fill factor increases from 31%
to 48%.

3.3. Discussion

The highest value of PCE for ITO-free solar cells with inkjet
printed current collecting grids in this study was 1.54% (devices ‘‘7’’),
which is significantly higher as compared to devices only made with
PEDOT:PSS as transparent electrode (Fig. 8, Table 2, devices ‘‘8’’).
However, it is still a bit lower than the PCE of the ITO-based
reference device made on glass with an ITO sheet resistance of
13 O/sq (device ‘‘9’’). The inkjet printed current-collecting grids used
here have approximately the same sheet resistance (5–12 O/sq, see



Fig. 4. (a)—Layout of the anode in the OPV-cell and (b)—JV curve of the 3�3 cm2 P3HT/PCBM cell on ITO used as input parameter for the modeling.

Fig. 5. JV curves of the devices with inkjet printed current collecting grids

(a) experimentally measured and (b) theoretically calculated (for devices descrip-

tion, see Table 1).

Fig. 6. Infra-red lock in thermography images of (a)—devices ‘‘3’’ (maximum

height of the grids is 600 nm, PEDOT:PSS thickness is 100 nm, busbar width is

700 mm) and (b)—devices ‘‘6’’ (maximum height of the grids is 600 nm, PEDOT:PSS

thickness is 100 nm and busbar width is 2000 mm); Photographic images of the

devices: (c)—device ‘‘3’’ and (d)—device ‘‘6’’.
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Table 1) as ITO on glass, however, it should be taken into account
that these values are provided by grids, which cover 10–12% of the
surface.

Switching from glass to flexible substrates significantly decrease
the efficiency of ITO-based devices (device ‘‘10’’, Fig. 8). Increasing
the sheet resistance of ITO from 13 O/sq (ITO/glass) to 60 O/sq
(ITO/foil) for 2�2 cm2 solar cells reduces the efficiency more
than twice (Table 2). The fill factor drops down from 52.3% to
29.6%. For ITO-free devices with a metal grid the performance on
glass and plastic substrates is nearly the same (devices ‘‘11’’).
Slightly lower current is observed, due to the difference in
transparency of the flexible and glass substrates. However, the
fill factor remains the same. This illustrates an advantage of a
composite electrode over the standard ITO electrode for flexible
substrates.

A further improvement of ITO-free device performance would
be possible by further increasing of the amount of metal in the
current collecting grids. However, as shown in Fig. 2 an increasing
amount of metal in ink-jet printed current collecting grids will
automatically increase the height of the grids. Furthermore, the
yield of OPV devices with printed current collecting grids higher
the 600 um is very low. The only way to overcome this problem is



Fig. 7. Calculated electrical potential field for current collecting grids at their corresponding work voltage of maximal power. Devices ‘‘1’’, ‘‘3’’, ‘‘6’’ and ‘‘7’’ are with inkjet

printed current collecting grids (see Table 1).

Fig. 8. JV curves of the 2�2 cm2 devices with ITO, PEDOT:PSS and Ag-grid/

PEDOT:PSS electrodes (for devices description, see Table 2).

Table 2
The characteristics of the organic solar cells devices.

No. Substrate/

Anode

Anode sheet

resistance

(Ohm/sq)

Voc

(Volt)

Jsc

(mA/cm2)

FF

(%)

Efficiency

(%)

7 glass/inkjet

pr.Ag/h.c.Pedot

4.83/500 0.503 6.37 48.0 1.54

8 glass/h.c.

Pedot

500 0.490 4.86 29.6 0.71

9 glass/ITO 13 0.501 7.44 52.3 1.99

10 foil/ITO 60 0.489 6.59 29.6 0.95

11 foil/inkjet

pr.Ag/h.c.Pedot

4.83/500 0.502 6.15 48.0 1.48

12 foil/screen

pr.embed.

Ag/h.c.Pedot

1/500 0.520 6.98 53.0 1.92
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to embed the grid lines into the substrate. Recently, an approach
was demonstrated where 2 mm high screen printed gridlines with
a sheet resistance of 1 O/sq were embedded into the substrate
[18]. Applying this method here to ITO-free devices with screen
printed embedded current collecting grids leads to a further
improvement of the efficiency of the ITO-free cell from 1.54%
towards 1.92% (Table 2, devices ‘‘12’’). The J–V characteristic of
this device is shown in Fig. 8. The fill factor amounts to 52%,
which is even higher than for the same size devices with ITO
electrode, both on foil and glass substrates. However, the Jsc of the
devices with embedded current collecting grids is lower than for
glass-ITO device. This can be explained by the transparency of the
glass and barrier coated PEN foil used as substrates (transparency
of such substrate is only 85% compared with glass substrate) and
by shadowing effect provided by grids (7.1%).
4. Conclusions

In conclusion, we have analyzed the effect of the height and
width of ink jet printed grid lines and busbars on the performance
of P3HT:PCBM solar cells. Increasing the height leads to a
simultaneous increase of the width of the grid-lines, which
enhances shadowing effects. Grid heights larger than 600 nm
limit the possibility for over-coating by PEDOT:PSS and the active
layer. Further increase of the grid height and conductivity is
possible by embedding the current collecting grids into the
substrate.
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