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In order to achieve the cost-efficient scalability of flexible organic photovoltaics (OPVs), the
optimization of key factors related to the materials and roll-to-roll (R2R) processes is nec-
essary. The limited drying during the R2R printing process induces a vertical phase separa-
tion leading to the formation of a P3HT-rich top region on the photoactive layer which acts
as an electron barrier in normal geometry. We show that the increase of R2R drying time
and/or post-annealing can enhance the OPV efficiency by the diffusion of PCBM towards
the photoactive layer surface forming an electron transport network. It is estimated that
the volume fraction of PCBM at the top region of the films triples from about 9% to 30%.
In addition, the direct exposure of PEDOT:PSS to air after printing leads to morphological
changes that negatively affect the efficiency. Therefore, the protection of PEDOT:PSS from
air in combination to the increase of the R2R drying time enables the significant increase of
the R2R printed OPVs efficiency to 1%.

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

The rapid printing of precise features and uniform thin
films by roll-to-roll (R2R) processes is of great importance
in organic electronics [1]. Various printing technologies
have been developed for R2R processes including slot-die
and screen printing [2]. However, gravure can achieve both
high precision and throughput in a R2R process [3].

In the case of flexible organic photovoltaics (OPVs),
there are many parameters that affect their efficiency such
as the morphology of the photoactive poly(3-hexylthioph-
ene):(6,6)-phenyl C61 butyric acid methyl ester
(P3HT:PCBM) layer [4] and the vulnerability of the constit-
uent layers to air, contaminations and impurities [5].
Although there are some publications on the investigation
and optimization of sheet-to-sheet gravure printed OPVs
[6,7], there is a lack of reports on R2R gravure printed
OPVs. In this letter, we report on the effect of key factors
in R2R printing, that include sufficient R2R drying, anneal-
ing and the protection of poly(3,4-ethylenedioxythio-
phene):poly(styrenesulfonate) (PEDOT:PSS) layer from
air, on the performance and functionality of R2R gravure
printed OPV devices. A normal OPV geometry is more con-
venient when preparing devices for layers testing but in
general it is undesirable for a large-scale production due
to the vacuum processing steps. However, in order to focus
on the properties of the photoactive layer and to investi-
gate the effect of the R2R drying stage (in combination to
post-annealing and PEDOT:PSS protection from air) on
the P3HT:PCBM morphology, it was considered appropri-
ate to adopt the simpler normal geometry where two lay-
ers of the OPV stack (PEDOT:PSS and P3HT:PCBM) are R2R
printed.
2. Materials and methods

A Rotary Koater (RK Print Coat Instruments Ltd.) was
used to print the photoactive P3HT:PCBM (P3HT: Rieke
Metals, PCBM: Solenne BV) and PEDOT:PSS (ready-to-use
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Clevios™ FET from Heraeus) thin films on indium tin oxide
(ITO)/polyethylene terephthalate (PET) substrates (OC50,
50 X/sq). PEDOT:PSS was printed at 3.7 m/min and dried
for 19 s during the R2R process. One part of the PED-
OT:PSS-printed roll was kept inside a glove box to be pro-
tected from the atmosphere, before the printing of the
photoactive layer. In Table 1 the materials characteristics
and the R2R process parameters are summarized. The
photo current density–voltage (J–V) curves of the fabri-
cated OPVs were measured using a Keithley 2420 source
under AM 1.5G and 100 mW/cm2 of irradiation using a
Newport solar simulator (91191).

The induced phase separation in the P3HT:PCBM films
during R2R printing was investigated by the calculation
of the % volume fraction of the blend components at the
top (Xt, X = P3HT, PCBM) and bottom (Xb, X = P3HT, PCBM)
region of the photoactive layers through the analysis of the
pseudo-dielectric functions he(x)i measured by Spectro-
scopic Ellipsometry (SE) (1.5–6.5 eV) (Horiba Scientific),
as it is described elsewhere [8,9]. The morphology of the
printed films was investigated by Atomic Force Microscopy
(AFM) (NTEGRA by NT-MDT), while the structural proper-
ties were examined by X-ray Diffraction (XRD) (Siemens D-
5000). Finally, the surface energy of the PEDOT:PSS film
was calculated by Contact Angle (CA) (CAM200 from KSV
Instruments Ltd.) [8], and the conductivity by the standard
Van der Pauw DC method.
3. Results and discussion

During R2R printing, using a typical speed of 3.7 m/min,
the wet P3HT:PCBM films are dried for tR2R = 19 s (dryer
active length of 120 cm). Due to this limited drying time
an amount of 1,2-dichlorobenzene (o-DCB) is not evapo-
rated from the films during the drying, but it evaporates
slowly after the end of the drying stage (slow-drying pro-
cess) [8]. This results to the spatial rearrangement of
P3HT chains and the fullerene molecules. More specifically,
P3HT chains self-assemble and form crystallites with a-
axis orientation [10], whereas at the same time, the PCBM
molecules diffuse towards the bottom interface with PED-
OT:PSS, and towards the surface forming PCBM nanocrys-
tals [8,11]. This vertical phase separation is attributed to
the differences in the surface energy of pristine P3HT
(24 mN/m) and PCBM (38 mN/m) and the induced di-
pole–dipole interactions between PCBM and the PED-
OT:PSS [9].

Post-annealing is expected to speed-up the crystalliza-
tion of P3HT and lead to a better interfacial contact be-
Table 1
Summary of the materials and R2R process parameters.

P3HT:PCBM ratio/concentration 1:0.8/100 mg/ml
Solvent 1,2-Dichlorobenzene
Speed/nip pressure 3.7 m/min/45 psi
Screen/cells volume 80 lines/cm/12.7 ml/m2

R2R drying/annealing temperature 140 �C/110 �C
P3HT:PCBM/PEDOT:PSS thickness About 190 nm/50 nm
Cathode thickness Ca/Al About 10 nm/100 nm
Device active area 0.5 cm2
tween the photoactive layer and the cathode [12]. In
Table 2 the size of the P3HT crystallites (DP3HT) is shown,
calculated by the Scherrer formula [13]. The A1 sample,
that is not annealed (tan = 0) but only slow-dried during
the R2R process, exhibits DP3HT = 18.8 nm, whereas in A2
(tan = 3 min) crystallites of DP3HT = 20.1 nm are formed
with enhanced stacking order. However, further annealing
does not affect DP3HT which gets saturated [14]. In addition,
the gradual increase of tan to 17 min (A1–A4) leads to the
increase of the PCBMt from 8.6% (A1) to 29.5% (A4). This
is combined with a gradual decrease of the PCBMb from
78.8% (A1) to 69.4% (A4), which indicates that PCBM is dif-
fusing out even from the bottom region of the films. The in-
crease of tR2R to 60 s leads to the increase of the DP3HT to
21.6 nm and the enhancement of crystallinity (B3).

As it is shown in the AFM nanotopography of the A1
sample in Fig. 1a, large material domains of more than
200 nm in width are observed, instead of the bi-continuous
networks that can lead to the efficient charge generation
and transport [15]. These domains are mostly attributed
to the P3HT aggregation and result from the lateral phase
separation (combined with the vertical one) during the
slow-drying process [8]. The P3HT-rich content on the
top region of the A1 film (P3HTt = 91.4%) acts as an electron
injection barrier; PCBM exists mostly in the form of nano-
crystals of about 50–100 nm in width, as they are clearly
shown in the phase image of Fig. 1b. In that sense, the A1
OPV is not functional.

The annealing process leads gradually to a nanometer-
scale morphology (contributed by the increase of the
PCBMt) (Fig. 1c), where P3HT crystallites, PCBM molecules
and nanocrystals and the P3HT amorphous phase coexist
[16]. The root mean square (rms) and peak-to-valley
roughness of A4 increase to 1.2 and 13.5 nm, respectively,
compared to the A1 which exhibits corresponding values
of 0.6 and 5.1 nm. This increase is due to the change in
morphology and the increase of the P3HT and PCBM crystal
size. In particular, the size of the PCBM nanocrystals in-
creases to about 50–150 nm in width and to about 4–
6 nm in height, as it is shown in the cross section graph
of Fig. 1e.

According to the J–V curves of Fig. 1f and the extracted
electrical data collected in Table 2, the increase of tan to
7 min (A3) leads to improved short circuit current density
(Jsc = 2 mA/cm2) and fill factor (FF = 25.40%) values, and
power conversion efficiency (PCE) of 0.26%, which imply
the improvement in charge carrier mobility assisted by
the formation of a network for electron transport due to
the continuing aggregation of PCBM on the top region of
the films. Also, the increase of the open circuit voltage
(Voc) to 0.508 V indicates the improvement in the contact
between the photoactive layer and the cathode [12]. For
tan = 17 min (A4), despite the further interface improve-
ment indicated by the increase of Voc to 0.528 V, the de-
crease of FF to 22.95% and Jsc to 1.89 mA/cm2 is observed.
In addition, the series resistance (Rs) of A4 is calculated
to increase to 353 X cm2 in relation to 239 X cm2 of A3.
These findings imply that from a point and on the segrega-
tion of PCBM on the top region of the film induced by the
annealing process, despite being beneficial for the quality
of the interface with the cathode, it is not beneficial for



Table 2
The treatment conditions and the structural and electrical characteristics of the R2R printed OPVs A1–A4 and B1–B3.

Sample PEDOT:PSS protection (yes/no) tR2R (s) tan (min) PCBMt (%) PCBMb (%) DP3HT (nm) Jsc (mA/cm2) Voc (V) FF (%) PCE (%)

A1 N 19 0 8.6 ± 2.0 78.8 ± 4.6 18.8 – – – –
A2 N 19 3 16.6 ± 1.6 78.4 ± 4.3 20.1 0.67 0.487 21.90 0.07
A3 N 19 7 28.0 ± 1.1 74.1 ± 3.4 20.3 2.00 0.508 25.40 0.26
A4 N 19 17 29.5 ± 1.2 69.4 ± 3.7 20.8 1.89 0.528 22.95 0.23
B1 Y 19 7 24.5 ± 1.9 76.1 ± 2.6 21.2 3.10 0.550 25.32 0.43
B2 Y 60 7 27.5 ± 1.6 68.1 ± 2.3 21.4 5.28 0.535 31.06 0.88
B3 Y 60 12 26.6 ± 1.6 69.3 ± 2.3 21.6 5.68 0.553 31.94 1.00
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the morphology and the efficient charge transport within
the active layer.

However, despite the observed improvement in mor-
phology by the annealing process, the efficiency remains
limited. This means that post-annealing can only partially
reverse the negative effect of the slow-drying process dur-
ing R2R printing. Furthermore, the direct exposure of PED-
OT:PSS to air right after the printing has a critical effect on
the device performance. The surface energy of the PED-
OT:PSS under air exposure is calculated to decrease within
about half an hour after printing from about 58 to 53 mN/
m (the surface energy in 24 h was calculated also at about
53 mN/m), which indicates that morphological changes
take place in the film; PEDOT becomes less shielded by
PSS and thus more susceptible towards the oxygen induced
degradation. This reorganization of the molecules at the
surface leads to the decrease of the work function of PED-
OT:PSS by affecting either the carrier density in PEDOT:PSS
near the surface or the formation of a dipole layer [5]. In
Fig. 2 the AFM phase images of the PEDOT:PSS film right
after printing (a) and after 24 h (b) are shown. The bright
Fig. 1. The AFM nanotopography (a) and phase image (b) of the A1 P3HT:PCBM fi
The cross section analysis graphs of the A4 and B3 P3HT:PCBM films (e). The c
respectively. AFM scan size of 2.5 lm � 2.5 lm. The J–V characteristics of the R
(positive degree in phase) and dark (negative degree in
phase) regions in the AFM phase image of Fig. 2a corre-
spond to the PEDOT-rich cores and the PSS-rich cells,
respectively, and imply a phase-separated morphology
with increased conductivity [17] (about 175 S/cm). On
the contrary, the reorganization of the molecules under
air exposure leads to a less distinct phase separation
(Fig. 2b) and diminished conductivity (about 150 S/cm).
In addition, the rms (peak-to-valley) roughness of the more
conductive PEDOT:PSS film right after printing is calcu-
lated at 3.5 nm (24.5 nm), whereas the corresponding va-
lue after 24 h is 2.9 nm (22.0 nm). This small decrease of
the roughness also indicates the morphological changes
in the film due to air exposure.

In view of the above, the higher work function of the
protected (in inert atmosphere) PEDOT:PSS (B1), in rela-
tion to the unprotected one (A3), leads to a higher Voc

(0.550 V for B1 instead of 0.508 V for A3) in combination
to a higher Jsc (3.10 mA/cm2 for B1 instead of 2.00 mA/
cm2 for A3) which gives an OPV PCE of 0.43%, as it is shown
in Table 2. It is remarkable to mention also that the PCBMb
lm. The AFM nanotopographies of the A4 (c) and B3 (d) P3HT:PCBM films.
ross sections are indicated by the black lines in 1c and 1d for A4 and B3,
2R gravure printed OPVs (f).



Fig. 2. The AFM phase images of the R2R printed PEDOT:PSS right after
printing (a) and after 24 h (b). AFM scan size of 2.5 lm � 2.5 lm.
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of the B1 is calculated slightly larger in relation to that of
the A3 which is attributed to the higher surface energy of
the (protected) PEDOT:PSS layer [9].

Both annealing and the protection of the PEDOT:PSS
layer from air enable the enhancement of the PCE; never-
theless, in order to limit the vertical phase separation in
the P3HT:PCBM layer during the R2R process, the increase
of the tR2R is necessary for the evaporation of the o-DCB
and the restriction of the slow-drying process. Comparing
B2 to B1 (Fig. 1f and Table 2), by applying tR2R = 60 s in-
stead of 19 s, the PCE is doubled from 0.43% to 0.88% due
to the improvement of the morphology and the remarkable
increase of the FF and Jsc from 25.32% to 31.06% and from
3.10 to 5.28 mA/cm2, respectively. B2 is characterized by
much better transport properties and extraction barriers,
while in addition the segregation of PCBM in the bottom
region of the film is significantly reduced (PCBMb = 68.1%
for B2 instead of 76.1% for B1).

For tan = 12 min (B3), the increase of the Voc and the
improvement in the contact between the photoactive layer
and the cathode interface enables a PCE of 1%. As it is shown
in Fig. 1d and e PCBM nanocrystals of about 100–150 nm in
width and about 6–8 nm in height are formed. This, in com-
bination with the increased DP3HT drives to a rms (peak-to-
valley) surface roughness of 2.0 nm (17.7 nm).
The vertical phase separation during R2R processing is
more suitable for the inverted device geometry than nor-
mal one, since the P3HT-rich top region in the photoactive
layer acts as a hole-transport layer and the PCBM-rich bot-
tom region as an electron transport layer [18,19]. However,
the extended phase separation may negatively affect the
morphology and the formation of the efficient pathways
for charge transport, which implies the necessity for the
morphology control during the drying stage.
4. Conclusions

In this work, we reported on the effect of three critical
parameters (tR2R, tan, PEDOT:PSS exposure to air) for the
R2R printing of efficient OPVs towards large-scale
fabrication.

The sufficient drying of the photoactive layer during the
R2R processing is the most critical factor for the PCE
improvement of the OPVs since it induces the enrichment
of the photoactive layer top region with PCBM and leads to
the formation of a bi-continuous network in the film. Con-
trarily, the limited R2R drying and the consequent slow-
drying process in the photoactive layer leads to an undesir-
able morphology and to the vertical phase separation of
the blend components. Annealing can also contribute to
the efficiency enhancement (up to a point) mainly by the
improvement of the photoactive layer/cathode interface
in normal geometry OPVs. Our findings underline the
importance of the optimization of the R2R drying stage
and the control of the vertical distribution and morphology
for the production of OPVs.

Except from the efficient control of the vertical segrega-
tion, especially during the R2R drying process, the protec-
tion of PEDOT:PSS from air during the printing process is
another very important parameter that can substantially
increase the efficiency. This implies that the use of an in-
ert-atmosphere R2R equipment can contribute to the pro-
duction of OPVs with enhanced efficiency.
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