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Solution based inverted Organic Photovoltaic (OPVs) usually use Poly(3,4-ethylenedioxy-
thiophene):poly(styrenesulfonate) (PEDOT:PSS) derivatives combined with pristine pro-
cessing additives as hole selective contact on top of the hydrophobic conjugated
polymer:fullerene active layer. In this study, PEDOT:PSS based hole selective contact is
treated with two different boiling point additives, 2,5,8,11-tetramethyl-6-dodecyn-5,8-diol
ethoxylate (Dynol) and Zonyl FS-300 fluorosurfactant (Zonyl). Although corresponding
inverted OPVs using the above PEDOT:PSS:Additives show similar power conversion effi-
ciency (PCE) values, the mechanisms of their implementation on inverted OPV operation
are not identical. By understanding the synergistic effects of PEDOT:PSS processing addi-
tives on the hole selectivity of inverted OPVs we demonstrate a novel combination of PED-
OT:PSS additives mixture as an effective route to further increase the hole selectivity,
reliability andpower conversion efficiency of inverted OPVs.

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

Over the last few years, the increased scientific interest
in the field of Organic Photovoltaics (OPVs) resulted in
power conversion efficiencies (PCE) near 10% [1]. In gen-
eral three approaches have dominated the field of OPVs,
single cell normal structured OPVs [2], single cell inverted
OPVs [3] and tandem OPVs [4]. Up to today most of the
published data are based on the normal device architec-
ture. Tandem OPVs is a promising approach and already
PCEs of over 10%, using either solution processed, polymer
based [5], or vacuum processed, small molecule based
devices [6] have been reported. Another exciting concept
is the combination of more than two cells, one on the top
of the other consecutively (multi-junction OPVs) [7], but
still, a lot of progress needs to be done in the interconnect-
ing layers between the cells [8], in order to meet the
predictions for tandem OPVs with PCE near 15% for opti-
mised material combinations [9].

Inverted bulk heterojunction solar cells could allow
more flexibility on designing the roll-to-roll production
process of OPVs and thus provide technological opportuni-
ties [10]. In addition, this interesting device architecture,
allows studying fundamental processes in bulk heterojunc-
tion concept, including the vertical phase segregation of
polymer/fullerene composites as well as the charge
selectivity of the contacts [11]. In the inverted structure
the electrons are extracted at the bottom electrode
(ITO/n-type metal oxide) and the holes are extracted at
the top electrode (Poly(3,4-ethylenedioxythiophene):poly
(styrenesulfonate)(PEDOT:PSS)/Metal) [12]. Recent studies
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demonstrated inverted OPVs between 8% and 9% certified
PCE, by using newly synthesized conjugated polymers and
by incorporating novel buffer layers to form the top selec-
tive contact [13,14].

This remarkable progress, demonstrates the potential of
OPVs to reach the PCEs of their silicon competitors, but
still, a lot of issues have to be investigated in order to meet
the requirements of a low cost, large scale production of
OPVs. The employment of spin-coating techniques for the
active layer and vacuum deposition processing of the hole
selected top contact [13,14], are unfavorable for low cost
printing processing. Recent reports, demonstrate inverted
OPVs using solution based metal oxide hole selective con-
tacts, with PCE comparable with those of inverted OPVs
using PEDOT:PSS as the solution processed buffer layer of
the top electrode [15,16].

Despite the recent progress, PEDOT:PSS is still the most
common solution based hole selective contact in inverted
OPVs top electrode, because of its tunable electronic prop-
erties and compatibility with various printing processes.
Many reports have demonstrated that the incorporation
of additives in PEDOT:PSS such us ethylene glycol [17], di-
methyl sulfoxide (DMSO) [18], sorbitol [19,20], and glyc-
erol [21], can result in increased conductivity. These high
conductivity values (in some cases over 1000 S/cm) in
combination with high transmittance in the visible portion
of light, makes PEDOT:PSS a good candidate to efficiently
used as ITO replacement [22,23], or as one of the two coun-
terparts of the intermediate layer in tandem OPVs [24].

PEDOT:PSS water dispersions exhibit high surface ten-
sion because of their hydrophilic nature. The high surface
tension of PEDOT:PSS is a major issue in the fabrication
of inverted OPVs using solution based PEDOT:PSS as the
selective top contact. Despite that the aforementioned
additives, drastically enhance the electronic properties of
PEDOT:PSS, are not able to reduce the surface tension of
PEDOT:PSS solutions (Supporting info. Fig. S1). Based on
that, processing additives used as wetting agents, such as
isopropanol, have been incorporated in PEDOT:PSS, result-
ing in reduced surface tension and addressing the problem
of wettability of PEDOT:PSS buffer layer, coated on top of
hydrophobic polymer:fullerene active layers on the
inverted OPV structure [10]. Despite the recent progress
in the development of inverted solar cells using
PEDOT:PSS:wetting agents/Metal top electrode, literature
reports trying to investigate the effect of those wetting
agents [25] on the inverted OPV device processing and
operation are limited and thus it is still unclear how those
wetting agents affect the hole selectivity of the inverted
OPV top electrode.

In this study two different wetting agents have been
used in PEDOT:PSS buffer layers, 2,5,8,11-tetramethyl-6-
dodecyn-5,8-diol ethoxylate (Dynol 604) and Zonyl FS-
300 fluorosurfactant (Zonyl). Both wetting agents have
been used previously to overcome the poor wetting prop-
erties of PEDOT:PSS when coated on top of P3HT:PCBM
blends [11,26,27]. We note that Dynol 604 is a non-ionic,
non-fluorinated surfactant with boiling point �340 �C,
while Zonyl is a non-ionic fluorosurfactant with boiling
point �80 �C. The reason of choosing these two wetting
agents among others, is the difference in their boiling
points and their suitability with all commercially available
types of PEDOT:PSS that we used. In contrast, we found
that isopropanol cannot be used in all commercially avail-
able PEDOT:PSS solutions (Supporting info. Fig. S2).

Inverted OPVs with a range of concentrations of Zonyl
and Dynol wetting agents in PEDOT:PSS, between 0.1 and
2 wt%, were fabricated (Supporting info. Fig. S3). The con-
centrations 0.2% and 0.5% for Dynol and Zonyl in PED-
OT:PSS respectively were chosen based on the optimised
inverted OPV device performance obtained for the above
concentrations. The presented results focus on the opti-
mised concentrations of Dynol, Zonyl and their mixture
in PEDOT:PSS hole selective contact.

The device architectures studied are summarised as
follows. Our control devices based on Zonyl treated PED-
OT:PSS as hole selective contact (ITO/TiOx/P3HT:PCBM/
PEDOT:PSS:0.5 wt% Zonyl/Ag – ‘‘Z-device’’) are compared
with device architectures that use Dynol treated PED-
OT:PSS hole selective contact (ITO/TiOx/P3HT:PCBM/PED-
OT:PSS:0.2 wt% Dynol/Ag – ‘‘D-device’’). Finally, both sets
of devices are compared to solar cells with a mixture of Dy-
nol and Zonyl treated PEDOT:PSS hole selective contact
(ITO/TiOx/P3HT:PCBM/PEDOT:PSS:0.2 wt% Dynol + 0.5 wt%
Zonyl/Ag – ‘‘M-device’’) as demonstrated in Fig. 1.

The effect of the two pristine wetting agents, as well as,
the proposed Dynol/Zonyl wetting agents mixture in PED-
OT:PSS hole selective contact is analysed in terms of
understanding the processing parameters and inverted
OPV device principles. Contact angle measurements for
wetting properties analysis, atomic force microscopy
(AFM) based surface topography studies, external quantum
efficiency (EQE) measurements, photocurrent plots and
current density vs. voltage characteristics (J/V) under light
and dark conditions, are introduced. The characteristics of
PEDOT:PSS buffer layers, both in liquid and solid phase,
proves that the interfacial properties of the PEDOT:PSS/
Ag hole selective top electrode can be optimised by a suit-
able PEDOT:PSS wetting agents mixture. By understanding
the mechanisms of the PEDOT:PSS wetting agents on the
performance of inverted OPVs we show that the proposed
mixture (Zonyl 0.5%:Dynol 0.2%), results in optimised hole
selectivity, improved reliability and over 12% improvement
on the PCE (mean and peak PCE values), compared with in-
verted OPVs using pristine PEDOT:PSS wetting agent as the
selective top contact.
2. Experimental

The pre-sputtered glass-ITO substrates (Microliquid-
sheet resistance 4 X/sq) were sonicated in acetone and
subsequently in isopropanol for 10 min. The TiOx precursor
[tetra-n-butyl titanate, DuPont] was mixed with isopropa-
nol and stirred for at least 30 min. The resulting solution
was doctor bladed on top of ITO substrates and annealed
for 30 min at 140 �C in ambient conditions. During the
annealing process an amorphous layer of TiOx of �50 nm
thickness was formed, as measured with a Veeco Dektak
150 profilometer. The photo-active layer, a blend of
P3HT:PCBM (1:0.8 wt%) in chlorobenzene, was doctor
bladed on top of TiOx resulting in a thickness of



Fig. 1. Schematic of the inverted OPV structure used in the reported studies, ITO/TiOx/P3HT:PCBM/PEDOT:PSS:Additive (Dynol/Zonyl or Dynol + Zonyl
mixture)/Ag, and the chemical structures of the pristine PEDOT:PSS additives Dynol and Zonyl.
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�230 nm. The hole selective layer used in this study is
PEDOT:PSS Clevios PH (HC Stark). The two surfactants Zo-
nyl FS-300 (Sigma Aldrich) and Dynol 604 (Air Products
and Chemicals Inc.) were added to PEDOT:PSS PH and stir-
red vigorously for 15 min before deposition. During the
doctor blading deposition the blade speed, volume and
blade height was kept constant for all the devices, resulting
in a PEDOT:PSS PH thickness of 70 nm in all cases. The de-
vices were annealed inside a glovebox at 140 �C for 22 min
and after that a silver layer with a thickness of 100 nm was
thermally evaporated on top of PEDOT:PSS PH. On each ITO
substrate there are four devices with active area 0.09 mm2,
which is accurately defined by the evaporation mask.

Contact angle measurements have been performed
using a KRUSS DSA 100E drop analysis system. For the sur-
face energy measurements, the contact angle of water,
diiodomethane and ethylene glycol was measured, on top
of P3HT:PCBM layer. The processing conditions for the
P3HT:PCBM surface energy measurements is identical to
device processing steps used for the inverted OPVs pre-
sented within the manuscript. Based on these results, the
software derived the polar and dispersive parts of the sur-
face energy of the solids and hence the wetting envelopes
using the ‘‘OWRK’’ method [12]. The polar and dispersive
parts of the surface tension of the liquids were calculated
via the pendant drop method, using the interfacial surface
tension between the liquids and the air and the contact an-
gle of each liquid on a standard Teflon surface.

The current density–voltage (J/V) characteristics were
measured with a Keithley source measurement unit
(SMU 2420). For illumination a calibrated Newport Solar
simulator equipped with a Xe lamp was used, providing
an AM1.5G spectrum at 100 mW/cm2. EQE measurements
were carried out on a setup comprising a Xe lamp, a mono-
chromator, a current–voltage preamplifier and a lock-in
amplifier.

AFM measurements have been applied on the samples
in order high resolution images to be extracted. As cantile-
ver is much harder than coatings, we avoid applied contact
mode measurements as the pin could scratch the surface.
For that reason tapping mode AFM measurements have
been applied and both height and phase images have been
extracted A Veeco setup has been used for these
measurements.

3. Results and discussion

3.1. The effect of additives on the wetting properties of
PEDOT:PSS

As mentioned previously a major issue in the processing
of inverted OPVs is the poor wetting properties of water
based PEDOT:PSS on the surface of the hydrophobic
P3HT:PCBM active layer. This problem is addressed by
the use of surfactants as additives, which tend to reduce
the surface tension of water. Fig. 2 demonstrates the con-
tact angle measurements performed to investigate this ef-
fect. Detailed description about wetting envelopes and
surface tension calculations are described elsewhere [12].

Fig. 2a demonstrates the surface tension of four differ-
ent types of commercially available PEDOT:PSS solutions
and the wetting envelope of P3HT:PCBM layer. Although
the different types of PEDOT:PSS vary in properties, such
us conductivity and PSS content, the surface tension has
been found to be similar in the 4 compared PEDOT:PSS
types. Al4083 (conductivity 0.002 S/cm), PH (10 S/cm),
PH500 (500 S/cm), PH1000 (800 S/cm) surface tensions,
have found to be: 68.55 mN/m, 69.39 mN/m, 66.59 mN/
m, 67.61 mN/m, respectively. Compared to the other four
types, PEDOT:PSS JET NV2 (neutral 5–8 pH, 700 S/cm)
exhibits reduced surface tension at 37 mN/m. Neutral
and highly conductive PEDOT:PSS are favourable for the
tandem cell recombination layer[7]. Despite the reduce
surface tension of NV2, all types of PEDOT:PSS, which are
the most commonly used in OPVs, exhibit surface tensions
that lie well outside the wetting envelope of P3HT:PCBM,
which is a proof of the poor layer formation of different
types of PEDOT:PSS on top of the hydrophobic P3HT:PCBM
active layer. When 0.5% of Zonyl was added to the water
dispersion of PEDOT:PSS PH the surface tension was re-
duced to 19.13 mN/m. Similar effect has been observed
when 0.2% Dynol was added in PEDOT:PSS PH solution
and resulted to a surface tension of 21.04 mN/m (Fig. 2b).
The surface tension was further reduced (17.12 mN/m)



Fig. 2. (a) Surface energy (SE) wetting envelope of P3HT:PCBM layer (closed polygons) and surface tensions (ST) of various commercially available
PEDOT:PSS solutions (used as received) with different chemical and electronic properties. (b) Surface energy wetting envelope of P3HT:PCBM layer (closed
polygons), surface tension of PEDOT:PSS PH (open square) surface tension of PEDOT:PSS:Zonyl 0.5% (filled squares), surface tension of PEDOT:PSS:Dynol
0.2% (open circles) and surface tension of PEDOT:PSS:Zonyl 0.5%:Dynol 0.2% (filled triangles). The inserts represent the contact angle on a standard Teflon
surface (left) and the pendant drop in air (right) for the respective PEDOT:PSS solution.
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when the proposed combination of 0.5% Zonyl and 0.2%
Dynol was used as an additive in PEDOT:PSS solution.
The pictures in Fig. 2 depict the dropletshape in air for all
PEDOT:PSS solutions under study and the contact angles
of the liquids on a standard TEFLON surface, which were
found to be 95�, 39�, 42�, 21� for the pristine PEDOT:PSS,
PEDOT:PSS:0.5% Zonyl, PEDOT:PSS:0.2% Dynol and
PEDOT:PSS:0.5% Zonyl:0.2% Dynol, respectively. The re-
sults reported prove that the reduced surface tension
caused by addition of additives in PEDOT:PSS can address
the issue of processing and thus homogeneous PEDOT:PSS
buffer layers on top of the hydrophobic P3HT:PCBM active
layer suitable for inverted OPV operation can be obtained.
Similar results has been observed for all the types of PED-
OT:PSS reported in Fig. 2a (data not shown). Based on our
measurements we concluded that Dynol is a better wetting
agent than Zonyl, due to the lower additive concentration
needed to achieve suitable reduction in surface tension of
PEDOT:PSS. However for all the proposed additives the
wetting issues of PEDOT:PSScan be eliminated with the
use of small quantities of surfactants and allow the fabrica-
tion of efficient inverted OPVs with PEDOT:PSS/Ag as hole
selective top electrode in good agreement with previous
published device performance data [10,11].

3.2. The effect of additives on hole selectivity and device
performance of inverted OPVs

Fig. 3a and b shows representative dark and illuminated
J/V characteristics of the three inverted OPVs under study,
as schematically depicted in Fig. 1. Our control devices
based on Zonyl treated PEDOT:PSS buffer layer (ITO/TiOx/
P3HT:PCBM/PEDOT:PSS:0.5 wt% Zonyl/Ag – ‘‘Z-device’’)
are compared with device architectures that use Dynol
treated PEDOT:PSS buffer layer (ITO/TiOx/P3HT:PCBM/PED-
OT:PSS:0.2 wt% Dynol/Ag – ‘‘D-device’’). Finally, both sets of
devices are compared to solar cells with a mixture of Dynol
and Zonyl treated PEDOT:PSS buffer layer (ITO/TiOx/
P3HT:PCBM/PEDOT:PSS:0.2 wt% Dynol + 0.5 wt% Zonyl/Ag
– ‘‘M-device’’). Each J/V curve is a representative device
curve out of 12 devices for each case produced in the same
experimental run. In total over 100 devices were fabricated
showing reproducible and high reliable device
performance.

The illuminated J/V characteristics (Fig. 3a) show identi-
cal open circuit voltage (Voc): 0.57 V for M, D and Z-device
and similar short circuit current density (Jsc) values: M-de-
vice 9.61 mA/cm2, D-device 9.31 mA/cm2 and Z-device
9.26 mA/cm2. Despite that, Fig. 3a in combination with
the dark J/V characteristics (Fig. 3b) demonstrate that
D-device shows better behaviour at high positive voltage
(series resistance – Rs) but on the other hand, increased
leakage current at high negative bias (Rp) compared to Z-
device. This is a proof that, despite that Z- and D-device re-
sults in similar power conversion efficiency (PCE – 3.24%
and 3.11% respectively) the two compared inverted OPVs
have different behaviour in the Rs and Rp regions. Based
on the above observations, the new proposed mixture of
0.5% Zonyl and 0.2% Dynol in PEDOT:PSS (M-device) has
been investigated in detail under this study. The results
prove better charge carrier selectivity (highest injection
current, Rs, and low leakage current, Rp) for the M-device
compared to Z- and D-device and thus improved FF (M-de-
vice 64%, D-device 61% and Z-device 60%) and 12% im-
proved PCE (3.55%). The values of Rs and Rp for all the
representative diodes under study, have been calculated
using a simulation model described previously by Waldauf
et al. [28].

Series resistance is one of the most important parame-
ters of organic diodes operation and arises from the resis-
tance of the contacts to the current flow, particularly at the
interfaces between the active layer and the electrodes [29].
It is has been reported that sheet resistance (Rsheet) of the
electrodes has an influence in Rs of an organic diode
[30,31]. From Fig. 3a and b we observe that Rs is smaller
for the M-device compared to D- and Z-device. Since the
contacts between ITO/TiOx/P3HT:PCBM are the same for
all the inverted OPVs under investigation we conclude that



Fig. 3. (a) Illuminated J/V characteristics for inverted organic solar cells using PEDOT:PSS:0.5% Zonyl (filled squares), PEDOT:PSS:0.2% Dynol (open circles)
and PEDOT:PSS:0.5% Zonyl:0.2% Dynol (filled triangles). (b) Dark J/V characteristics, (c) photo-current density vs. voltage characteristics and (d) external
quantum efficiency for the aforementioned diodes.
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the reduced Rs observed for the M-device possibly origi-
nates from the reduced sheet resistance of PEDOT:PSS:0.2%
Dynol:0.5% Zonyl hole selective contact due to increased
conductivity. This assumption is related with our morpho-
logical observation of the films treated with different
wetting agents and are presented in Fig. 5.

Photocurrent–voltage measurements (Fig. 2c) of the in-
verted OPVs under study were used to further investigate
the effect of PEDOT:PSS additives on the performance of in-
verted OPVs. Fig. 3c shows the measured photocurrent as a
function of diode bias for the three inverted OPVs under
study. Photocurrent measurements can be used to measure
the built-in potential (Vbi) and thus the changes in the en-
ergy barriers at the interfaces between the active layer and
the electrodes [32]. The Vbi was found to be 0.62 V, 0.60 V
and 0.64 V for the M-device, D-device and Z-device respec-
tively. The results do not indicate any change in Vbi since
the difference of 0.02 V for the compared diodes is within
the experimental error. Based on these results, the treat-
ment of the PEDOT:PSS with the different additives is
unlikely to alter the electronic properties of the inverted
OPVs top electrode.

External quantum efficiency (EQE) measurements
(Fig. 3d) represent the percentage of the photons escaping
the source, which are collected as electrons by the termi-
nals of the device for a selected wavelength range. Detailed
analysis of EQE measurements are described elsewhere
[33]. Fig. 3d indicates that D-device shows slightly better
EQE than the Z-device, while the M-device exhibits higher
EQE compared to the other two in agreement with the J/V
plots reported before (Fig. 1a). To confirm the accuracy of
our measurements we calculated the theoretical current
density (Jsc) by multiplying the EQE by the AM1.5G spec-
trum and integrating the result. The small mismatch
(5.3% maximum) between experimental and theoretical
Jsc indicates high accuracy measurements. Table 1 summa-
rise the results and calculations for the three inverted OPVs
under study extracted from illuminated and dark J/V char-
acteristics, photocurrent and EQE measurements.

Box plots of Fig. 4 summarise the performance parame-
ters of the inverted OPVs under study. Three series of cells
with 12 devices each were investigated. We note that the
data presented here have been collected from the same
experimental run but were confirmed and reproduced in
several other independent runs. The box plots of Fig. 4
indicate high reproducibility for all the series of solar cells
reported and this is a result of the detailed optimisation
process performed for all the inverted OPVs under study.
In consistency with our previous comments, Fig. 4a and b
indicates that the inverted OPVs under comparison have
similar Voc and Jsc. On the other hand, over 60% of M-de-
vices exhibit superior FF values compared to D- and Z-de-
vices, indicating the improved hole selectivity achieved by
the new proposed PEDOT:PSS wetting agents mixture.



Fig. 5. Tapping mode (1 lm � 1 lm) AFM measurements. Phase 3D images of (a) pristine PEDOT:PSS PH, (b) PEDOT:PSS:0.5% Zonyl, (c) PEDOT:PSS:0.2%
Dynol and (d) PEDOT:PSS:0.2% Dynol:0.5% Zonyl.

Fig. 4. Comparison of the (a) open circuit voltage (Voc), (b) short circuit current density (Jsc), (c) fill factor (FF), and (d) power conversion efficiency (PCE) for
the solar cells under study.
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Regarding the PCE values we observe that the D-devices
and Z-devices have rather similar performance, and only
a percentage of 25% of D-devices have slightly better PCE
values than the Z-devices. In contrast, Z-devices seem to
have better reproducibility than D-devices. Finally, over
50% of M-devices (using the new proposed PEDOT:PSS



Table 1
Summary of the experimental and theoretical values for the compared devices.

Device Voc (V) Jsc (mA/cm2)a FF (%) PCE (%)b Rp (X cm2) Rs (X cm2) Vbi (V)

Z-device 0.57 9.26(8.77) 60 3.11(3.36) 5481 5.32 0.64
D-device 0.57 9.31(9.02) 61 3.24(3.42) 4812 3.19 0.60
M-device 0.57 9.61(9.65) 64 3.55(3.75) 6327 1.81 0.62

a In brackets the theoretical values of Jsc.
b Average values of PCE after evaluation of over 100 devices. In brackets the maximum values of PCE.
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additive mixture) have a PCE over 3.5%, which is better
than the PCE values obtained for D-devices and Z-devices
(using pristine PEDOT:PSS additives) combined with better
reproducibility performance. Importantly the proposed
additive mixture can be applied in other types of PED-
OT:PSS derivatives and can also be used in combination
with other additives such as ethylene glycol (EG) (see Sup-
porting information Fig. S4). Fig. S4b (Supporting informa-
tion) demonstrates inverted OPVs optimum device
performance and diode behaviour (PCE over 4%) when
PEDOT-PH500 is treated with Zonyl/Dynol mixture 0.7%
and EG 5% to form the hole selective contact.
3.3. The effect of additives on PEDOT:PSS surface topography

In order to examine the surface topography of PED-
OT:PSS buffer layers treated with different processing
additives, atomic force microscopy (AFM) studies were
performed. Pristine PEDOT:PSS solution was coated on
glass because it was unable to be coated on top of the ac-
tive layer due to the poor wetting properties of PEDOT:PSS
on top of P3HT:PCBM. All the other samples were fabri-
cated identically with the layers used for the representa-
tive inverted OPV device structures presented in Fig. 3
and annealed at 140 �C for 30 min before examination.

Fig. 5a, demonstrates the AFM measurement for a pris-
tine PEDOT:PSS buffer layer. The image of PEDOT:PSS films,
in where the bright (positive) and dark (negative) phase
shifts correspond to PEDOT-rich grains and PSS-rich grains
respectively, is in good agreement with the literatures
[18,34] and the surface roughness of this film was found
to be 0.9 nm. Fig. 5b (PEDOT:PSS:0.5% Zonyl) indicates a
slightly different morphology compared to the pristine
PEDOT:PSS films with rougher and more aggregate surface
at 1.2 nm. Fig. 5c demonstrates the AFM image of PED-
OT:PSS:0.2% Dynol films. We observe different surface
topography compared to the other two films with discon-
tinuity in the networks of PEDOT and PSS grains. Despite
that the average roughness measurement for 1 lm2 was
5.4 nm the film looks smoother in particular areas
(3.4 nm) and rougher to other areas in where we observe
the formation of clusters (6.6 nm). We note here that
Fig. 5c was a representative image of the PEDOT:PSS:0.2%
Dynol films and several other images of PEDOT:PSS layers
treated with 0.2% Dynol reveal the same cluster formation.
Fig. 5d demonstrates a representative AFM measurement
of PEDOT:PSS:0.5% Zonyl:0.2% Dynol mixture. The surface
topography observed is closer to the morphology observed
for PEDOT:PSS treaded with Dynol and reveals again the
inhomogeneities on the surface. Despite that, the surface
roughness of the overall area (1 lm2) was found to be
2.6 nm, the smoother areas 1.3 nm and the cluster areas
3.4 nm. The difference in morphology between
PEDOT:PSS:0.5% Zonyl and PEDOT:PSS:0.2% Dynol films is
attributed to the different boiling points of the two wetting
agents. The evaporation rate of Zonyl is higher
(b.p. � 80 �C) than Dynol (b.p. � 320 �C) during the anneal-
ing process of PEDOT:PSS causing different ordering within
the material and different PEDOT and PSS network
arrangement. This different orientation of PEDOT and PSS
chains observed for PEDOT:PSS:0.2% Dynol and PED-
OT:PSS:0.7% mixture compared to PEDOT:PSS:0.5% Zonyl,
seems to be beneficial for inverted OPVs operation, since
inverted OPVs using Dynol or mixture treated PEDOT:PSS
exhibit reduced Rs and better FF than inverted OPVs using
Zonyl treated PEDOT:PSS hole selective contacts (Fig 3a
and b). The effect of pristine Zonyl in PEDOT:PSS is mainly
on the better leakage current observed for the correspond-
ing inverted OPVs, effect which is also evident in the
inverted OPV device performance when a mixture of
Zonyl:Dynol in PEDOT:PSS is used. It has been shown that
morphological and surface topography modifications of
PEDOT:PSS with additives can affect the PEDOT:PSS con-
ductivity values [26].
4. Conclusions

In summary, we presented a detailed study on the role
of PEDOT:PSS wetting agents on the device performance of
inverted OPVs. We have probed the influence of Zonyl, Dy-
nol and their optimise mixture on the wetting, electronic
and surface properties of PEDOT:PSS buffer layers. Various
PEDOT:PSS derivatives ranging in electrical conductivity
properties cannot be used as received to fabricate inverted
OPVs because of the poor wetting properties of the solu-
tions on top of the hydrophobic active layer. The use of
both of the pristine wetting agents assisted to overcome
this issue and thus PEDOT:PSS can be used in highly effi-
cient OPV devices with inverted layer sequence. Although
the processing treatment of PEDOT:PSS buffer layer with
the different additives is unlikely to alter the electronic
properties of the top electrode the surface topography
studies presented revealed altered morphology due to dif-
ferences in the additives boiling points. By understanding
the mechanisms of the PEDOT:PSS wetting agents on the
performance of inverted OPVs we have proposed a
PEDOT:PSS wetting agent mixture of (Zonyl:Dynol) as an
effective route to further increase the hole selectivity of
inverted OPVs top electrode. The best inverted OPV device
performance (higher FF and PCE) achieved when a
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combination of Dynol:Zonyl is used in PEDOT:PSS buffer
layer, as demonstrated in J/V analysis under illumination.
The improved FF is a result of the reduced series resistance
and leakage current observed in the inverted OPVs when
PEDOT:PSS hole selective contact was treated with the
combination of the proposed additive mixture. The pro-
posed additive mixture of (Zonyl 0.5%:Dynol 0.2%) results
in improved reliability and 12% improvement on the PCE
of solution based inverted OPVs.
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