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We demonstrate a pathway for fully roll-to-roll (R2R) prepared organic solar cells in a normal geometry
with a R2R sputtered aluminium top electrode. Initial attempts utilizing a stack geometry without an
electron transport layer (ETL) failed to obtain working devices. By applying aluminium zinc oxide (AZO)
as an ETL, and optimizing the AZO thickness, working printed OPV devices with an efficiency of 0.58%
were obtained. Further optimization of the donor:acceptor ratio in the active layer increased the effi-
ciency to 0.90%. This work demonstrates that normal geometry organic solar cells using a metal top
contact can be produced using large scale production techniques.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

Solution-processed bulk heterojunction organic solar cells (OSCs)
have received much interest from the research community during
the last couple of decades due to their enormous potential as a low
cost energy source [1,2]. The key-advantage of OSCs compared to
conventional solar cells technologies is the capability of the materials
to be solution processed by high throughput roll-to-roll (R2R) pro-
cessing techniques; other advantages include low temperature pro-
cessing and flexible substrates [3,4]. Even though the efficiency for
small area (o0.1 cm2) devices has increased from approximately
2.5% in 2001 to 11.0% in 2014 [5], and that it is well-known that R2R
techniques must be utilized for cost-effective fabrication of OSCs,
only a few groups have turned their focus towards upscaling. Fabri-
cation of large scale OSCs by R2R processing presents the unique
challenge of generating uniform thin films with tailored morpholo-
gies and interfaces over stretches of hundreds of metres. By contrast,
most laboratory scale OSCs are prepared by spin coating with an
active area of o10 mm2 on a rigid glass substrate with indium tin
oxide (ITO) as the transparent electrode [6]. Large scale production of
u (T.R. Andersen).
OSCs uses a range of coating and printing techniques for ink
deposition such as slot-die coating, flexographic printing and rotary
screen printing [7,8]. Flexible substrates with a printed silver and
coated poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS) electrode are commonly utilized for large scale OSC
production to avoid the use of scarce materials such as indium [9,10].
The silver PEDOT:PSS electrode combination has been reported to
obtain sheet resistance of 10.4 Ω/□ and is therefore comparable to
ITO [9]. The most impressive OSC upscaling work to date was con-
ducted by Krebs et al. [4] who produced a stretch of 21,000 defect
free cells connected in series. This array of OSCs yielded over 10 kV
under illumination with an overall performance of 1.5%.

The bulk of published work in the area of large scale OSCs
prepared using R2R techniques has utilized inverted structure
devices with a silver top electrode [9,11–14]. This structure
represents a deviation in device geometry compared to laboratory
scale devices, which typically have an evaporated electrode [6];
creating extra challenges on top of the already difficult process of
upscaling [15]. Previous attempts to prepare normal geometry
solar cells via R2R coating and printing techniques have all been
with a non-scalable top electrode deposited by thermal evapora-
tion [16–18]. Recently, Griffith et al. reported a procedure for
sputter coating an aluminium top electrode onto OSCs [19]. In
contrast to thermal evaporation, sputter coating is a widely used
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technique for the deposition of metal thin films on an industrial
scale. There are three main advantages of a sputtered electrode
over a printed silver electrode: 1) The sputtered back electrode is a
reflective surface, allowing the preparation of thinner active layers
whilst maintaining optical absorption, 2) OSC devices prepared in
normal geometry exhibit enhanced VOC's compared inverted geo-
metry devices [20–22], 3) The harsh solvents and mechanical force
present when flexographically printing or screen coating a top
silver contact (which can lead to penetration of silver and solvent
through previously coated layers to form areas with no photo-
current extraction [14,23]) are eliminated.

In this work we show the preparation and active layer opti-
mization of flexible ITO-free organic solar cells by R2R coating and
printing techniques using a R2R sputter-coated aluminium top
electrode. This work demonstrates, for the first time, that normal
geometry OSCs using a metal top contact can be produced using
R2R techniques suited to large scale production.
Fig. 2. (A) J–V characteristics of devices prepared with device Structure A, Structure
B and Structure B with improved AZO ink, (B) Picture presentation of AZO layers
prepared from a pure methanol AZO ink coated on top of active layer, (C) Picture of
layer stack with optimized methanol:IPA AZO ink coated on top of active layer, and
(D) Layer stack from picture B presented with light reflection. (For interpretation of
the references to colour in this figure, the reader is referred to the web version of
this article.)
2. Results and discussion

2.1. Device architecture optimization

Initial studies were conducted using cells with device geometry
Structure A from Fig. 1 without an electron transport layer (ETL) as
described in the literature [19] and with an active layer thickness
of 500 nm. The active layer thickness was chosen to ensure that
silver spikes found on the height profile in Fig. 1 were embedded
in the active layer. The silver spikes had a height of approximately
250 nm, but larger spikes with a height of up to 350 nm were also
present. Similar silver spikes have previously been observed on
similar silver grid/PEDOT:PSS electrodes [24]. The prepared devi-
ces did, however, exhibit only limited solar cell characteristics as
seen in Fig. 2; the obtained J–V curve has a slight S-shape with a FF
of 23% and the JSC is only 0.04 mA cm�2. It has been suggested that
the sputtering of metal onto soft organic layers can cause deep
penetration of the metal due to the higher energy nature of
sputtering as compared to thermal evaporation [25–27]. This
phenomenon has been thought to cause shorts between the con-
tacts in OSCs when sputtering has been employed for the top
electrode. However, work by Griffith et al. has shown that, rather
than causing deep penetration, the sputtering of aluminium on
organic films forms an oxide layer near the active layer/sputtered
electrode interface unless careful processing measures are
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Fig. 1. Left: Two device structures were employed during the work presented in this pa
are in normal geometry but Structure A contains PEDOT:PSS as a hole transport (HTL) lay
Right: Height profile of the silver PEDOT:PSS electrode along one of the silver fingers.
undertaken [19]. This oxide layer can have a detrimental effect on
the performance of the OSC device.

In an attempt to overcome this issue, Structure B was utilized
where an AZO layer was added as an ETL between the active layer
and the sputtered aluminium electrode. AZO was chosen since it is
a hard inorganic material (decreasing the likelihood of sputtering
damaging the active layer) and no photoactivation is required, as is
the case for example zinc oxide [28]. It was postulated that any
residual oxygen present during the sputtering process should
interact with the AZO layer rather than forming an oxide within
the active layer. This hypothesis is supported by the J–V curves of
devices containing an AZO layer as an ETL, which exhibit the
desired J-shape (Fig. 2A) and a JSC of 0.2 mA cm�2, VOC of 0.39 V
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per along with deposition methods for the individual layers. Both device structures
er whereas Structure B contains aluminium doped zinc oxide (AZO) as an ETL layer.
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and FF of 32.2%; representing an increase in all photovoltaic
parameters in comparison with devices prepared with Structure A.

The initial AZO films coated with a methanol based ink for-
mulation were of poor quality, as seen in Fig. 2B. Prior to coating
the AZO film the active layer was pre-wet with isopropanol (IPA),
which was found to promote wetting. However, during drying an
inhomogeneous layer formed, which was likely due to the poor
compatibility between the active layer and the AZO ink. IPA is a
commonly used solvent for improving the wettability of PEDOT:
PSS [24,29] on active layer, and given that PEDOT:PSS is a water
based suspension, it was speculated that IPA should have a similar
beneficial effect on the wettability of the AZO methanol based ink.
Indeed, the AZO film quality was significantly improved by uti-
lizing a 65:35 mixture of AZO ink and IPA, respectively, as pictured
in Fig. 2C and D where only a very little colour change across the
stripe is observed in the AZO film. Moreover, the efficiency of the
OSC devices improved from 0.02% to 0.12% with the improvement
in film quality of the AZO layer.

2.2. Active layer thickness optimization

Device optimization was conducted based on the work by Dibb
et al. [30] and Andersen et al. [24], which showed that a reduction
in the active layer thickness from 330 nm and 480 nm to 200 nm
results in OSC devices with significantly improved JSC when illu-
minating through the anode. The thickness of the active layer was
optimized by preparing five types of devices, each with a different
thickness varying from 500 nm to 150 nm. As seen in Fig. 3, the JSC
is increased significantly (from 0.52 to 2.20 mA cm�2) by reducing
the thickness from 500 to 200 nm. Preparation of devices with an
active layer thinner than 200 nm was not feasible due to critical
failure during switching (Fig. 6) and therefore 200 nm was found
to be the lower thickness limit for the active layer when applying
an active layer with a 1:1 ratio between the P3HT donor and the
ICxA acceptor. The increase in JSC with a thinner active layer clearly
indicates that the short circuit current density limitation is not a
consequence of a lack of light absorption. This increase in JSC as the
active layer thickness reduces also highlights the advantage of
using a reflective back electrode in improving optical absorption.
Active layer 
thickness

VOC
(V)

JSC
(mA c

500 nm 0.57(0.06) -0.52(0
375 nm 0.59(0.00) -1.25(0
250 nm 0.61 (0.00) -1.80(0
200 nm 0.58(0.02) -2.20(0

Fig. 3. (A) I–V curves of devices prepared with active layer thicknesses of 200, 250, 3
thickness. (B) EQE curves of the devices in A. (C) Average device characteristics for dev
The lower JSC in the thicker active layer devices could be due to
either the active layer having isolated areas of donor and acceptor
or charge carrier transport limitations of the active layer. Both
possibilities would lead to a loss of charge carriers as a con-
sequence of recombination [31–33]. The loss of charge carriers due
to increased active layer film thickness is also evident in the EQE
data presented in Fig. 3B, particularly the devices prepared with
film thicknesses of 500 and 375 nm. These two devices show a
significant dip in EQE around 475 nm which is approximately
where P3HT has its maximum absorption [34].

2.3. Active layer ratio optimization

Regardless of whether the JSC is reduced due to isolated
domains or poor charge carrier transport, one method to poten-
tially overcome these issues is to vary the donor:acceptor ratio to
optimize the film morphology i.e. crystallinity and domain sizes.
Such alterations have been seen previously for similar materials
when their ratio has been changed [35]. In the current work,
device switching was significantly affected by the active layer
ratio. Active layers down to 150 nm in thickness were able to be
switched if the donor:acceptor ratio was changed from the initial
1:1 P3HT:ICxA ratio to a 5:4 or 3:2 P3HT:ICxA ratio, whereas an
active layer using a ratio of 2:3 P3HT:ICxA could only be switched
down to an active layer thickness of 250 nm. Furthermore, even at
an active layer thickness of 250 nm, the device could not be
completely switched as evidenced by the I–V curve in Fig. 4A
where a significantly reduced open circuit voltage of 0.48 V was
observed for the 2:3 ratio, and the prepared OSC devices exhibited
poor photovoltaic characteristics. Devices prepared with the
increased P3HT fraction had a higher performance than that
observed for the 1:1 ratio devices; resulting from an increased JSC
from 2.20 to 2.80 mA cm�2. This trend was also reproduced in the
EQE data in Fig. 4. The devices also exhibited a minor increase in FF
from 43% to 49%, which is a clear indication of improved transport
through the device since a larger JSC would be expected to reduce
the FF [36,37].

Laser beam induced current (LBIC) images (Fig. 5) reveal the
presence of fine horizontal lines in the prepared devices from
m- 2)
FF
(%)

PCE
(%)

.06) 39.2 (0.16) 0.12(0.01)

.24) 43.3 (1.8) 0.32 (0.05)

.11) 37.3 (3.5) 0.41 (0.06)

.22) 42.7(0.38) 0.55 (0.04)

75, and 500 nm showing an increase in short circuit current with reducing layer
ices with variation in active layer thickness.



Ratio
P3HT:ICxA

VOC
(V)

JSC
(mA cm-2)

FF
(%)

PCE
(%)

2:3 0.48 -0.30 27 0.048
1:1 0.58(0.02) -2.20(0.22) 42.7 (0.38) 0.55(0.04)
5:4 0.68 (0.02) -2.80(0.11) 46.7(0.32) 0.88 (0.01)
3:2 0.61(0.02) -2.72(0.35) 49.0 (0.94) 0.81(0.07)

Fig. 4. (A) I–V curves of devices prepared with active layer ratios of 2:3, 1:1, 5:4 and 3:2 showing an increase in short circuit current and FF with an increased P3HT ratio.
(B) EQE curves of the devices in A. (C) Average device characteristics for devices with variation in active layer component ratio except for 2:3 where only hero is displayed
due to critical failure during switching.

(µA)

Fig. 5. LBIC image of an encapsulated device, yellow illustrates areas with high
electron generation and extraction and blue illustrates areas with reduced or no
current generation or extraction. The LBIC image shows the shadow from the grid
lines in the front electrode and horizontal lines with reduced current generation.
The areas with reduced current generation in the bottom corners are due to poor
encapsulation. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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which there is reduced or no photocurrent extraction (illustrated
by the blueish areas within the yellow area). These features can
also be seen in Fig. 2D as a colour variation in the AZO layer and
arise from imperfections occurring during drying of the AZO layer.
Further optimization of the AZO coating is currently underway to
improve film quality.

To date, the requirements of all-solution processed R2R printed
OSCs has driven the development of inverted geometry devices
[38,39]. Moreover, the fact that the evaporation of metal cathodes
is not readily R2R scalable, coupled with previous work indicating
that sputtering can induce defect damage in active layer films [40]
has meant that R2R printed normal geometry OSC architectures
have not been widely explored. The results presented here show
that with a judicious choice of ETL, sputtered cathodes can be
readily fabricated resulting in all-R2R processed normal archi-
tecture solar cells. This development allows the application of R2R
processed devices into new areas that are currently only being
explored by small scale OSC devices, such as semi-transparent
coatings, where the ability to sputter coat a transparent cathode is
advantageous [41].
3. Conclusion

We have demonstrated a successful pathway for the prepara-
tion of organic solar cells in a normal geometry using an entirely
roll-to-roll process that is compatible with large scale manu-
facture. The initial approach to prepare solar cells without an
electron transport layer produced devices with poor solar cell
characteristics. The incorporation of an aluminium doped zinc
oxide layer produced devices which exhibit J-shaped I–V curves
and improved current extraction. Optimizing the AZO layer for
film quality and film thickness, an efficiency of 0.12% was achieved.
The devices were further optimized by varying the active layer.
Firstly, the film thickness was reduced from 500 nm to 200 nm,
which increased the short circuit current from 0.55 to
2.20 mA cm�2. The ratio between P3HT and ICxA was then varied,
with an increase of the ICxA ratio found to lower the device effi-
ciency, whereas increasing the P3HT ratio increased the efficiency
from 0.55% to 0.88% at an optimal donor:acceptor ratio of 5:4 of
P3HT and ICxA, respectively. The inherent advantages of metal-
lized back contacts have been shown along with, for the first time,
a pathway to producing these normal geometry devices at scale.
4. Experimental

4.1. Materials

Materials were used as received unless otherwise stated. Poly-
ethylene terephthalate (PET) had a thickness of 75 mm and was
purchased from Multapex. Poly(3,4-ethylenedioxy-thiophene):poly
(styrenesulfonate) (PEDOT:PSS) Clevios PH1000 and HTL Solar was
purchased from Heraeus. Silver ink (PFI-722) was purchased from
Novacentrix. Poly(3-hexylthiophene) (P3HT) was synthesized in
house according to literature and had an estimated molecular
weight of 40 kDA. ICxA was synthesized in house according to lit-
erature [42]. Zinc acetate and basic aluminium acetate were pur-
chased from Sigma-Aldrich. Aluminium doped zinc oxide (AZO) was
prepared in methanol according to literature [43].



Fig. 6. The picture illustrates critical failure of devices during switching seen as
burn and/or melted areas of the organic solar cell.
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4.2. Ink formulation and deposition

Coating and printing were conducted on 30 cm width PET
substrate on a Solar-1 coating line from Grafisk Maskinfabrik using
a slot-die head developed at DTU Energy Conversion having a
50 mL ink dead volume to ensure uniform inking to all 13 stripes
each having a width of 13 mm.

4.3. Charge collecting silver grid

Silver ink was R2R printed on to pre-stretch (heat treated at
140 °C for 2 min) PET using a patterned photopolymer flexo plate
and 1.5 cm3 m�2 anilox roller. The conductive silver grid pattern
was printed as silver fingers with a length of 11 mm and a width of
100 mm connected to a busbar with a distance between fingers of
2 mm at 20 m min�1 and annealed in an inline oven (4 m in
length) at 140 °C for a dry thickness of approximately 200 nm.

4.4. PEDOT:PSS electrode

1 L of Clevios PH1000 was mixed with 265 mL of isopropanol,
and 65 mL of dimethyl sulfoxide. The mixture was treated with an
ultrasonic booster horn (650 W) for 2�30 s, after which 1.3 g of
Zonyls fluorosurfactant was added to the suspension and it was
left to stir for 20 min prior to use. The PEDOT:PSS ink was slot-die
coated with a web-speed of 1 m min�1 and a wet thickness of
47 mm resulting in an approximately 200 nm thick film with a
drying temperature of 140 °C.

4.5. HTL solar

HTL solar was mixed with IPA in a 1:2 ratio and treated with
ultrasound (240 W) for 2�30 s prior to usage. HTL solar was slot-
die coated with a web-speed of 1.5 m min�1 with 4 m of ovens at
140 °C at a wet thickness of 16 mm.

4.6. Active layer

P3HT and ICxA were dissolved in a 90:10 mixture of chlor-
obenzene and chloroform, respectively, the solid concentration
was between 22 and 30 mg mL�1 to ensure a sufficient wet
thickness during ink deposition. The active layer was deposited by
slot-die coating with ovens temperature at 140 °C with a web-
speed of 1.5 m min�1 and the wet thickness of the coated film was
between 9 and 21 mm in order to obtain theoretical dry thick-
nesses of 150–500 nm using estimated densities 1.1 and 1.5 for
P3HT and ICxA, respectively.

4.7. Aluminium doped zinc oxide

Aluminium doped zinc oxide (AZO) was prepared in methanol
according to literature [43]. The ink was slot-die coated on top of
active layer at 140 °C with limited success. A better compatibility
between the surface of the active layer and the ink was obtained
via prewetting the surface of the active layer with isopropanol. A
further improvement of film quality was finally obtained by pre-
wetting with isopropanol and by addition of isopropanol to the
AZO ink with a ratio of 65:35 of AZO ink and isopropanol,
respectively. Deposition of AZO was conducted at 1 m min�1 with
a wet thickness of 5 mm and a drying temperature at 140 °C and
further cured for 10 min at 140 °C as described in literature [43] by
passing through 4 m of ovens at 0.4 m min�1 resulting a film
thickness of approximately 50 nm.
4.8. Sputtering

Sputter coating of aluminium cathodes was performed using
custom-built R2R sputter coater capable of handling web width of
30 cm (Semicore Equipment, Inc.) further description can be found
in [15]. The system is comprised of two terminal 7 cm spindles
which besides unwinding and rewinding also ensures web-tension
as the web travels around a water-cooled 22.9 cm drum. The
sputtering chamber is evacuated to low vacuum (0.1 mTorr) with a
Trivac D40B-D65B roughing pump (Oerlikon Leybold Vacuum) and
then further evacuated to a high vacuum base pressure (10�6 Torr)
using a water-chilled Cryo-Torr pump (Helix Technologies). Sput-
tering was performed in an argon plasma created by a direct current
(DC) magnetron; with power supplied to the 35.6�10.1 cm2 alu-
minium targets (Angstrom Sciences, Inc.) using separate 6 kW
Pinnacle DC power sources (Advanced Energy Industries, Inc.)
Sputtered cathodes for all OPV films in this study were subse-
quently conducted on a continuously moving substrate with a
speed allowing for a deposition time of 42 s at a sputtering base
pressure of 5�10�6 Torr, a process pressure of 2 mTorr, and a tar-
get power of 1.5 kW (power density¼4.15W cm�2) yielding an
aluminium thickness of approximately 100 nm. OPV films were for
small samples (less than 10 m) roll-to-roll sputtered through a
shadow mask applied to the samples with high temperature
resistant tape.
4.9. Switching and encapsulation

Switching is an electrical activation of device prepared with
PH1000 as described in literature [44]. Switching is conducted by
subjecting the device to reverse bias in short pulses using an
adjustable power supply with a current of 1 A and a voltage
starting at 3 V. The reverse bias magnitude was subsequently
increased in 2–3 V steps up to a maximum value of 20 V, which
increased the resistance through the device from 2 Ω to 6–10 kΩ as
a possible consequence of shunt burning and de-doping of PEDOT:
PSS [44]. During the switching procedure critical failure (Fig. 6)
can occur either as a consequence of coating errors or too short
distance between the top and bottom electrode.
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Devices were encapsulated between two pieces of microscope
glass using a UV curable epoxy (Dymax SC 3220-gel) as adhesive
and copper tape to ensure contact with the metal electrodes.

4.10. I–V measurement

Current density–voltage (J–V) measurements were performed
using a Newport Class AAA solar simulator with an AM 1.5 spec-
trum filter on devices with a typical area of 4 cm2 (8�50 mm2).
The light intensity was calibrated to 100 mW cm�2 using a silicon
reference solar cell (FHG-ISE). J–V data was recorded in the dark
and under illumination using a Keithley 2400 source metre. Data
presented is averaged over 3–5 devices unless stated otherwise.

4.11. External quantum efficiency

External quantum efficiency (EQE) measurements were recor-
ded by illuminating the devices with a tungsten halogen lamp
passed through an Oriel Cornerstone 130 monochromator. An
Ithaco Dynatrac 395 analogue lock-in amplifier and Thorlabs
PDA55 silicon diode were employed to collect the reference signal,
and a Stanford Research Systems SR830 DSP digitizing lock-in
amplifier was employed to measure the device current.

4.12. Laser-beam induced current

Laser-beam induced current (LBIC) measurements were con-
ducted using a custom-built setup as previously described [45].
Briefly, an electronically modulated laser diode (405 nm) is pig-
tailed into a single-mode optical fibre. The optical fibre is coupled
into an assembly containing collimating and focussing lenses
providing control over the spot radius down to 3.3 μm. For this
study, a spot size of 100 μm was chosen, at which the photo-
current responds linearly with light intensity. The solar cell was
mounted on 2 orthogonal computer-controlled translation stages.
The short-circuit current of the solar cell was converted to a vol-
tage using a current-to-voltage preamplifier (Stanford Research,
SR570) before being detected using a lock-in amplifier (Stanford
Research, SR830).
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