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Abstract: Recently, inkjet printing technology has attracted much attention due to the advantages of
drop-on-demand deposition, low-cost and large-area production for organic light-emitting diode
(OLED) displays. However, there are still some problems in industrial production and practi-
cal application, such as the complexity of ink modulation, high-quality films with homogeneous
morphology, and the re-dissolution phenomenon at interfaces. In this work, a printable poly(3,4-
ethylenedioxythiophene): poly(styrenesulfonate) (PEDOT:PSS) ink is developed and obtains an
adjustable viscosity. Finally, a patterned PEDOT:PSS electrode is fabricated by inkjet printing, and
achieves a high conductivity of 1213 S/cm, a transparency of 86.8% and a uniform morphology
without coffee-ring effect. Furthermore, the vacuum-evaporated and solution-processed OLEDs
are fabricated based on this electrode and demonstrate a current efficiency of 61 cd/A, which is
comparable to that of the indium tin oxide counterpart. This work confirms the feasibility of inkjet
printing technology to prepare patterned electrodes and expects that it can be used to fabricate highly
efficient optoelectronic devices.

Keywords: organic light-emitting diodes; inkjet printing; PEDOT:PSS; coffee-ring effect

1. Introduction

In recent years, organic light-emitting diode (OLED) display technology has made
great progress in mobile phones, automobiles, household appliances and other fields
due to the advantages of self-illumination, wide viewing angle, flexible bending, and
lightweight [1–5]. It is well known that indium tin oxide (ITO) is the most commonly
used electrode material in OLEDs, which has excellent light transmittance (90%) and
high electrical conductivity (104 S/cm) [6]. However, ITO also has some disadvan-
tages, such as the complicated production process (ITO is usually prepared by mag-
netron sputtering), the high price due to the lack of indium element, and relative brit-
tleness, which is not suitable for flexible wearable devices. Therefore, there are other
electrode materials developed for flexible optoelectronic devices, including poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) [7,8], silver nanowires/
nanomeshes [9,10], graphene [11], and carbon nanotubes [12]. Compared with the above
mentioned electrode materials, PEDOT:PSS has good film-forming ability, high trans-
parency, tunable conductivity, flexibility and solution processability, which can be prepared
via spin coating [13], inkjet printing [14–16], dip coating [17], spray coating [18], etc. Hence,
PEDOT:PSS electrodes have been widely used in flexible optoelectronic devices, such as
organic thin film transistors [16], organic solar cells [14,19,20], and OLEDs [7,15,21].

Inkjet printing technology has great potential in high resolution display because of
its ability to accurately deposit solutions and achieve patterning [22–24]. However, the
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device performance of optoelectronic devices by inkjet printing technology still lags far
behind the evaporated devices, due to that the smooth and uniform film morphology is
a big challenge for inkjet printing. The film morphology is determined by many factors,
such as the ink viscosity, the ink surface tension, the boiling point of the solvents, and
the ink spreadability on different substrates [25–29]. For instance, Teo et al. used a
microreactive inkjet printing (MRIJP) method to pattern various 2-dimensional (2D) and 3D
structures of PEDOT:PSS/ionic liquid (IL) hydrogel through in-air collision and coalescence.
The patterned PEDOT:PSS films prepared by the MRIJP method are high conductive
(900 S/cm) and transmittance (89% in the visible range) [30]. An alternating current-
electroluminescent device with ZnS:Cu phosphor mixed in poly(dimethyl siloxane) matrix
was fabricated using this PEDOT:PSS/IL as the top and bottom electrodes. Mu et al. used
a varied droplet-spacing method to improve the film uniformity of PEDOT:PSS on ITO,
which was formulated by diluting PEDOT:PSS with water and ethylene glycol (EG) [31].
However, this PEDOT:PSS film had a low conductivity and was used as a hole injection
layer in the final OLEDs based on the ITO anode. Deferme et al. reported a five-layer
PEDOT:PSS electrode with a sheet resistance of 45 Ω/sq and a transparency of 95% [32].
Nevertheless, the roughness of the film was as high as 35 nm, which was not suitable for
optoelectronic devices.

In order to improve the viscosity and surface tension of the PEDOT:PSS ink, Lee et al.
proposed to use glycerol and surfactant. Then, the PEDOT:PSS film with a conductivity of
162 S/cm was obtained, and a polymer solar cell with a 3.16% power convert efficiency was
fabricated by inkjet printing technology [33]. Yoon et al. added dimethyl sulfoxide (DMSO)
and fluorinated surfactant (Zonyl FS-300) into PEDOT:PSS ink for proper viscosity and
surface spreadability, and then printed DMSO solvent on the prepared PEDOT:PSS film to
further improve the electrical conductivity. Through the double-shot inkjet printing, the
conductivity of PEDOT:PSS film reached higher than 1000 S/cm [8]. Eventually, an OLED
based on the printed PEDOT:PSS electrode was fabricated with a luminance of 1863 cd/m2.
It is worth noting that the device performance of the optoelectronic devices based on the
inkjet-printed PEDOT:PSS electrode is inferior to that of the devices with ITO electrode,
which can be attributed to the higher surface roughness and the lower conductivity of
PEDOT:PSS electrode compared with ITO.

In this paper, we enhanced the conductivity and spreadability of PEDOT:PSS ink on
the rigid and flexible substrates by adding DMSO and Triton X-100. Furthermore, in order
to achieve the printable PEDOT:PSS ink, EG and deionized water (DI water) were used to
adjust the surface tension and viscosity. Thus, this inkjet-printed PEDOT:PSS film had a
sheet resistance of 97 Ω/sq (the conductivity is 1213 S/cm) and a transmittance of 86.8%
at 550 nm. Meanwhile, the sheet resistance of this PEDOT:PSS electrode printed on the
flexible polyethylene terephthalate (PET) substrate can remain 75% of the original value
after bending 600 times, indicating the good mechanical flexibility. Finally, the current
efficiency of the OLED based on this inkjet-printed PEDOT:PSS electrode reached 61 cd/A,
which was comparable to that of the ITO device. This work demonstrates the feasibility of
inkjet printing technology in high performance optoelectronic devices.

2. Materials and Methods
2.1. Materials

The high-conductive PEDOT:PSS (CLEVIOS PH 1000) and hole-injection PEDOT:PSS
(CLEVIOS P VP AI 4083) were purchased from Heraeus (Hanau, Germany). DMSO,
chlorobenzene (CB), Triton X-100, and EG in the ink formulation were bought from Sigma-
Aldrich (Saint Louis, MO, United States). OLED materials were purchased from Han
Feng Chemical (Shanghai, China), such as TAPC (1,10-bis(di-4-tolylaminophenyl) cy-
clohexane), PVK (poly(N-vinyl carbazole)), mCP (1,3-bis(carbazol-9-yl)benzene), TCTA
(tris(4-carbazoyl-9-ylphenyl)amine), 26DCzPPy (2,6-bis[3 -(carbazol-9-yl)phenyl]pyridine),
Ir(ppy)3 (tris(2-phenylpyridine) iridium), Ir(ppy)2(acac) (Bis(2-phenylpyridinato-C2,N)
(acetylacetonate)iridium(III)), and TmPyPB (1,3,5-tri[(3-pyridyl)-phen-3-yl]benzene). LiF
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was purchased from Vizu Chemical (Shanghai, China). Al was purchased from Zhongnuo
Company (Beijing, China).

2.2. Preparation of High Conductive PEDOT:PSS Ink and Light-Emitting Solution

Firstly, 5 vol.% DMSO and 0.05 vol.% Triton X-100 were added to the pristine PE-
DOT:PSS solution, named m-PEDOT:PSS ink. In addition, 40 vol% EG and 20 vol% DI
water were added to dilute the modified ink and stirred for 3 h. The solution of the
light-emitting layer was prepared by blending PVK:TCTA:26DCzPPy:Ir(ppy)2(acac) ×
(10 wt.%:40 wt.%:40 wt.%:10 wt.%) in CB at a concentration of 20 mg/mL.

2.3. Inkjet Printing and Characterization of the PEDOT:PSS Film

Firstly, the glass and PET substrates were ultrasonically treated in ethanol, acetone,
and deionized water for 15 min each time. Then, the substrates were UV treated in ozone
for 30 min. Next, m-PEDOT:PSS ink with EG and DI water was filtered from a 0.45 µm
PTFE filter before use. A Fujifilm Dimatix printer (DMP-2850, Santa Clara, CA, United
States) was used for inkjet-printing process in this work. During the inkjet-printing process,
the nozzle voltage was set at 25 V, the drop spacing was 30 µm, the printing height was
0.5 mm, and the driving waveform was depicted in the following discussion. Finally, the
inkjet-printed PEDOT:PSS film was baked at 60 ◦C and 120 ◦C for 15 min, successively.

The ink viscosity was measured by a rotational viscometer (Brookfield DVESLVTJO,
Middleboro, MA, United States). The thicknesses of the PEDOT:PSS films were obtained
from a surface profilometer (Bruker DektakXT, Billerica, MA, United States). The sheet
resistance of the film was characterized by a 4-point probes resistivity measurement sys-
tem (RTS-9, Guangzhou, China). The transmittance of the film was measured by an
ultraviolet−visible absorption spectra instrument (PerkinElmer Lambda 35 S, Waltham,
MA, United States). The film morphology was characterized by optical microscope (OM,
Zeiss Primotech MAT cod., Heidenheim, Germany) and atomic force microscopy (AFM,
Bruker Dimension ICON, Billerica, MA, United States). The work function of the m-
PEDOT:PSS electrode, PEDOT:PSS HIL, and ITO were characterized by ultraviolet photo-
electron spectroscopy (UPS, Kratos Axis Supra, Manchester, UK).

2.4. Fabrication and Characterization of OLEDs

The vacuum-evaporated OLED structure was PEDOT:PSS electrode/PEDOT:PSS
hole injection layer (HIL)/TAPC (20 nm)/mCP:Ir(ppy)3 (20 nm)/TmPyPB (45 nm)/LiF
(0.5 nm)/Al (100 nm). The PEDOT:PSS (CLEVIOS P VP AI 4083) solution was deposited by
spin-coating at 3000 rpm for 60 s on a pre-printed PEDOT:PSS anode, and then annealed
at 120 ◦C for 30 min, named the PEDOT:PSS HIL. Then, TAPC/mCP:Ir(ppy)3/TmPyPB/
LiF/Al were successively deposited by vacuum evaporation under 6 × 10−4 Pa. Addition-
ally, the solution-processed OLEDs were fabricated according to the device structure of PE-
DOT:PSS electrode/PEDOT:PSS HIL/PVK:TCTA:26DCzPPy:Ir(ppy)2(acac) (30 nm)/mPyPB
(50 nm)/LiF (0.5 nm)/Al (100 nm). The PVK:TCTA:26DCzPPy:Ir(ppy)2(acac) layer was
spin-coated at 3000 rpm for 60 s and annealed at 80 ◦C for 30 min in a glove box. Eventually,
TmPyPB/LiF/Al were successively deposited by vacuum evaporation under 6 × 10−4 Pa.
In the end, the current density (J)—voltage (V)—luminance (L) characteristics, and electro-
luminescence (EL) spectra were measured by a source meter (Keithley 2400, Mansfield, TX,
United States) and a spectroradiometer (PR-655 SpectraScan, NK, United States).

3. Results and Discussion

In order to fabricate a PEDOT:PSS electrode with superior conductive performance,
the ink was firstly modified by adding DMSO and Triton X-100 to improve its electrical
conductivity and the spreading ability, respectively. As shown in Figure 1, with the addition
of DMSO, the sheet resistance of the PEDOT:PSS film decreased from 570 to 0.16 kΩ/sq.
However, the DMSO modified PEDOT:PSS film was not homogeneous due to the high
viscosity (Table 1). As the contact angle shown in the illustration of Figure 1, when DMSO
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was added to the pristine PEDOT:PSS ink, the contact angle decreased from 49.5◦ to 31.2◦,
because the ink was slightly diluted. In order to further improve the spreadability, the
surfactant Triton X-100 was added to the ink, and the contact angle decreased from 31.2◦ to
17.9◦. The utilization of Triton X-100 significantly improved the spreading property of the
ink. Moreover, the sheet resistance was not influenced by using 0.05 vol.% Triton X-100.
It can be concluded that the addition of DMSO can improve the conductivity, and the
utilization of Triton X-100 can improve the spreadability of PEDOT:PSS ink [34]. The high
conductive PEDOT:PSS ink modified by DMSO and Triton X-100 was named m-PEDOT:PSS
ink in the following discussion.
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Figure 1. The sheet resistance of PEDOT:PSS films with different ink formulations (inset: the contact
angle and film image of pristine PEDOT:PSS, PEDOT:PSS added DMSO, and PEDOT:PSS added
DMSO and Triton X-100 on the glass substrates, respectively).

Table 1. Boiling point, surface tension, and viscosity of the solvents and PEDOT:PSS inks with
various formulations.

Inks Boiling Point
(◦C)

Surface Tension
(mN/m)

Viscosity
(cP)

EG 197 48 20
DI water 100 72 1

m-PEDOT:PSS - - 44
m-PEDOT:PSS:DI water (2:1) - - 17

m-PEDOT:PSS:EG (1:1) - - 25
m-PEDOT:PSS:EG:DI water (2:2:1) - - 11

The viscosity of m-PEDOT:PSS ink was firstly measured, as shown in Table 1. The
viscosity of the m-PEDOT:PSS ink was 44 cP. As shown in Figure 2a, the nozzle was blocked
due to the high viscosity. Thus, the m-PEDOT:PSS ink was diluted with DI water, and
the viscosity was decreased to 17 cP. The ink was jetted normally and printed to a regular
dot matrix as shown in Figure 2b. Nevertheless, it was found that there was coffee-ring
effect in the printed dots as shown in the optical microscope images. It was reported
that the combination of high- and low-boiling point solvents can promote the Marangoni
flow phenomenon, which moves solutes from the ends of the droplet to the middle and
optimizes the film formation properties [31]. Therefore, we added EG with the boiling
point of 197 ◦C to eliminate the coffee-ring phenomenon of the m-PEDOT:PSS ink. As
shown in Figure 2c, the m-PEDOT:PSS ink with EG was successfully jetted out. However,
the ink appeared to be trailing and had satellite droplets due to the relatively high viscosity
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of 25 cP. Furthermore, DI water was utilized to decrease the viscosity of EG added m-
PEDOT:PSS ink. Finally, the m-PEDOT:PSS ink added EG and DI water obtained a viscosity
of 11 cP, which can be jetted well as shown in Figure 2d. Moreover, the printed dots was
homogeneous without the coffee-ring effect.
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In order to evaluate the performance of a transparent electrode in the optoelectronic
device, the conductivity and transparency of the inkjet-printed PEDOT:PSS electrode was
studied. This work explored the influence of the substrate and layer number on the sheet
resistance and transmittance of the PEDOT:PSS film. Figure 3a presented that the sheet
resistance of PEDOT:PSS films decreased from 1127 Ω/sq for 1 layer to 460, 247, and
97 Ω/sq for 2, 3, and 4 layers, corresponding to the transmittance of 89.4% to 88.9%, 86.3%
and 86.8% at 550 nm, respectively (Figure 3c). In contrast, Figure 3b demonstrated that the
sheet resistance of the flexible PEDOT:PSS films decreased from 1592 Ω/sq for 1 layer to
416, 280, and 135 Ω/sq for 2, 3, and 4 layers, corresponding to the transmittance of 89.2%
to 88.7%, 88.0% and 86.4% at 550 nm, respectively (Figure 3d). The flexible PEDOT:PSS
electrode demonstrated a little higher sheet resistance than the rigid electrode, which was
attribute to the higher surface roughness of the flexible PET substrate.

Moreover, the thicknesses of the printed PEDOT:PSS films were collected by a Surface
Profilometer, which were 27 nm for 1 layer, 43 nm for 2 layers, 77 nm for 3 layers, and
110 nm for 4 layers. It can be observed from Figure 4a that the layer number and thickness
are approximately linear-dependent, indicating that the thickness of PEDOT:PSS film was
controllable by inkjet printing technology. Based on the sheet resistance and thickness,
we calculated the conductivity of the printed PEDOT:PSS films. Notably, the four-layer
conductivities of PEDOT:PSS film on glass and PET were 1213 and 871 S/cm, respectively.
Meanwhile, a cylinder with a radius of 5 mm was used to conduct the bending test. The
PET substrate printed with four-layer PEDOT:PSS electrode was repeatedly bent around
the cylinder, and the sheet resistance was recorded after bending one hundred times. The
bending test showed that the sheet resistance of the four-layer PEDOT:PSS electrode still
retained 75% of its initial value after bending 600 times (Figure 4b). It proved that inkjet-
printed PEDOT:PSS films on the PET substrate obtained an excellent mechanical flexibility.
In summary, the four-layer PEDOT:PSS film on the PET substrate with a conductivity of
1213 S/cm, a sheet resistance of 97 Ω/sq and a transmittance of 86.8% possess the potential
to act as a qualified OLED electrode.
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The morphology of PEDOT:PSS films on glass and PET substrates was observed
via AFM. It can be observed from Figure 5a andb that the roughness of PET substrate
(Ra = 0.93 nm) is larger than that of glass substrate (Ra = 0.69 nm), resulting in a higher
roughness of PEDOT:PSS film on PET substrate. As shown in Figure 5c,d, the Ra of four-
layer PEDOT:PSS are 4.71 nm and 6.80 nm on the glass and PET substrate, respectively.
Notably, the Ra value of inkjet-printed four-layer PEDOT:PSS was higher than the conven-
tional spin-coated films [13]. PEDOT and PSS domains can be distinguished in AFM phase
image (Figure 5e,f), with dark areas corresponding to soft material PSS and bright areas
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corresponding to rigid material PEDOT. Additionally, it can be seen from the phase image
that there are fibril-like phases in the printed PEDOT:PSS film, assigned to the crystalline
PEDOT domain [35]. The fibril-like phase formation of PEDOT domains contributed the
high conductivity [13,30].
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and (f) PET substrates.

Based on the above discussion, the inkjet-printed four-layer PEDOT:PSS film meets
the requirements of high conductivity, high transparency, and uniform film morphology
for an electrode in optoelectronic devices. All of these characteristics make the inkjet-
printed four-layer PEDOT:PSS film a promising anode for OLEDs. In this work, the inkjet-
printed patterned four-layer PEDOT:PSS was used to fabricate green phosphorescence
OLED with the device configuration as shown in Figure 6a, compared with the device
with ITO as the anode. Figure 6b–f depicts the characteristics of current density (J)–
voltage (V), luminance (L)–V, current efficiency (CE)–L, power efficiency (PE)–L, and
electroluminescence (EL) spectra. The turn-on voltage, CEmax and PEmax were 5 V, 68 cd/A
and 33 lm/W, respectively, for the ITO device, and 5.5 V, 61 cd/A and 29 lm/W, respectively,
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for the PEDOT:PSS device. We can see that the device performance of OLEDs with the
inkjet-printed PEDOT:PSS and ITO electrodes are comparable in terms of CE and PE.
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Figure 6. (a) Schematic device structure of the vacuum evaporated OLED. (b) Current density
(J)-voltage (V), (c) luminance (L)-V, (d) current efficiency (CE)-L, (e) power efficiency (PE)-L, and
(f) electroluminescence (EL) spectra of the OLEDs at the driving voltage of 9 V (Inset: The lumines-
cence image and EL spectra at various driving voltages).

Figure 7a shows the UPS spectra of ITO, PEDOT:PSS electrode, and PEDOT:PSS
HIL. The work function can be determined by the difference between the incident photon
energy (21.22 eV) and the binding energy of the secondary electron cut-off. Through
theoretical calculation, the work functions are determined to be 4.62 eV, 4.82 eV, and
5.02 eV for ITO, PEDOT:PSS electrode and PEDOT:PSS HIL, respectively. Figure 7b shows
the energy-level diagrams of the OLED. It was expected that the turn-on voltage of the
PEDOT:PSS-anode should be lower than that of ITO-anode due to the decreased hole-
injection barrier. However, in this work, the turn-on voltage of the PEDOT:PSS-anode
device was 0.5 V higher and the current density was lower than that of the ITO-anode
devices, which can be attributed to the relatively higher sheet resistance of the PEDOT:PSS
electrode [36]. Notably, OLEDs with the PEDOT:PSS and ITO anodes obtained the same
luminance at the same current density (Figure 6), resulting in the comparable device
performance. Additionally, in the EL spectra of Figure 6f, the shoulder emission at 540 nm
of the OLED with a PEDOT:PSS electrode was higher than the ITO device. Since Ir(ppy)3 is



Micromachines 2021, 12, 889 9 of 12

the only emissive component in the light-emitting layer, the small changes in the EL spectra
are due to the cavity effect [37,38]. Here, the location of the electron–hole recombination
zone within the light-emitting layer moved near the anode in the PEDOT:PSS device than
in the ITO device, due to the higher sheet resistance. Furthermore, the PEDOT:PSS device
performed better EL spectra stability than the ITO one at various driving voltages.
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Furthermore, all-solution process will be the mainstream technology for low-cost and
large-area OLED displays in the near future. Therefore, the OLEDs with a spin-coated light-
emitting layer were also fabricated in this work to explore the potential of the inkjet-printed
PEDOT:PSS electrode in the full solution-processed OLEDs. The solution-processed OLEDs
were fabricated with the device configuration as shown in Figure 8a. Figure 8b–f depicts
the characteristics of (b) J-V, (c) L-V, (d) CE-L, (e) PE-L, and (f) EL spectra performance of
the OLEDs. The turn-on voltage, CEmax, PEmax, and Lmax for the solution-processed OLED
were 3.5 V, 21.6 cd/A, 15.3 lm/W, and 37120 cd/m2, respectively for the ITO electrode
and 4 V, 14.9 cd/A, 5.5 lm/W, and 15910 cd/m2, respectively for the PEDOT:PSS electrode.
Compared with ITO devices, the efficiency of PEDOT:PSS electrode is obviously lower,
due to the gap of the surface roughness and the conductivity between the two electrodes.
Moreover, the device performance was inferior to the vacuum evaporation one, which can
be attributed to the simple device structure, residue solvent, and lower packing density of
the solution-processed emitting layer [39]. Thus, it is necessary to improve the solution-
processed device performance by improving the film quality in our future research. Here,
we demonstrated the potential application in highly efficient all solution-processed OLEDs
in the future.
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4. Conclusions

In conclusion, we added DMSO and Triton X-100 to the pristine PEDOT:PSS ink to
improve the conductivity and spreadability on both of the rigid and flexible substrates.
Moreover, EG and DI water were utilized to adjust the viscosity of the m-PEDOT:PSS
ink, in order to enhance the printability and suppress the coffee-ring effect. Thus, the
high transparent conductive PEDOT:PSS electrode was successfully fabricated with a
conductivity of 1213 S/cm, a sheet resistance of 97 Ω/sq and a transmittance of 86.8% at
550 nm. In addition, the sheet resistance of flexible PEDOT:PSS electrode remained 75%
of the original value after bending 600 times, demonstrating a good mechanical flexibility.
Ultimately, the current efficiency of OLEDs prepared on the inkjet-printed PEDOT:PSS
electrode was 61 cd/A, which was comparable to that of the ITO device. This work confirms
the feasibility of inkjet printing technology to fabricate patterned electrodes and proves that
inkjet printing technology can be used to fabricate highly efficient optoelectronic devices.

Author Contributions: Data curation, Y.L. and K.F.; investigation, Y.L. and J.X.; methodology, Y.L.,
Z.Z. and S.C. (Shiyan Chen); Supervision, L.L. and S.C. (Shufen Chen); writing—original draft, Y.L.;
writing—review and editing, L.L. and S.C. (Shufen Chen) All authors have read and agreed to the
published version of the manuscript.
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