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ABSTRACT: Organic semi-conducting polymers are attractive for their competitive price and their low processability requirements.
Aqueous solutions of these polymers can be deposited with a variety of processes to make thin, flexible and transparent films. Such
films can be used as transparent electrodes in organic light emitting diodes or organic photovoltaic cells. Poly(3,4-ethylene
dioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) is the only PEDOT:polyanion system which is commercially available.
However, other counter-ions such as poly(4-styrene trifluoromethyl(bissulfonylimide)) (PSTFSI) have been shown to stabilize
PEDOT in aqueous solvents and give comparable conductivity and transparency properties to the films. We show that the rheological
properties of these two aqueous systems are especially different. For example PEDOT:PSTFSI inks can form a physical gel even at
low concentrations, making it attractive for processing purposes while PEDOT:PSS shows only minor shear thinning behavior for
concentrations as high as 1 % This difference in behavior is in part due to structural differences between the polyanions: PSTFSI
favors hydrogen bonds while PSS does not. Here, we present a systematic study of the rheological properties and the film properties
of PEDOT:PSTFSI inks for different concentrations and using various deposition processes such as doctor blade, screen-printing,
inkjet, and soft blade deposition. We show that such inks can be adapted to each of these processes by simply tuning the concentration,

making their formulation simple while keeping comparable optoelectronic properties as commercial inks.

INTRODUCTION

Transparent electrodes are used in optoelectronic
devices such as organic light-emitting diodes
(OLEDSs) and organic photovoltaic cells (OPV).
High transmittance and high conductivity® are
required for transparent electrodes. Different
materials are used to elaborate such transparent
elctrodes. The most widely used is indium-tin oxide
(ITO) due to its low sheet resistance, high
transparency and high stability.2 However, the raw
material is expensive and the processing conditions
require high temperatures (which is not compatible
with top electrodes for organic devices) and high
vacuum. Further, ITO based electrodes are not
flexible and need post treatment to tune their so
called work function®® to make them compatible
with the organic layers used in OLED and OPV.
Various alternatives to ITO have been developed for
flexible transparent electrodes: metal layers,
nanomaterials and conductive polymers. To increase
transparency, metals have to be deposited in ultra-
thin layers, which leads to higher sheet resistance
without necessarily improving the transmittance.
Metals can also be deposited in grid patterns which

improves the resistance and the transmittance. Metal
nanowires, carbon nanotubes, or graphene have also
been proposed as alternatives. However, in all these
cases, the process to deposit the pattern (grids) or
synthesize the nanomaterials is complicated and/or
energy consuming. Also the patterns may have other
defects such as electrical voids.>*

To build organic flexible devices, transparent
conductive polymers are a good alternative to ITO.
One advantage of polymeric materials is that they
can be easily deposited by printing processes from
solution. The most commonly used and most widely
studied polymer ink in terms of formulation to
increase conductivity and transparency is poly(3,4-
ethylene dioxythiophene):poly(styrenesulfonate)
(PEDQOT:PSS). This compound has interesting
properties: sheet resistance Rs in the range
50 < Rs < 1000 Q/o and transmittance T in the range
75 < T < 90 %?2. To produce thin films using this ink,

different  deposition  processes are  used:
flexography®,  screen-printing®,  rotogravure’?,
inkjet>1°,  offset, slot-dye'?, doctor blade’?,

3D printing®® etc. Each process has its benefits and



drawbacks and needs an ink with specific
rheological properties.!* For example, a fluid ink
with low viscosity (5-40mPa.s) is needed for inkjet
printing®>®, while a viscous shear thinning ink with
elastic behavior or possessing a yield stress is
required for doctor-blading and screen-printing!”. A
key property to allow a good processability of the
ink is therefore its viscosity and its rheological
behavior. The rheological properties of an ink may
depend on different parameters such as the
deformation y, the processing timet (thixotropic
dy

behavior), the processing shear rate y = —, the

temperature T, etc. Inks may also have a yield stress
T, that is the minimum shear stress t above which
the ink can flow.

To obtain the rheological properties of a solution,
rheometers are usually used. To measure the solution
viscosity, a shear ratey is applied to the ink
contained in different geometry cells and the
corresponding shear stresst is measured. The

viscosity is calculated with the relation TI=§,-

Newtonian fluids, for example, follow the
relation T = ny where the viscosity 7 is constant.
For so called Bingham fluids®®, a yield stress 7, is
present and the stress is written as 7 =ty + ky.
Power-law fluids follow the Ostwald —de Waele
relationship'® 7 = ky™ = n(y)y which leads to
n(y) = ky™ 1. For n<l the solution is shear
thinning. For n>1, on the other hand, the fluid is
shear thickening which is a behavior to avoid for
printing processes. The Herschel-Bulkley model®
covers a large spectrum of behaviors using the yield
stress 7, the flow consistency index k, and the flow
behavior index n: the stress is given by 7 =1, +
ky™. Inks may also show elastic behavior. The
elasticity of the ink is an important property to take
into account. It can be determined using dynamic
oscillation stress sweep. The complex shear modulus
G* = G'+iG" is measured and can be decomposed
into two parts: the storage modulus G’ represents the
elastic behavior of the ink, and the loss modulus G"
gives the viscous contribution. Both are constant in

the linear viscoelastic range. Hook’s law models
ideal elastic fluids: G* = % = cst. In the case of
ideal elastic fluid, G" = 0; for an ideal viscous fluid,
G' = 0. Inthe general case of a so called viscoelastic
fluid: if G"" > G’ the fluid is a viscoelastic liquid,
and if G' > G the fluid is a viscoelastic gel (or soft

solid).??

Herein we will focus on the formulation and
characterization of a conductive polymer similar to
PEDOT:PSS. Indeed, to stabilize PEDOT in water,
other counter-ions can be used such as the polyanion
poly(4-styrene  trifluoromethyl(bissulfonylimide))
(PSTFSI)?2. As we will show below, this ink can be
formulated using standard additives as for
PEDOT:PSS for wettability and conductivity
properties but presents a serious advantage: the
rheology of the ink can be tuned over a wide range
of behaviors by simply changing the concentration
of the polymer. Small changes of this concentration
allows going from very fluid inks to gel-like
solutions. This versatility makes for a simple
formulation of PEDOT:PSTFSI inks for a wide
variety of deposition processes. The impact on the
outcome of different printing processes will be
discussed. Different types of deposition processes
(doctor blade, soft blade, inkjet, and screen-printing)
will be used to illustrate the resulting film properties
in terms of homogeneity, conductivity, and
transparency.

RESULTS AND DISCUSSION

The aim of this study is to formulate the
PEDOT:PSTFSI inks for different deposition
processes. Two crucial properties control the
processability of the ink: the rheological properties
controlled by the structure of the polymers as well as
the concentration and the wetting properties which
are partially controlled by the surface tension of the
ink (to be compared with the free surface energy of
the substrate).

I) Ink Characterization: Rheology - from

Newtonian to shear thinning and gel like
solutions

Figure 1 displays the shear stress T versus shear
rate ¥ and the viscosity obtained as n = % for inks

with  different  concentrations.  For  low
concentrations, the solutions behave as Newtonian
fluids as the stress varies linearly with the shear rate
and the viscosity is roughly constant. As the
concentration increases, the viscosity is no longer
constant but varies with shear. This regime can be
modeled using the power-law (PL)*® model 7 =
ky™. For higher concentrations, two regimes appear.
For high shear rates, the fluid continues to behave as
a PL fluid. However, for lower shears the rheological
behavior changes and the Herschel-Bulkley (HB)
model*® becomes more relevant: T = 7, + ky™.
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Figure 1. Rheological behavior of PEDOT:PSTFSI inks measured with a shear rheometer (cone plate geometry: 50 mm diameter and 1°
angle): a) shear stress versus shear rate and b) viscosity versus shear rate obtained by applying shear rate ramps at 18°C. The lines are fits to
the data using the power model (red) or the HB model (grey). The numbers are the values of the parameter n.

Two regimes are therefore observed (grey and red
regions in Figure 1). In the grey region, for low shear
rate and high concentrations, the solutions behave
according to the HB model. In the red region on the
other hand, the yield stress is either too low to be
measured or completely absent and the solutions
behave as PL fluids. Figure 2 shows the yield stress
T, [Figure 2.a] and the flow behavior index n
[Figure 2.b]. The yield stress becomes measurable
after a threshold near 0.5 %w: and increases with the
concentration. The flow behavior index n starts
near 1 for low concentrations, which behave as
Newtonian fluids, and decreases with the increase of
the concentration, indicating that the ink becomes
more and more shear thinning. The value of n
extracted in the HB regime depends mildly on
concentration and has a value near 0.6. For the high
concentrations, the increase in shear rate at which
the change in regime for a HB to a PL fluid occurs is
not constant and increases with the concentration.
We believe that this change in behavior comes from
the fact that the PSTFSI polyanion creates hydrogen
bonds near the nitrogen atom?® [Figure 3] and that
the yield stress is the result of these hydrogen bonds.
This is consistent with the increase in the yield stress
with concentration. The increase in shear must break
such bonds and therefore drastically reduce the yield
stress and induce a change in the rheological
behavior from an HB fluid to a PL fluid.

'—102 E T T T T T T T a)
nof . Yiels stress fluid
|—|10 3 -
l--'CJ o
[7)] 10 = | |
o -
31073 .
© ] ..
01021 Shear thinning
>_ -
10'3 T T T T T T T TT] 1
0.1 _ 1
Concentration PEDOT [%_]
T 1 " T T T T T 1 rir I
104 ® b)
[ ]

1 R
Newtonian

T

Shear \ -

{m Herschel-Bulkley| Thinning °
® Power Law

LI ' T T
0.1 1
Concentration PEDOT [% ]
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regime (red region) parameters obtained from the shear stress
curves of PEDOT:PSTFSlsokpa inks [Figure 1]: a) yield stress t,
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Besides concentration effects, both the viscosity
and the yield stress can be varied by changing the
molar mass of the polyanion. Experiments using
different molar masses of the polyanion have shown
that higher molar masses lead to higher viscosities as
expected. Further, increasing the molar mass also

increases the vyield stress: for a polyanion of
250 kDA molar mass instead of 80 kDA as for the
above results, the yield stress increases by almost an
order of magnitude for identical concentrations [See
Figures S.1 and S.2 in Supplementary Information].
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Figure 3. Structure and schematic representation of the complex PEDOT:PSTFSI (poly(3,4-ethylene dioxythiophene):poly(4-styrene
trifluoromethyl (bissulfonylimide)) showing probable hydrogen bonds?® between polyanions.

To complete the above shear rheology
measurements, we have performed dynamic
oscillatory stress sweep measurements: a sinusoidal
shear stress t(t) = 74 - sin(wt) is imposed to the
fluid and the corresponding deformation y(t) =y, -
sin(wt + @) is measured (where y, and t, are
amplitudes, w = 2m-f is the imposed angular
frequency which was fixed at 27, and ¢ is the phase
shift between the deformation and the shear stress).
The complex dynamic modulus G* is then expressed

as:G* = % = G' + iG" where the storage modulus

G' and loss modulus G" represent the elastic and
viscous parts of the viscoelastic behavior. When G’
is higher than G”, the ink has a gel-like behavior.?
The higher G' and G"' are, the more elastic the gel is.
The gel behaviors of PEDOT:PSTFSlgokpa inks are
displayed in Figure 4. For concentrations under
0.55 %, i.e. in the red region where we have
previously shown that the ink has no yield stress, the
ink is more viscous than elastic. By increasing the
concentration, G’ and G"' increase and G'' becomes
smaller than G': the ink becomes more elastic. The
limit between the two regimes appears when G’
G'" = 50mPa and corresponds to a concentration of
about 0.6 %. This is precisely where the H.B.
behavior sets in and the solution becomes a yield
stress fluid.
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Figure 4. Rheological behavior of PEDOT:PSTFSI inks measured
with a shear rheometer (cone plate geometry 50 mm/1°): a)
storage G’ and loss G" modulus obtained at a frequency of 1 Hz at
18°C for PEDOT:PSTFSlIsokpa at 0.99 %wt in water versus stress. b)
average value of G’ and G" in the linear viscoelastic range (i.e. in
the plateau region of Figure 4.a) versus concentration.



To summarize these rheology measurements, we
have shown that the viscosity and elasticity of
PEDOT:PSTFSI inks can be tuned by simply
varying the concentration. This renders the
formulation of such inks simple for different
deposition processes going from inkjet printing
which requires low viscosity Newtonian solutions to
screen printing which requires elastic fluids.
Changing the molar mass of the polyanion is also
another means to tune the rheological behavior as it
changes the viscosity, the yield stress, as well as the
elasticity of the solutions.

Our solutions compare favorably with commercial
PEDOT:PSS inks. For example, we have measured
the properties of two commercial inks, Orgacon
1J 1000 (from Sigma Aldrich) and Clevios PH 1000
(from Heraeus) which can be used in inkjet printing.
We have found slightly shear thinning behavior for
the two inks with values of the viscosities in the
range 0.3-1.4 Pa.s for 102 s and 0.01-0.02 Pa.s for
10%s. The storage and loss moduli for the two
solutions  were,  respectively, G' = 0.44+
0.01 Pa < G" =0.71+0.01 Pa and G' =0.11 +
0.01 Pa < G" = 0.50 £+ 0.01 Pa. Another
commercial ink used in screen-printing, Orgacon
EL-P 5015 (from Sigma Aldrich) was characterized:
a high shear thinning behavior was found with
viscosities in the range 1.2 - 105 Pa.s for 10 s*and
1.7 Pa.s for 10°s?, and a storage modulus G’ =
237 + 6 Pa higher than the loss modulus G" =
99 + 2 Pa. To obtain this behavior for the
commercial inks, PEDOT:PSS inks have to be
concentrated to more than 5 %wt, Which is energy
and time consuming. It must be emphasized that
commercial PEDOT inks are already formulated
complex fluids with a variety of different additives
to tune their rheological properties. For the
PEDOT:PSTFSI solutions studied here, only the
concentration was changed to go from fluid like
solutions to gel like ones.

Il) Wettability: inks’ surface tension versus
substrate’s surface energy

While rheology controls a number of properties
relevant to the processing of inks, another important
ingredient is the wettability of the substrate. The
wettability is in part controlled by the surface tension
of the solution: adapting surface tensions allows
good wetting and a good adhesion of the ink onto the
substrate. The inks used here have therefore been
characterized by measuring their surface tensions.
For dilute solutions of PEDOT:PSTFSI (0.5 %wt) we

obtain the same surface tension as water
(= 72 mN/m). By adding 0.04 % surfactant (Zonyl
FS-300 fluorosurfactant) or more to
PEDOT:PSTFSI, the surface tension of the inks
decreases drastically to almost 24 mN/m. The
concentration 0.04 % of surfactant was chosen as
it is above and near the critical micelle concentration
of the surfactant in pure water (See Figure S.3 in
Supplementary Information).

For higher concentrations of PEDOT:PSTFSI
(1 %wt) without surfactant, we obtain a surface
tension of roughly 55 mN/m. For these high
concentrations, the PSTFSIK itself is surface active
as solutions of this polyanion at a concentration of
1% have surface tensions near 60mN/m (See Figure
S.4 in Supplementary Information). The addition of
surfactant (0.04 %uw: of Zonyl FS-300) to these high
concentration solutions reduces the surface tension
further to values near 24 mN/m. The addition of
surfactant may change the rheology of the solutions,
however, measurements with and without surfactant
show similar viscosities [See Figure S.5 in
Supplementary Information].

For inkjet printing, surfactant must be added as it
makes for a better wettability of the substrate.
Indeed, and in the absence of surfactant, dewetting
of drops on a glass substrate is observed leading to
non-homogeneous films. Addition of surfactant in
this case, improves the homogeneity of the films.

For doctor blade processing, the 1 %u
PEDOT:PSTFSI allowed a good deposition on glass
surfaces without need for surfactant. However,
surfactant must be added for plastics like PET: the
surface tension of the liquid needs to be lower than
the surface energy of the substrate to have a
complete wettability. The surface energy of glass
was measured at 60 = 39 mJ/m2 with an equal polar
and dispersive part compared to the one of PET
which was measured at 40 + 18 mJ/m?2 with a polar
part ten times lower than the dispersive part. For the
1 %w PEDOT:PSTFSI, good wettability is obtained
on glass (contact angle of 15°) while on PET the
contact angle is four times higher and surfactant has
to be added for good wettability.

For screen-printing, the screen has, with its
roughness, a surface free energy of 20£1 mN/m
almost completely dispersive (18.5£1 mN). As we
will see below, this partially explains the difficulty
of the ink to flow through the mesh of the screen and
the consequent inhomogeneity of the films obtained.



The addition of surfactant in this case does not
change the outcome considerably.
lll) Processing: Inkjet printing, Doctor blading,
Screen-printing
In general and in order to process inks using
different techniques, different formulations have to
be used. These formulations based on the use of
different additives, adapt the rheological properties
of the inks to the requirements of the printing
technique. For example, inks for inkjet printing need
to be of low viscosity and possess little elasticity.

On the other hand, inks adapted for doctor blading
need to be shear thinning and, ideally, possess a yield
stress. For screen-printing applications, gel like
shear thinning solutions are preferred. In all these
cases, the wetting properties of the inks on the
substrates used have to be controlled as well.

The interest of the present system
(PEDOT:PSTFSI), as we have shown in section I, is
that one can go from a very fluid system to a gel like
solution by simply changing the concentration. A
change of the polyanion's molar mass is also another
means to change the solution behavior. Thus, as far
as the rheology is concerned, the formulation is
simple.

These solutions can also be formulated to tune the
wettability of the substrates through the addition of
surfactant. For PEDOT based systems, it has also

been shown that the addition of a high boiling point
solvent (dimethyl sulfoxide (DMSOQO) or ethylene
glycol (EG)) can enhance the conductivity of the
films several fold.?* For this purpose, we have used
0.04 %uw: surfactant (Zonyl FS-300 fluorosurfactant)
to enhance the wettability of the glass substrates
used and 5% of a high boiling point solvent
(DMSO, but test using EG have also been carried out
with similar results) to enhance their conductivity.
We have checked that the rheological and wettability
properties are reasonably the same with and without
5 %o 0f DMSO or EG [See Figures S.5 and S.6 in
Supplementary Information].

This section focuses on processing the
(PEDOT:PSTFSI) inks using different techniques,
inkjet printing, doctor blading, screen printing, and
soft blading. In the following, we first give the
properties of the films and in the next section we
show the optoelectronic properties of the obtained
films.

For inkjet processing, Newtonian low viscosity
solutions are recommended. In our case, a
PEDOT:PSTFSIlsokpa ink at concentrations under
0.55 %w. has no yield stress and may even be
Newtonian at lower concentrations. The viscosity of
our inks at 0.5% w: is similar to that of the
commercial PEDOT:PSS inks (Clevios PH 1000 and
Orgacon 1J 1000).
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Figure 5. Photos of a drop of 0.5 %w PEDOT:PSTFSI sokpa ink ejected during inkjet printing from a 50 pum nozzle and schematic of the
speed of the drop divided in three zone : A) drop attached to the capillary, B) detachment of the drops (one principal and one satellite) and
then merging of the satellite drop with the principal drop, C) free falling of the drop at a speed near 1 m/s.

We have used the 0.5 %uw:. solution to make films
using an inkjet printer. Before use, the solution was
sonicated for a few seconds and filtered with a
0.45 um PTFE filter. Very stable drops can be

obtained from the printer nozzle. For higher
concentrations however, 0.7 %w. for example,
printing becomes very difficult, and the drops are
highly unstable and create several satellite drops.



Clearly, low concentrations and absence of yield
stress play an important role. Considering that the
drop ejection speed is of the order of 1-10 m/s (** and
[Figure 5]) and that the inkjet nozzle diameter is
50 um, the shear rate at the nozzle can be very high
and roughly y =~ g =2-10*—-2-10°s"1 . The
viscosity of the solution at 0.5 %w can be
extrapolated to this shear rate by using the power law
parameters, as n = ky™~! = 2 — 7 mPa.s which is
close to the viscosity recommended for inkjet
printers (5-40 mPa.s)*,

For doctor blading, a viscous ink is recommended
to reduce retraction or spreading effects near the
contact line. The presence of a yield stress and an
elastic modulus are beneficial since spreading or
retraction can also be reduced or inhibited. We have
used a concentration of 1 Y%wt of
PEDOT:PSTFSlsokoa Which has a yield stress t,, of
about 1 Pa and an elastic modulus G’ of about
100 Pa.

The films obtained using the inkjet printer as well
as the Doctor blade are shown in Figure 6. The
schematics give a brief overview of the techniques
and the photographs show the obtained films. For
both techniques, the films are relatively
homogeneous and their mean thickness profile was
obtained using a profilometer.

For screen-printing, the inks need to be highly
shear thinning and to have sufficient elastic moduli.
The ink should be able to flow through the mesh
when the squeegee applies a high shear, but the ink
layer should gel on the substrate to hold in place. For
this last deposition process, we have used different
solution concentrations between 0.9 and 1.4 %w:. All
these solutions have the right viscoelastic properties.
However, and despite the fact that the rheology of
the fluid is in the desired range, heterogeneous films
were obtained [Figure 6]. We believe that the
heterogeneity is due to wettability problems of the
solutions with respect to the screens used as alluded
to in section 11.
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Figure 6. Schematics of the deposition processes and photos of films deposited by a) doctor blade, b) inkjet and c) screen-printing.

Last, an attempt at printing heterogeneous patterns
in the form of parallel lines has been carried out. It
has been shown that for aqueous shear thinning

solutions, with a high extensional viscosity and

capillary number Ca = n(yrﬂ in the range of 1073-

107, thin lines can be deposited by using a soft blade
deposition technique on hydrophobic substrates.?®
The extensional properties of 1%t
PEDOT:PSTFSI gokpa inks, which have a Ca in the

desired range, are not sufficient and the deposition
gives rise to aligned drops as can be seen in
Figure 7.a. In order to increase the extensional
properties of the solution, a high molar mass neutral
polymer, PEO g o00 kpa, Was added. High molar mass
polymers such as PEO are known to increase the
extensional properties of aqueous solutions®. The
rheology of the solution, and therefore the value of
the capillary number, was tuned by varying both the



concentration of PEO and PEDOT:PSTFSI. The
optimized formulation of 0.3 Y%out
PEDOT:PSTFSlgokpa and 5000 ppm PEO 000 kpa
allows to form lines using deposition speeds
between 0.1 and 2 mm/s. Figure 7.b shows both the
formation of lines and drops connected by lines

during the deposition process and Figure 7.c shows
more developed lines observed after the drying of
the ink. No surfactant was added for these
experiments. Indeed, in this technique the dewetting
of the ink onto the hydrophobic substrate is essential.
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Figure 7. Schematic of the soft blade depositions process (the ink was deposited under the blade and the substrate, a silanized glass, was then
moved at different speeds) and photo of the depositions: a) aligned dots (1 %w PEDOT:PSTFSI sokpa); b) lines of 0.3 %wt
PEDOT:PSTFSI sokpa + 5 000 ppm PEO s o000 kpa during the deposition, and c) after drying (phase contrast image).

of the deposited films:
properties for transparent

IV) Characterization
optoelectronic
electrodes

In this section, we discuss the properties of the
films obtained in the previous section in terms of
their optoelectronic properties: the conductivity of
the films and their transparency.

The electrical conductivity o of the films, which is
the intrinsic property related to the mobility of the
materials’ electrical charges, was calculated using
the thickness t (obtained with a profilometer), and
the sheet resistance R, (measured with a four-point

probe) with the relation: =

tXRg
The transmittance T of the films was measured
with a UV-spectrometer at 550 nm: T' = Iiwherel is
0
the transmitted intensity and I, is the intensity of the
incident light.

To compare transparent electrodes, the most
commonly used feature is the so called Figure of
Merit (FoM)?’*8, This FoM is the ratio of the

electrical conductance o¢;, on the optical
conductance g, defined as follows: FoM = —;"ic =
opt

188,5

n where R; is the sheet resistance, and
(\/TSSO nm_l)RS

Tss0 nm 1S the transmittance at 550 nm of the printed
films.

Our results are summarised in Table 1 which
shows the rheological properties needed for each
process, inkjet, doctor blade, screen-printing, the
concentration ranges relevant for these processes, as
well as the optoelectronic properties of the films
obtained.

Note that sheet resistances in the range 55-
128 Q/o (doctor blade) and 100-180 Q/o (inkjet)
were measured for films of thicknesses comprised
between 190nm and 580 nm. The measured
conductivities (230-320 S/cm) for films obtained
with doctor blade coating and (240-380 S/cm) for
films obtained using inkjet printing are roughly the
same. Such values are comparable, albeit smaller, to
the conductivity of ITO (in the range of 10° S/cm)?.

Depending on the thickness, different
transmittances between 72 and 93 % (72-86 % for
doctor blade and 85-93 % for inkjet printing) were
measured, which is in the range of the transmittance
of ITO films (80-95 %2).



Table 1. Formulation and rheology needed for three depositions processes and corresponding optoelectronic properties

. Shear Elasticity & | [PEDOT: PSTFSIgyipal t o T
Process | Viscosity | ypinning | Viscosity (Yowt) om) | ©rem) | @) | FOM
Weak Not
Inkjet 5-40 mPa.s necessar G <G’ =0.5 268+102 | 29776 90+4 274
' y
Doctor Intermediate Not
(0.1-10 Pa.s necessar G>G ~09-1 458+224 | 276+33 | 8049 19+2
Blade 3
for 1-10°s-1) y
Screen- High
L (1-100 Pa.s Yes GC>G 09<C<14 Inhomogeneous layer [Figure 6]
printing | 5 1.10° s-1)
Our measurements, Table 1, show that a FoM MATERIALS AND METHODS

between 16 and 23 is obtained for films deposited by
using doctor blade processing while for films
obtained using inkjet printing, which are more
transparent but have similar conductivities, a FoM
between 23 and 31 is obtained. These results are near
the minimum FoM needed for transparent electrodes
in industry, evaluated at 35 (Rs<100 Q/o, and
T>90%). Clearly, PEDOT:PSTFSI is a good
candidate for making transparent and flexible
electrodes.

CONCLUSIONS

This study has shown that PEDOT:PSTFSI inks
can be easily formulated to be used in various
deposition processes. No viscosity enhancers or
other additives are needed to obtain viscous or gel
like water-based inks. The processability of these
inks is controlled by their viscosity and rheological
properties, which can be tuned by simply varying the
concentration of the solution or the molar mass of
the polyanion. Formulation with neutral high molar
mass polymers allows increasing the extensional
properties of the inks and enables deposition through
a soft blade technique for the formation of linear
patterns. Finally, formulation with surfactant further
improves the wettability of the ink, while the use of
high boiling point solvents as conductivity
enhancing agents allows increasing the conductivity
of the dried ink layers without modifying the
rheological properties of the ink. Interestingly, the
optoelectronic features of PEDOT transparent
conductive films were maintained whatever the
deposition technique used. Both doctor blading and
inkjet printing showed good promise, for further
industrial and academic developments, reaching
figures of merit up to 31.

) Materials

The chemicals used during the synthesis are the
following. Acetone, ethanol, isopropanol, oxalyl

chloride, sodium 4-vinylbenzenesulfonate,
dichloromethane, hydrochloric acid, potassium
carbonate, 2,2’-azobis(2-methylpropionitrile)

(AIBN), Ammonium persulfate and iron I1 chloride
were purchased from Sigma Aldrich. N,N-
dimethylformamide (DMF) and Dry-Acetonitrile
are from Acros; triethylamine and sodium
bicarbonate are from Fisher;
trifluoromethanesulfonamide and S-dodecyl-S'-
(o,a’-dimethyl-a’"-acetic  acid) trithiocarbonate
(CTA) from ABCR. Lewatit S100 KR and MP 62
WS were purchased from Lanxess.

All  products were used without further
purification.

To formulate the ink, Dimethyl sulfoxide
(DMSO), Zonyl FS-300 fluorosurfactant and

Polyethylene oxide (PEO) (Mw: 8000kDa) (from
Sigma Aldrich) and Ethylene glycol (EG) (from
Fisher) were used.
) Methods
Synthesis: from monomer to polyanion to complex
PEDOT:PSTFSI
The synthesis of the monomer potassium 4-styrene
trifluoromethyl (bissulfonylimide) (STFSIK) was
performed as described in the literature®®. A yield
around 40% was obtained. The synthesis of the
polyanion potassium salt of poly(4-styrene
trifluoromethyl  (bissulfonylimide)) (PSTFSIK)
followed previous studies®® with a yield around 50%.
The chemical structure of the STFSIK and PSTFSIK
were checked using H-NMR spectroscopy. They



were recorded on a Bruker Avance Il HD 400
equipped with a 5 mm Bruker multinuclear direct
probe. The measurements were done in deuterated
DMSO at 298 K and 100.7 MHz. The molar mass of
the PSTFSIK was tracked by size-exclusion
chromatography (SEC) in DMF with LiBr, using
toluene as flow marker. The measurements were
done at 75°C on an Agilent PL-GPC 220 High
Temperature  Chromatograph  calibrated  with
polystyrene standards. Two molar masses were
obtained: i.e. 80 and 250kDa.

The synthesis of the complex poly(3,4-
ethylenedioxythiophene):poly(4-styrene
trifluoromethyl (bissulfonylimide))
(PEDOT:PSTFSI) was done as described in the
literature3!. The solution was then concentrated
using an ultrafiltration cell. The concentration of the
solution was checked by using a UV-360 Shimadzu
UV-VIS-NIS-Spectrophotometer. The absorbance
was measured in a 1 mm optical glass cell and then
related to the concentration by using the Beer-
Lambert law determined previously as C = 0.565 %
Abs. A hydrodynamic radius of 120-150 nm was
measured using Dynamic Light Scattering (DLS) on
diluted solutions of the complex
PEDOT:PSTFSI gokpa.  Liquid  Atomic  Force
Microscopy (AFM) was performed on a Bruker
Dimension FastScan AFM to characterize the
topology of polymers in very diluted solutions
deposited on HOPG (Highly Ordered Pyrolytic
Graphite) [See Figure S.7 in Supplementary
Information]: the thickness of the complex
PEDOT:PSTFSlgkpa is in the range of few
nanometers (1.5-4 nm), and its width is in the range
of 15-30 nm. During the measurement, the polymer
lies flat on the substrate which explains the
difference of one order of magnitude between the
thickness and the width.

Substrate preparation

Before printing, microscope slides were cleaned
by sonication for 15 minutes in ethanol, acetone and
isopropanol. For the soft blade deposition, glass
slides were silanized using Octadecyltrichlorosilane
(OTS)® in toluene®? and then washed with
chloroform. The purpose of this reaction is to
functionalize a hydrophilic surface containing
hydroxyl groups and render it hydrophobic. A Kriss
Drop Shape Analyzer DSA100 was used with a
contact angle method to measure the surface free
energy of the silanized glasses at 20 mN/m with
almost only a dispersive contribution. A contact

angle between water drops and silanized glass of
107° was obtained.

Formulations of PEDOT:PSTFSI solutions

The PEDOT:PSTFSI inks at different
concentrations (from pure water to 1.42%uwt) were
then formulated with 5 %.q of a high boiling point
solvent (DMSO or EG) to increase the final
conductivity?#33 after deposition, and sometimes
0.04 %w: anionic fluorosurfactant (Zonyl FS-300)
was added to decrease the surface tension of the ink
from 72 to 24 mN/m and allow deposition onto
plastic substrates by doctor blade and inkjet, or to
allow the ink to flow through the mesh of the screen
in screen-printing. The concentration 0.04 %uw: of
surfactant was chosen as it is above and near the
critical micelle concentration of the surfactant in
water [See Figure S.3 in  Supplementary
Information]. The rheological properties of
PEDOT:PSTFSI inks formulated with and without
surfactant and/or high boiling point solvent were
measured and found quite similar to the properties of
the solutions with no additives [See Figure S.5 in
Supplementary Information].

For the soft blade deposition, a high molar mass
neutral polymer (PEOsoookpa) Was used to increase
the elasticity of the ink.

Processing of PEDOT:PSTFSI inks

Four depositions processes were used: doctor
blade to deposit flat tint, screen-printing and inkjet
to print patterns (with and without contact)
[Figure 6].

An Erichsen Doctor Blade was used to deposit inks
on microscope slides. Different air gaps were used
between 50 and 150 um with a speed of 5 or
10 mm/s.

Asingle nozzle Microfab Jetlab4 inkjet printer was
used with a MJ-ATP-01-050 nozzle. Different
parameters were adjusted to stabilize drops. Printing
was done on glass.

For screen-printing, a mask was first created on a
screen (mesh size of 150 wires/cm with a diameter
of the wires of 30 um): the designed pattern was
printed with a Studio 3005AC Toshiba copier two
times on PET to create a mask. Then a CDF Vision
15um or 30 pum emulsion (a diazo dual-cure
capillary film) was placed on the screen with
deionized-water. After drying, the mask was
exposed 7 to 10 minutes to UV-light and then
revealed using a Karcher pressure washing. An
EKRA X5 screen-printer was then used with



squeegee in modified polyurethane and the dried
screen. The ink was deposited with a pressure of
120 N, an air gap between the screen and the
substrate of 1 mm, and a squeegee speed of
180 mm/s.

Inkjet and screen-printing were done at the
platform ELORPrintTec (clean room environment).

Soft blade processing has been shown to allow the
deposition of lines of a water-based polymeric ink
on a hydrophobic substrate by using the instability
of the contact line near the blade®: lines should be
obtained for capillary numbers Ca in a certain range
(102-101) and with highly shear-thinning polymer
solutions. Depositions were done with a sheet of
Mylar 1.5 x 4 cm? with a thickness of 200 um as soft
blade. In this deposition technique, the blade was
fixed and the speed of the substrate was set between
0.02 mm/s and 20 mm/s on silanized glass. Images
of the obtained films and patterns were recorded
with a Hamamatsu Orca flash 2.8 fast camera.

Drying of the films

After each of the three first deposition processes,
PEDOT:PSTFSI patterns were dried 5 minutes at a
temperature of 120 °C. For the soft blade, the lines
dried before the end of the deposition at ambient
temperature.

III) Characterizations

Characterization of the formulated inks

An Anton Paar MCR302 rheometer was used with
a CP50-1° geometry (cone 50 mm — 1° / plate).
Different shear rates and shear stresses were applied
to measure the shear viscosity and the viscoelastic
behavior of the solutions.

A Kriss Drop Shape Analyzer DSA100 was used
to measure surface tensions of the fluid solutions

using a pendant drop method and a Young-Laplace

model: AP = (Pypy — Poye) =T (Ri1 + Riz) where AP

is the pressure difference at the interface between the
drop and the surrounding air, R, and R, are the
principal radii of the drop, and I' is the surface
tension of the fluid343>. For concentrated solutions,
the surface tension was measured using Tate’s law:
Marop X g = 2T X Tegpinary X I Where mg,.q, is
the weight of one drop, g is the gravitational force,
Teapiuary 1S the internal radius of the needle, and I" is
the surface tension of the fluid3¢3’.

Characterization of the depositions

A Bruker Dektak XT-A profilometer was used to
measure the thickness of the films.

A Jandel RM3-AR four point probes was used to
measure the sheet resistance of the films.
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