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Effect of surface tension and drying time on inkjet-
printed PEDOT:PSS for ITO-free OLED devices

ABSTRACT

Highly conductive PEDOT:PSS is one of the most promising materials for indium tin oxide (ITO)
substitution in printed electronics. Here, we report the development and optimisation of two
PEDOT:PSS ink formulations for the fabrication of inkjet-printed transparent conductive layers.
Starting from aqueous commercial solutions, co-solvents and a non-ionic surfactant were employed
to modify the surface tension, improve the wetting capability of the ink, and obtain uniform and
homogeneous thin films. In particular, the quantities of ethanol and surfactant were systematically
adjusted to determine the optimal conditions for inkjet printing. The results demonstrate that a
surface tension value between 28 and 40 mN/m and approximately 40 vol.% of a low-boiling-point
co-solvent are fundamental to ensure the proper wetting of the glass substrate and a quick-drying
process that confers uniformity to the printed thin film. The printed PEDOT:PSS thin films show
good morphological, optical, and electrical properties that are similar to those observed for the
corresponding spin-coated layers. The organic light-emitting diodes (OLEDSs) fabricated with the
inkjet-printed PEDOT:PSS electrodes showed a maximum quantum efficiency of 5.5% and
maximum current efficiency of 15 cd/A, which is comparable to spin-coated reference devices.
These results demonstrate the great potential of polymeric electrodes for the fabrication of high-

efficiency printed OLED devices that are compatible with flexible and stretchable substrates.
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1. Introduction

Organic electronics is a research field of growing interest because they are a low-cost alternative to
traditional electronics in terms of both material costs and manufacturing processes. In this context,
organic light-emitting diodes (OLEDs) have emerged as one of the most promising device
architectures for solid-state lighting and displays owing to their various advantages such as light
weight, flexibility, high luminous power efficiency, low power consumption, large viewing angle,
and cost advantages compared to inorganic devices [1].

Several fabrication techniques can be used to produce such devices; however, contemporary highest
quality OLEDs are fabricated through thermal evaporation, which has a high cost and low
scalability [1]. Efficient solution-based deposition processes are required to produce large-area
electronic devices and reduce fabrication costs. In particular, spin-coating [2], dip coating [3], and
blade coating [4] processes have been developed, but they have several disadvantages. Such coating
technologies involve the wastage or contamination of a large amount of material; furthermore, these
types of processes are better suited for small-size applications and are extremely non-specific. In
recent years, printing technologies have attracted attention because they can be employed for the
fabrication of low-cost and large-area electronic devices using simple and easily scalable additive
processing [5]. Specifically, inkjet printing ensures high-resolution and high-speed deposition with
minimal material waste [6]. It is a non-contact and mask-free deposition method; therefore, it can be
used for the fabrication of multilayer structures without the application of patterning processes
[5,6]. During the last decade, significant results have been achieved by printing OLED layers, such
as hole injection and emitting layers [7-9], even if the production of efficient fully printed devices
is still challenging.

Among the possible printable materials for OLED  manufacturing, poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) is a water-soluble polymer that is
widely used both as a hole injection layer and an electrode. In particular, there are numerous papers

related to the development of methodologies to improve the conductivity and morphology of



PEDOT:PSS thin films for use as transparent conductive electrodes in optoelectronic devices. High
boiling point solvents (ethylene glycol (EG) and dimethyl sulfoxide (DMSO)) [10,11], polyethylene
glycol (PEG) [12], surfactants [13], and ionic liquids [14] are some examples of additives employed
to obtain highly conductive PEDOT:PSS thin films. Moreover, several post-treatments have been
developed with the same aim [15,16]. However, most of the formulations developed in the above-
mentioned works cannot be used in printing technologies without modification. Indeed, most
printing and innovative deposition techniques require specific rheological and surface tension
properties to obtain high-quality thin films. PEDOT:PSS formulations for gravure printing [17],
spray coating [18], and inkjet printing [9] have already been developed. In particular, the quality of
an inkjet-printed thin film is strongly affected by the ink formulation and ink-substrate interactions.
The surface tension, viscosity, and solid content of the ink must be modulated to optimise the
jetting process [19]. Furthermore, the ink/substrate interface should be evaluated to obtain uniform
thin films [19]. Indeed, when a drop is placed on a surface, there are two opposite behaviours that
can occur. High surface tension usually leads to contact line recession and dewetting phenomena
[20]; in contrast, when the contact line is pinned on the substrate, the evaporation rate of the drop is
greater at its edge and the so-called “coffee ring” effect is observed [21]. Both pinning and contact
line recession are two unwanted effects that worsen the uniformity of printed thin films. By
modulating the properties of the ink formulation, it is possible to balance the effects and deposit
uniform and homogeneous thin films [22].

Inkjet-printed PEDOT:PSS has been developed and reported for various applications, such as
stretchable electrical connections and circuits [23], transistors [24], and RC filters [25]. Many
studies have been conducted on the inkjet printing of low-conductivity PEDOT:PSS that can act as
hole injection and transport layers for use in optoelectronic devices. In 2009, Eom et al. fabricated a
solar cell using an inkjet-printed PEDOT:PSS hole transport layer [26]. In particular, they observed
that the addition of glycerol and surfactant to the PEDOT:PSS inks can improve the surface

morphology and conductivity of the thin films. In the same year, Steirer et al. developed another



solar cell based on an inkjet-printed hole transport layer by investigating the effect of drop spacing
and substrate temperature on the quality of the printed thin film [27]. In 2011, Ely et al. described
an inkjet-printed hole injection/transport layer based on PEDOT:PSS, glycerol, and Triton X-100
[28]. To simulate an OLED pixel structure, an array of SU8 (epoxy-based photoresist) wells was
fabricated on indium tin oxide (ITO)/glass substrates, and various surface treatments were tested to
control the wetting properties. More recently, Singh et al. investigated the effects of substrate
surface treatments, drop spacing, and substrate temperature on an inkjet-printed PEDOT:PSS hole
transport layer for solar cells [29]. The effect of different organic co-solvents on PEDOT:PSS inkjet
printed onto ITO-coated polyethylene terephthalate (PET) substrates was also researched. In
particular, diethylene glycol (DEG), triethylene glycol (TRIEG), tetraethylene glycol (Tetra EG),
and PEG were used to prepare different formulations [30]. It was observed that the molecular
weight, dipole moment, and boiling point of the co-solvents strongly affected the electrical
conductivity, morphology, and transparency of the printed thin films. Recently, a hybrid
PEDOT:PSS/PEG formulation was used to inkjet print a hole injection layer for OLED devices [8].
Inkjet-printed PEDOT:PSS was also employed as the top transport layer in a solar cell. In this case,
because the hole transport layer was deposited on top of an organic layer, it was necessary to
properly evaluate the surface energy mismatch and dewetting phenomena. A specific formulation
was developed using a combination of solvents and surfactants [31].

Regarding the inkjet printing of highly conductive PEDOT:PSS, different works have been reported
in the literature and are summarised in Table S3. In the aforementioned works, the ink optimisation
process is often not discussed or only discussed in terms of its effects on the characteristics of the
printed film; however, it is not correlated to the rheological and wetting properties of the ink. For
this reason, the focus of our work is to determine a relationship between the rheological and surface
tension characteristics of PEDOT:PSS inks and the macroscopic (coffee ring or dewetting) and
microscopic (AFM characterisation) quality of the printed film. In this work, using two

commercially available PEDOT:PSS solutions (Clevios™ PH1000 and Clevios™ HIL E 100), we



systematically evaluate the effect of co-solvent (ethanol) and surfactant (Triton X-100) quantity on
the rheological and surface tension characteristics of the ink, as well as the quality and uniformity
of the printed thin film. PH1000, an aqueous PEDOT:PSS solution, is the most commonly used
polymeric anode in the optoelectronic field because of its high conductivity and transmittance as a
thin film. Indeed, it has been widely and successfully employed as a transparent electrode in
OLEDs [32], solar cells [33], and photodiodes [18]. HIL E 100 is a new PEDOT:PSS-based
Heraeus formulation; although its conductivity is lower than that of PH1000, it exhibits good hole
injection and planarisation properties according to the specifications provided by the producer.
Unlike PH1000, it has never been printed and has been rarely employed in optoelectronic devices
[34]. Here, for the first time, we report its use as a printed anode deposited using inkjet printing.

The morphological, optical, and electrical properties of the optimised printed PEDOT:PSS thin
films were evaluated and compared with those of the spin-coated layers. PEDOT:PSS-based films
were employed in the fabrication of monochromatic OLEDs to assess their suitability as anodes in

optoelectronic devices.

2. Materials and methods

2.1 Chemicals and reagents

PEDOT:PSS PH1000 and HIL E 100 were purchased from Heraeus Clevios™ Triton X-100,
solvents, and all other chemicals were acquired from Sigma-Aldrich. All chemicals were used as

received without further purification.

2.2 Ink and film characterisation
The viscosities of the ink formulations before and after additive-solvent addition were evaluated
using a strain-controlled rheometer (Ares, TA Instruments) equipped with parallel plate geometry

(diameter = 25 mm). The measurements were performed in steady mode at 20 °C, at shear rates



ranging from 10 to 1000 s*. A CAM 200 (KSV Instruments Ltd., Finland) instrument was used to
perform pendant drop measurements to evaluate the surface tension of the solutions. The reported
data are the average of three measurements with standard deviations determined from the medium
value. The same CAM 200 apparatus was used to perform static contact angle measurements of all
solutions by the sessile drop method. Several drops of each solution were deposited onto different
areas of the glass substrates and observed for 60 s; their respective averages and standard deviations
were then reported. Film thicknesses were measured using a surface profiler (Dektak) characterised
by a mechanical stylus with a 12 um tip diameter. The surface morphologies, including roughness
parameters, were characterised using atomic force microscopy (no-contact mode, AFM PARK
SYSTEMS XE-100). UV-Vis transmittance measurements were performed using a Perkin Elmer
UV/Vis/NIR spectrometer (Lambda 1050). PEDOT:PSS conductivity measurements were carried
out in a four-point probe configuration at room temperature by applying a direct current of 100 pA.

To confirm their reproducibility, we repeated the measurements ten times for each sample.

2.3 OLED fabrication and characterisation

The structure of the fabricated OLEDs consisted of glass/PEDOT:PSS anode/MeO-
TPD/CBP:Ir(ppy)s/Bphen/Bphen:Cs/Ag. The glass substrates were cleaned with acetone and
isopropyl alcohol for 10 min each and dried with nitrogen. Two different types of high-conductivity
PEDOT:PSS (Clevios™ PH1000 and Clevios™ HIL E 100) were used as anodes. PEDOT:PSS
layers were printed using a new prototype inkjet printer fabricated by T.P.A. s.r.l. fitted with a
single nozzle (diameter = 300 pum). The single nozzle printer moves 1 m/min on a fixed glass
substrate and ejects drops (volume = ~15 nL) from a height of 7 mm above the substrate. The
individual circular drops were separated by a distance of 1 mm (centre-to-centre). The final printed
layers had dimensions of 13 x 24 mm?. Printed layers were obtained using the PH1000 #5 and HIL
E #5 inks. The printed layers were dried for 10 min at room temperature, and the sample was then

transferred onto a hot plate, which was first heated at 70 °C for 10 min to complete the drying



process, and then at 120 °C for 15 min to anneal the PEDOT:PSS. Reference devices with spin-
coated PEDOT:PSS anodes were also fabricated. Before spin-coating, plasma oxygen treatment was
performed on the glass substrates (50 W, O, flow: 30 sccm). Spin-coated PEDOT:PSS thin films
were fabricated using two commercially available solutions (PH1000 #1 and HIL E #1), without
any modification. Specifically, PH1000 and HIL E were spin-coated at 1000 rpm for 30 s and 800
rpm for 30 s, respectively. Both spin-coated films were then annealed at 120 °C for 15 min.

Subsequently, MeO-TPD (40 nm), CBP:Ir(ppy)z (25 nm), BPhen (10 nm), BPhen:Cs (40 nm), and
Ag (100 nm) were deposited by vacuum thermal evaporation in a Kurt J. Lesker multiple high-
vacuum chamber system. The effective light-emitting area of the fabricated device was 15 mm?2.
The optoelectronic characteristics of the OLED devices were measured in a glove box using an
Optronics OL770 spectrometer coupled to an OL610 telescope unit with an optical fibre for the
luminance measurements. The entire system was directly connected by an RS232 cable to a

Keithley 2420 current-voltage source meter.

3. Results and discussions

3.1. Formulation and optimisation of inks and thin film formation

The drop formation, printability, and wetting capability of an ink are strongly affected by its
physical and chemical properties. In particular, the concentration, viscosity, and surface tension can
be modified to optimise the ink formulation. Viscosity values in the range of 5 and 40 cP and
surface tension values lower than 40 mN/m are usually considered appropriate for inkjet printing
[35,36]. Solvent combinations and additives are the principal elements that can be used to optimise
the ink characteristics. Solvents are usually added to adjust the solid content, surface tension, and
ink-substrate compatibility. Volatile co-solvents can be used to decrease the drying time. As
reported in the introduction, DMSO is specifically used in PEDOT:PSS formulations to improve its

conductivity owing to its ability to dissolve insulating PSS shells and induce connections among



conductive PEDOT grains. Surfactants further adjust the surface tension and wetting capability of
the ink; in fact, owing to their amphiphilic nature, they can easily migrate to any type of surface.

Therefore, two commercially available PEDOT:PSS products (Clevios™ PH1000 and Clevios™
HIL E 100) that are usually employed for spin-coating deposition have been modified to develop

inkjet-printable formulations and obtain high-quality printed thin films.

Table 1: Composition of PH1000 inks with different H,O and EtOH volume percentages

Ink composition (% v/v)

Ink - .
PEDOT:PSS H,0 DMSO EtOH Triton X-100 in H,O

(1.4 mg/mL)

PH1000 #1 100

PH1000 #2 14.4 77.5 3.7 - 44
PH1000 #3 14.4 63.1 3.7 144 44
PH1000 #4 14.4 48.7 3.7 28.8 44
PH1000 #5 14.4 34.3 3.7 43.2 44
PH1000 #6 14.4 19.9 3.7 57.6 44
PH1000 #7 14.4 54 3.7 721 44

The different formulations developed for PH1000-based inks are reported in Table 1. Pristine
PH1000 (PH1000 #1) has a surface tension of 70 = 2 mN/m, which is close to that of pure water
because it is an aqueous solution. From the rheological curve (Figure S1a), it is possible to observe
a slight shear thinning behaviour for viscosity values ranging from 51 cP at a shear rate of 10 s to
16 cP at 1000 s, as already reported by Glasser et al. [37]. As previously mentioned, the solid
content of PH1000 #1 is optimised for the spin-coating process, and the solution must be diluted to
obtain an inkjet-printed thin film with a thickness and transparency suitable for application as a
transparent conductive layer. Moreover, the high solid content of PH1000 #1 (1-1.3 wt%) causes
the rapid clogging of the printer nozzle, limiting the direct deposition of this solution. To overcome
this issue, the PH1000 #2 formulation was developed by adding water to reduce the PEDOT:PSS

concentration, DMSO to improve the layer conductivity, and Triton X-100 as a stabilising agent.
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Figure 1: a) PH1000 #2—#7 film morphology for two different drying processes. b) Surface tension,
c) contact angle (at 0, 30 and 60 s) and d) viscosity vs EtOH content (% vol).

PH1000 #2 exhibits a surface tension of approximately 53 + 2 mN/m (Figure 1b) and decreased
viscosity values compared to PH1000 #1, ranging from 6.7 to 3.8 cP at 10 and 1000 s?,
respectively (Figure S1a), due to the reduction of the solid content in the solution after dilution.
From the printing of PH1000 #2, we observed a uniform film in the wet state that rapidly recedes
during the drying process (Figure 1a). This dewetting phenomenon is more evident if the drying
phase is performed on a hot plate, and it is likely due to the high surface tension, which is directly
related to the “stable” contact angle through Young’s equation [21]. In general, when a drop is
deposited on a substrate, the surface tension reaches equilibrium, and the drop immediately fixes on
the solid, assuming a shape characterised by a contact angle, 6. In a drop with high surface tension
(Figure 2a), the contact line moves inward instead of pinning up on the substrate, causing a reduced

and discontinuous thin film deposition. Such an effect is more evident if a large number of drops are



placed next to each other—as in the inkjet printing process—to obtain a continuous thin film, which

induces the coalescence of the drops that move to the centre of the substrate (Figure 2b).
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Figure 2. a) Dewetting of a drop with high surface tension; b) dewetting of a thin film; c) pinning
of drop and coffee ring effect.

To reduce the receding effect and the drying time, ethanol was used as a co-solvent because it has a
low surface tension (approximately 22 mN/m) and a lower boiling point (78 °C) than water. In
Table 1, the PH1000-based formulations with different volume percentages of water and ethanol are
reported. The increase in the ethanol content of the ink (water/ethanol ratio reduction) induces a
gradual reduction in the surface tension and contact angle (Figure 1b and 1c, respectively), without
significantly modifying the rheological behaviour (Figure S1a) and viscosity values (Figure 1d) of
the inks extrapolated at a high shear rate of 1000 s™* [37]. This means that they are still suitable for
inkjet printing deposition. The reduction in the surface tension determines the pinning of the drop to
the substrate, with faster evaporation at the contact line than in the central region. This activates a
fluid flow from the interior of the drop to the edge, replenishing the liquid lost due to evaporation.
This flow carries the solute particles to the contact line, creating a ring-like morphology and
providing the so-called coffee ring effect (Figure 2c). This effect causes unevenness in inkjet-
printed films, and several methods have been proposed to suppress it. In particular, the coffee ring
effect can be avoided by weakening the outward flow [38], adding surfactants [39], or exposing the
drying drops to the vapours of low-surface-tension liquids [40]. In our case, we observed that the
amount of ethanol in the PEDOT:PSS ink formulations is fundamental for reducing the coffee ring

effect. When the amount of water was still high, as for PH1000 #3 (63.1%) and PH1000 #4



(48.7%), the evaporation rate was low, and the migration of the solute to the edge of the thin film
occurred with the formation of the coffee ring (Figure 1a). The reduction of the water content to
34.3% (PH1000 #5) results in the best wetting conditions and a reduced coffee ring effect. In
particular, the thin film uniformity was improved by a two-step drying process. First, the sample
was left at room temperature for 10 minutes; this first drying at a low temperature resulted in a
slower migration of solute towards the edges, avoiding the coffee ring effect. The sample was then
transferred to a hot plate, which was heated at 70 °C for 10 min to complete the drying process, and
further heated at 120 °C for 15 min to anneal the PEDOT:PSS (Figure 1a). If the water content was
further decreased, the solution was completely spread on the substrate, and the printing geometry
was not retained. The PH1000 #6 and PH1000 #7 inks (where % vol. EtOH were 57.6% and 72.1%,
respectively) exhibited a contact angle of 0° after only 5 s (Figure 1c).

These results demonstrate that a uniform thin film is obtained when using an ink with a surface
tension value that ensures good wetting characteristics without excessive spreading of the solution
(between 30 and 40 mN/m). Moreover, it is important to evaluate the drying process of the wet
film; indeed, the use of the right amount (~40%) of low-boiling-point solvent reduces the drying
time and improves the thin film quality. For these reasons, PH1000 #5 ink was the best candidate
for the printing of a PEDOT:PSS-based anode layer for OLED applications.

To further confirm this, we attempted to reduce the surface tension of the ink by adding increasing
amounts of surfactant to the formulation, instead of using ethanol as a co-solvent. The prepared
formulations are presented in Table S1. As expected, the increase in the surfactant concentration
induced a surface tension reduction, reaching almost the same surface tension value as that of
PH1000 #5 (Figure 3b). As shown in Figure 3d, the addition of surfactant does not significantly
change the viscosity values of the inks extrapolated at a high shear rate of 1000 s, so they are still
suitable for inkjet printing deposition. Nonetheless, the wetting capability in terms of the contact
angle values is not comparable to that of PH1000 #5 (Figure 3c). With an increase in surfactant

concentration, the contact angle first slightly decreased (PH1000 T2) and then tended to increase



(PH1000 T3 and PH1000 T4). Furthermore, all the thin films obtained with such formulations

showed an evident coffee ring, even when a two-step drying process was employed (Figure 3a).
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Figure 3. a) PH1000 T1-T4 film morphology for two different drying processes. b) Surface
tension, ¢) Contact angle (at 0 and 30 sec) and d) Viscosity vs [Triton X-100] in the ink (107 M).

The increasing contact angle is due to the critical micelle concentration (CMC). When the
surfactant concentration is below the CMC, the surfactant molecules can expose their polar head to
the glass substrate and improve the wetting capability of the ink; however, if the surfactant
concentration is higher than the CMC, micelle formation occurs, exposing the apolar tail to the
substrate, reducing the wetting capability. As a result, there is a threshold value for surfactant
addition beyond which the beneficial effect is lost due to the formation of micelles. Moreover,
because water is the only solvent in the formulations reported in Table S1, the drying process is
excessively slow and the uniformity of the thin films is compromised by the coffee ring effect.
These results confirm that both the surface tension and the co-solvent composition of the ink are

equally important for obtaining a uniform inkjet-printed thin film.



An ink optimisation process analogous to that used for PH1000 was carried out for the HIL E 100

solution. The ink formulations with different amounts of ethanol are listed in Table 2.

Table 2: Composition of HIL E 100 inks with different H 2O/EtOH volume ratios.

Ink composition (% v/v)

Inks Triton X-100 in H,O

PEDOT:PSS H,O EtOH (1.4 mg/mL)

HILE#1 100

HIL E#2 14.4 81.3 - 4.4
HIL E#3 14.4 66.9 14.4 4.4
HIL E #4 14.4 52.5 28.8 4.4
HIL E#5 14.4 38.1 43.2 4.4
HIL E #6 14.4 23.7 57.6 4.4
HIL E #7 14.4 9.2 72.1 44

The pristine HIL E 100 aqueous solution (HIL E #1) had a surface tension of 32 + 3 mN/m. In
contrast to pure PH1000 (PH1000 #1), HIL E #1 exhibits a very low surface tension compared to
that of a typical aqueous solution, likely because surfactants and/or stabilisers are already present in
the commercial solution. Regarding the rheological characteristics, HIL E #1 displayed slight shear
thinning behaviour for viscosity values ranging from 30 to 16 cP at 10 and 1000 s %, respectively
(Figure S2a). As for PH1000, water and ethanol were used in combination to dilute the pristine HIL
E 100 solution, and Triton X-100 was added as a surfactant to improve the substrate/ink
compatibility and to reduce the nozzle clogging effect. All explored formulations are listed in Table
2. The HIL E #2 solution showed a surface tension value (37 £ 2 mN/m) higher than that of the
pristine solution because it was diluted with water (water surface tension = 70 mN/m). The
viscosity value at 1000 s decreased to 3.3 cP, owing to the reduction in the solid content of the
solution, without modifying the slight shear thinning behaviour (Figure S2a). In contrast to PH1000
#2, the thin film obtained with HIL E #2 shows a negligible dewetting effect (Figure 4a) because of
the differences in the surface tension values of these two formulations related to the different

surface tensions of the pristine solutions (PH1000 #1 and HIL E #1).
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The surface tension and contact angle values of HIL E #2 were sufficient to ensure the wetting of
the substrate, but the large quantity of water in the ink induced the formation of the coffee ring
(Figure 4a). As with PH1000, the amount of ethanol was modified to obtain the best ink
formulation. With increasing ethanol content, there was a reduction in the surface tension and
contact angles (Figure 4b and 4c), while the viscosity values at a shear rate of 1000 s were
comparable (Figure 4d). In the HIL E #3 and HIL E #4 inks, the ethanol quantity was not sufficient
to reduce the coffee ring. On the other hand, the HIL E #5 ink exhibited the smallest contact angle
without excessive spreading, and the printed thin film was highly uniform. HIL E #6 and HIL E #7,
in which the ethanol content was further increased, showed the same contact angle as that of HIL E

#5 at 0 s, while the contact angles at 30 and 60 s were higher, confirming that the best wetting



conditions were achieved using HIL E #5 (Figure 4c). This difference in behaviour compared to the
PH1000 inks is probably due to the interaction between ethanol, Triton X-100, and the stabiliser
agents present in HIL E #1. Similar to PH1000, we found the ink composition that ensured excellent
wetting characteristics and good thin film uniformity without the coffee ring effect (HIL E #5).

As was done for PH1000, three new HIL E inks were prepared by increasing the surfactant quantity
starting from the HIL E #2 solution (Table S2). As shown in Figure 5b and 5c, although the surface
tension decreased with the addition of surfactant, the contact angles increased owing to the
formation of micelles. Comparable viscosity values were observed at a shear rate of 1000 s* by
varying the surfactant concentration, as already observed for the other developed formulations
(Figure 5d). The non-ideal wetting conditions, long drying time, and formation of the coffee ring
(Figure 5a) confirm that HIL E #5 is the best formulation for the inkjet printing of HIL E 100
solution. Considering these results, we focused our attention on the characterisation of thin films

obtained with the PH1000 #5 and HIL E #5 formulations.
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Figure 5. a) HIL E T1-T4 film morphology for two different drying processes. b) Surface tension,
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3.2 Film characterisation

The thin films obtained by printing PH1000 #5 and HIL E #5 inks were characterised to evaluate
their suitability as anode layers for bottom-emitting OLED devices. They were also compared with
spin-coated thin films fabricated with commercial solutions without any modification (PH1000 #1
and HIL E #1). The three main prerequisites of a thin film to be used as an anode in optoelectronic
devices are uniformity with low roughness, transparency, and good electrical conductivity. Atomic
force microscopy images of the printed (PH1000 #5 and HIL E #5) and spin-coated PEDOT:PSS
(PH1000 #1 and HIL E #1) thin films are shown in Figure S3. Both PEDOT:PSS typologies exhibit
similar low surface roughness to the spin-coated films fabricated as references. In particular, printed
PH1000 is slightly rougher than its spin-coated counterpart (arithmetical mean deviation of
the assessed profile (Ra) = 2.7 nm and root mean squared (Rq) = 3.4 nm against Ra = 1.5 nm and
Rg = 2.1 nm of the spin-coated film) while the printed HIL E is smoother than the spin-coated

sample (Ra = 1.8 nm and Rq = 2.3 nm compared to Ra = 1.9 nm and Rq = 2.6 nm, respectively).

Table 3: Thicknesses, average transmittance between 380—780 nm, and conductivities of PH1000
and HIL E 100 films on glass.

Average
Sample Thickness (nm) transmittance Conductivity Sheet resistance FoM
P from 380 to 780 (Slem) (/sq) (Figure of Merit)
nm (%)
PH1000 #5 printed 250 + 15 79.1+0.1 676+ 3 59+4 256+2.3
PH1000 #1 spin-coated 100+ 8 839+0.1 847+9 118+ 11 174+21
HIL E #5 printed 550 + 22 776+0.1 236+04 770 £ 44 18+0.1
HIL E#1 spin-coated 230+ 17 83.7+0.1 528+0.5 824 + 69 24+0.3

Regarding the optical properties of the PEDOT:PSS thin films, the graph in Figure S4 shows the
transmittance spectra in the range of 300-850 nm. Spin-coated layers show higher transmittance
compared to printed layers because of their lower thicknesses, as reported in Table 3. Although the
printed layers are almost twice as thick as the spin-coated layers, they maintain a high transmittance

(close to 80%) and are suitable for application as transparent anodes. Furthermore, the higher


https://en.wikipedia.org/w/index.php?title=Arithmetical_mean_deviation&action=edit&redlink=1
https://en.wikipedia.org/w/index.php?title=Assessed_profile&action=edit&redlink=1

thickness values of the printed layers reduces the sheet resistance of the thin film; such thicknesses
cannot be attained by the spin-coating process because the deposition speed is already very low
(1000 and 800 rpm). Specifically, between 380 and 780 nm, the average transmittance of inkjet-
printed PH1000 decreased from 83.9 to 79.1% compared to its spin-coated counterpart, while for
HIL E 100 it decreased from 83.7 to 77.6% (Table 3). The electrical conductivity values of the
printed and spin-coated thin films were also measured and are presented in Table 3. Spin-coated
PH1000 and HIL E 100 have conductivities of 847 £ 9 and 52.8 + 0.5 S/cm, respectively. Both
values were comparable to the conductivities reported by the producer. In contrast, both printed
films exhibited lower conductivities. In particular, the conductivity of the printed PH1000 was 676

+ 3 S/cm, while that of HIL E 100 was 23.6 + 0.4 S/cm. The figure of merit (FOM) is a parameter

188.5
1

7—1)*125
vT380-780 nm

obtained by the combination of optical and electrical properties (FoM = ( ) where

T3go-780 nm IS the average transmittance from 380 to 780 nm and Rs is the sheet resistance [37], and it
is employed to classify thin films for transparent electrode applications. The higher the FoM value,
the better the transparent conductor. In this case, printed PH1000 has a higher FoM than its spin-
coated counterpart, while the printed HIL E 100 exhibits a slightly lower FoM than that of the spin-
coated HIL E 100 (Table 3).

To demonstrate the quality of our printed PEDOT:PSS thin films for electrode applications, Table
S3 presents a comparison with some studies where roughness, conductivity, and transparency were

evaluated.

3.3 OLED characterisation

OLED devices were fabricated to test the printed PEDOT:PSS thin films as anode layers. The
devices consisted of glass/PEDOT:PSS (PH1000 #5 or HIL E #5)/MeO-
TPD/CBP:Ir(ppy)s/Bphen/Bphen:Cs/Ag (Figure 6a). As a reference, OLEDs with spin-coated

PH1000 and HIL E 100 (PH1000 #1 and HIL E #1) and ITO were also fabricated.



The current density vs. voltage, luminance vs. voltage, and efficiency vs. luminance curves for the
devices with PEDOT:PSS as the anode are shown in Figure 6b—6d, respectively, while the
characteristics of the device with ITO are shown in Figure S5. The current density values of the
devices with PH1000 as the anode layer were higher than those employing HIL E, both for printed
and spin-coated anodes, and this is due to the higher conductivity of PH1000. In particular, printed
PH1000 shows the highest current density because it has a lower sheet resistance. The luminance
values for the device containing PH1000 were also higher than those reported for the device using
HIL E. Nevertheless, HIL E-based devices show good luminance values of approximately 10000
and 7000 cd/m? for the spin-coated and printed devices, respectively.

Finally, from Figure 6d, it appears that OLEDs using HIL E are more efficient than those containing
PH1000. In particular, the device with spin-coated HIL E—reaching a maximum external quantum
efficiency (EQE) of approximately 8% and maximum current efficiency (CE) of almost 22 cd/A—
is the most efficient. The OLED with printed HIL E reached an EQE of 5.4% and a CE of 15 cd/A.
The devices containing PH1000 achieved maximum efficiencies of 5.6% and 15.5 cd/A (spin-
coated) and 4.7% and 13.1 cd/A (inkjet-printed). OLEDs based on HIL E anodes are the most
efficient because, despite their lower luminance values, they show the lowest current density values.
The reported results demonstrate the great potential of printed PEDOT:PSS-based thin films as
transparent electrodes for OLED devices. In particular, the devices based on the HIL E anode
exhibit higher efficiencies despite the low electrical conductivity, probably owing to the excellent

uniformity and the absence of macroscopic defects.
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Figure 6. Characterisation of OLED devices with inkjet-printed PEDOT:PSS (PH1000 #5 and HIL
E #5) as anode and spin-coated reference device. a) Schematic device structure; b) current density
vs. voltage; ¢) luminance vs. voltage; and d) efficiency vs. luminance for OLED with PEDOT:PSS
deposited by inkjet printing vs spin-coating.

4. Conclusions

In this work, two high-performance conductive inks (PH1000 #5 and HIL E #5) based on
PEDOT:PSS were formulated to successfully deposit transparent and conductive layers for large-
scale production. Crucial parameters, such as surface tension, solid content, co-solvents, and ink-
substrate interface, were evaluated to obtain the optimised thin film. The combination of water and
ethanol as solvents and the use of Triton X-100 as a non-ionic surfactant resulted in a uniform thin
film without significantly altering the rheological properties of the developed inks, meaning they
are still suitable for inkjet printing. In particular, it was demonstrated that the best wetting
conditions were obtained with surface tension values in the range of 28-40 mN/m, but such

characteristics are not sufficient to print a high-quality and uniform thin film. Indeed, the drying



phase of the film in the wet state must be sufficiently accelerated by using a low-boiling-point co-
solvent (approximately 40 vol.%) to avoid the formation of the coffee ring.

The printed PEDOT:PSS-based thin films show very good morphology, low roughness, and
electrical/optical characteristics suitable for transparent conductive layers and their application for
the large-scale production of organic optoelectronic devices. OLEDs with printed PH1000 attained
a current density higher than 100 mA/cm? at 8 V, luminance higher than 10000 cd/m? at 8 V, and
maximum CE of 13.1 cd/A. The OLED device containing HIL E exhibited a lower current density
(60 mA/cm? at 8 V), luminance of 6700 cd/m? at 8 V, and maximum CE close to 15 cd/A, which is
comparable to that observed for the corresponding device based on a spin-coated anode.

In conclusion, the reported ink formulation process is a powerful tool for developing fully printed

ITO-free OLEDs.

ABBREVIATIONS

PEDOT:PSS, poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate); ITO, Indium Tin Oxide;
OLED, Organic Light Emitting Diode; EG, Ethylene glycol; DMSO, Dimethyl sulfoxide; DEG,
diethylene glycol; TRIEG, triethylene glycol; Tetra EG, tetraethylene glycol; PEG, Polyethylene
glycol; CMC, Critical Micellar Concentration; Ra, Arithmetical mean deviation of the assessed
profile; Rg, Root mean squared; FoM, Figure of Merit; MeO-TPD, N,N,N',N'-Tetrakis(4-
methoxyphenyl)-4,4'-biphenyldiamine; CBP, 4,4-Bis(N-carbazolyl)-1,1-biphenyl; Ir(ppy)s, Tris[2-
phenylpyridinato-C2,N]iridium(l1l); BPhen, Bathophenanthroline ; EQE, External Quantum

Efficiency; CE, Current Efficiency; AFM, Atomic Force Microscopy
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