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ARTICLE INFO ABSTRACT

Keywords: Inkjet printing is considered a key technology in the fabrication of organic light-emitting diodes (OLEDs), but
Printed multilayer achieving a fully inkjet-printable OLED structure is still a challenge. Here, we propose the fabrication of OLEDs
OLEDs

with an inkjet-printed multilayer structure (i.e. anode/hole injection layer (HIL)/electron blocking layer (EBL)/
emitting layer (EML)) by properly developing new HIL and EBL inks to achieve uniform and homogeneous
printed thin films. In the fabricated multilayer device, the dissolution process of the EBL, which occurs during the
printing of the EML, creates a blurred interface, resulting in device performance that achieves maximum current
efficiencies of 20 cd/A and 7 cd/A with ITO and printed polymeric anode, respectively. With the aim of
simplifying the structure of the device and mimicking the formation of such a blurred interface, another printed
multilayer structure (i.e. anode/printed HIL/printed EBL:EML) was proposed, achieving maximum current ef-
ficiencies of 13 and 6 cd/A with ITO and polymeric anode, respectively. Such results represent a compromise
between simplifying the fabrication process and achieving good electro-optical properties and thus represent a

Low-cost deposition
Inkjet-printing

further step towards the fabrication of a fully inkjet-printed ITO-free OLED.

1. Introduction

Organic light-emitting diodes (OLEDs) have attracted tremendous
attention in organic electronics due to their outstanding properties, such
as light weight, mechanical flexibility, high color contrast, high lumi-
nous power efficiency, low power consumption, and wide viewing angle
[1-8]. Currently, they are mainly fabricated by thermal evaporation,
which is a rather expensive technique with high material wastage. So-
lution processing techniques, particularly printing, offer a low-cost and
straightforward alternative for OLED fabrication. Notably, inkjet print-
ing is a non-contact and drop-on-demand process, and for these reasons
ensures high resolution and high speed deposition with minimal mate-
rial waste [9]. Nevertheless, the fabrication of a fully inkjet-printed
device remains a challenging task, mainly due to the complex inter-
play between a large number of parameters such as viscosity, surface

Peer review under responsibility of Vietnam National University, Hanoi.
* Corresponding author.

tensions, drying kinetics, and redissolution phenomena of the underly-
ing layers when printing multiple layers [10,11]. In fact, despite the
impressive results obtained in recent years by printing OLED layers,
almost all the literature reports on the optimization of only one
inkjet-printed layer of the entire device structure; in particular, the EML
is the most studied. In the last decade, fluorescent emitters [12,13],
phosphorescent host-guest systems [14-17], and thermally activated
delayed fluorescence (TADF) materials [18-21] were successfully prin-
ted. In addition, the inkjet printing of OLED anode [22,23], HIL [24],
HTL [25], electron injection layer (EIL) [26], and cathode [27] were also
reported. Only a few papers dealt with the inkjet printing of a multilayer
OLED structure. Lin et al. [16] reported an OLED device with an ITO
anode and inkjet-printed HIL and EML, achieving a maximum current
efficiency of 10.9 cd/A (Table 1). Another printed multilayer was pro-
posed by Wang et al. [28]; in this case, four layers (from HIL to electron
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Table 1
Literature review on printed multilayers for OLED devices.

Year Inkjet Max. Current Max. Max. Ref.
printed Efficiency (cd/ EQE Luminance (cd/
layers A) (%) m?)

2019 HIL/EML 10.9 - 2192 [16]

2019 HIL/HTL/ 55.5 14.8 1000 [28]
EML/ETL

2020 HIL/HTL/ 9.8 3.0 5778 [29]
EML

2021 HIL/HTL/ 1.62 1.15 4328 [30]
EML

2021 HTL/EML 21.75 - ~5000 [31]

2022 HIL/HTL/ 30.8 8.9 ~5000 [32]
EML

2023 Anode/ 7.5 - ~3000 This
HIL/HTL/ work
EML

2023 HIL/HTL/ 20 - ~8500 This
EML work

2023 Anode/ 6 - ~7000 This
HIL/Blend work

2023 HIL/Blend 13.5 - ~10,500 This

work

transport layer (ETL)) were successfully inkjet-printed, achieving effi-
ciencies above 50 cd/A with a green phosphorescent emitting material
(however, this paper only describes the optimization of the ETL, without
giving details on the printing of the previous layers).

In 2020, Du et al. [29] proposed an OLED structure with an
inkjet-printed trilayer on a glass/ITO substrate. The peculiarity of this
work is that the same material was used as both HTL and host in the
EML, forming a blurred interface due to the dissolution phenomenon,
which facilitated exciton formation and charge balance, thus improving
the device performance. The “blurred interface” concept was exploited
by the same authors for printed double or triple layers blue OLEDs [30].

In 2021, Xie et al. [31] reported an OLED structure with an
inkjet-printed bilayer (HTL and EML), demonstrating the possibility of
crosslinking the poly(9-vinylcarbazole) (PVK)-based HTL by using an
oxidative coupling agent, to improve its solvent resistance, allowing the
subsequent emissive layer to be printed. In addition, the inks used were
designed to reduce the coffee ring effects and improve print uniformity.

Higher performances were recently achieved by Liu et al. [32] with
an inkjet-printed trilayer consisting of poly(3,
4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) as HIL,
MAPDCI; as HTL, and Ir(mpppy)s:mCP as a phosphorescent host-guest
EML. The “blurred interface” concept between HIL and HTL was
exploited to enable inkjet printing of the trilayer stack without the use of
orthogonal solvents and thermal cross-linking materials.

In summary, despite the good performance achieved, the number of
inkjet-printed layers in an OLED structure is still mostly limited to two or
three (Table 1). It should also be noted that in no case was the anode
layer printed. In fact, the reported device structures were based on an
ITO anode, which makes it very difficult to scale up these architectures
on flexible and unconventional substrates such as plastic or fabric,
where ITO is not available or is mechanically unstable [33]. With these
results in mind, we report on the inkjet printing of a multilayer OLED
structure consisting of anode/HIL/EBL/EML. We first tested ITO as an
anode and then compared it with an inkjet-printed PEDOT:PSS-based
anode (known with the commercial name of PH1000), the printing of
which was reported previously [22]. In our previous work, we also
optimized the inkjet printing of an emitting layer based on a small
molecule TADF on top of a spin-coated multilayer structure. Based on
these results, we developed inks for HIL and EBL printing on ITO and
PEDOT:PSS anodes to obtain a fully printed multilayer structure (ano-
de/HIL/EBL/EML) for OLED devices. To simplify the printing process
and the overall device architecture, another printed multilayer structure
consisting of anode/HIL/EBL:EML (blend) was also tested and compared
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with the previous one.

The reported results demonstrate the great potential of inkjet print-
ing for OLED fabrication and pave the way for the development of a fully
inkjet-printed ITO-free OLED.

2. Materials and methods
2.1. Chemicals and reagents

5,10-Bis(4-(3,6-di-tert-butyl-9H-carbazol-9-y1)-2,6-dimethyl-
phenyl)-5,10-dihydroboranthrene (tBuCzDBA) was purchased from
Lumtec, PEDOT:PSS-PH1000 and PEDOT:PSS-AI 4083 were purchased
from Heraeus Clevios™. Poly(9-vinylcarbazole) (PVK, average
M,,~1,100,000, powder) and all other chemicals/solvents were pur-
chased from Sigma-Aldrich. All chemicals were used as received without
any further purification.

2.2. Ink and film characterization

The CAM 200 (KSV Instruments Ltd., Finland) instrument was used
to perform pendant drop measurement and evaluate the surface tension
of all solutions. The reported data are the average of three measure-
ments with standard deviations from the medium value. The same CAM
200 apparatus was used to allow static contact angle measurements of
all the solutions by the sessile drop method. Several drops of each so-
lution were deposited onto different areas of the glass substrates and
observed for 60 s, and then the respective averages and standard de-
viations were reported.

Film thicknesses were measured through a surface profiler (Dektak)
characterized by a mechanical stylus with a 12 pm tip diameter. Ink-jet
printed films were characterized by a Leica TCS SP5 confocal laser
scanning microscope (Leica Microsystem GmbH, Mannheim, Germany)
using a 20x dry objective and by Atomic Force Microscopy (Nanosurf
EasyScan 2) in the non-contact mode using silicon tips with a nominal
tip radius being less than 10 nm and WS x M was used for the image
analysis.

2.3. OLEDs fabrication and characterization

Two different inkjet-printed multilayer device architecture have
been exploited in this work: glass/anode/PEDOT:PSS-AI4083/PVK/
tBuCzDBA/TPBi/LiF/Al and glass/anode PEDOT:PSS AI4083/PVK:
tBuCzDBA/TPBi/LiF/Al. As anode, both ITO and inkjet printed PEDOT:
PSS- PH1000 were used. The glass or glass/ITO substrates were cleaned
with acetone and isopropyl alcohol for 10 min each and dried with ni-
trogen. PEDOT:PSS Clevios™ PH1000 (250 nm) was printed using a
formulation described in our previous work [22]. PEDOT:PSS Clevios™
AI4083 (25 nm) was printed by dissolving the pristine solution in
ethanol (PEDOT:PSS 5% in vol.), while PVK (35 nm) was printed at a
concentration of 0.1 mg/mL in a solvent mixture of chlor-
oform/ortodichlorobenzene at a ratio of 9:1 by volume. Both AI4083
and PVK were dried at room temperature for 1 min and then annealed at
120 °C for 15 and 5 min, respectively. tBuCzDBA (18 nm) was printed
using a formulation described in a previous work [34]. All materials
were deposited through inkjet printing using a custom-made inkjet
printer fabricated by T.P.A. s.r.l. and equipped with a single nozzle
having a diameter of 300 pm. For all the materials, the single nozzle
printer moves at 1 m/min on the fixed glass substrate, it ejects drops
with a volume of ~15 nL from a height of 7 mm above the substrate. The
individual circular drops are separated by a distance of 1 mm (center to
center) for every material except for PEDOT:PSS AI4083 deposited on
ITO because, as shown in Fig. la and b, since the AI4083 drop on
PH1000 is larger than that on ITO, the drop distance (center to center)
during the printing has been optimized in order to have the same AI4083
thickness on both anodes, in particular, AI4083 drops on ITO are sepa-
rated by a distance of 1.1 mm (center to center). For PEDOT:PSS
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Fig. 1. Contact angles and drop drying dynamics of the developed inks: (a) AI4083 ink on ITO substrate; (b) AI4083 ink on printed PH1000 substrate; (c) PVK ink on
printed PH1000/A14083 substrate; (d) tBuCzDBA ink on printed PH1000/AI4083/PVK substrate; (e) tBuCzDBA:PVK ink on printed PH1000/A14083.

PH1000, the final printed layers have dimensions of 13 x 24 mm?. All
the other layers have a final printed pattern with dimensions of about 3
cm?,

Subsequently, 50 nm TPBi, 0.8 nm LiF, and 100 nm Al were depos-
ited by thermal evaporation in a Kurt J. Lesker multiple high-vacuum
chamber system. The effective light-emitting area of fabricated devices
is 15 mm?.

The optoelectronic characteristics of the OLED devices were
measured in a glove box using an Optronics OL770 spectrometer
coupled to the OL610 telescope unit with an optical fiber for the lumi-
nance measurements. The whole system was directly connected by an
RS232 cable to a Keithley 2420 current-voltage source meter. The
average device performances in terms of luminance and efficiency were
calculated from the characterizations of a statistical sample consisting of
12 devices with the same structure. The overall percentage of working
devices is around 90%.

3. Results and discussion

Aiming at the fabrication of a printed multilayer OLED, several
inkjet-printable solutions were optimized. The target structure was as
follows: anode/HIL/EBL/EML/ETL/cathode. This type of architecture
was already obtained in a previous paper using ITO as the anode, a spin-
coated PEDOT:PSS AI4083 as HIL, a spin-coated PVK as EBL, inkjet
printed  5,10-Bis(4-(3,6-di-tert-butyl-9H-carbazol-9-yl)-2,6-dimethyl-
phenyl)-5,10-dihydroboranthrene (tBuCzDBA) as EML, and thermally
evaporated ETL (2,2,2’’-(1,3,5-Benzinetriyl)-tris(1-phenyl-1-H-benz-
imidazole), TPBi) and cathode (LiF/Al) [34]. This work aims to
demonstrate the possibility of obtaining a multilayer structure, up to the
emissive layer, entirely fabricated by a printing process. In this context,
the use of printable polymeric electrodes is particularly advantageous,
as already demonstrated [22]. Therefore, the multilayer structure has
been deposited both on commercial ITO and on a printed polymeric
anode whose deposition process was already optimized [22]. Here, the
development of new HIL and EBL ink formulations for inkjet printing is
reported, while the emissive layer tBuCzDBA is deposited according to
the recipe reported in our previous work [34].

The most critical aspect to evaluate in the development of a printed

multilayer is the ability of the different inks to adequately wet the un-
derlying layer and to ensure uniform deposition of the material, without
causing any damage. As a first step, a PEDOT:PSS-based ink was
formulated as a HIL, starting from a commercial aqueous solution
(AI4083). Taking into account what has already been reported for the
printing of the polymeric anode [22], the commercial solution was
diluted and its surface tension was modified to obtain a value suitable
for inkjet printing. In particular, the dilution with a solvent compatible
with the starting aqueous solution is essential to avoid nozzle clogging
and to ensure the desired thickness, while the reduction of the surface
tension is necessary to ensure a low contact angle and thus a good and
uniform deposition process. Following these considerations, ethanol
(EtOH) was chosen as the solvent for the dilution process (95:5 EtOH:
AlI4083), resulting in a final formulation with a surface tension of 22.5
+ 0.8 mN/m. The contact angle of this formulation was measured on
both the ITO and printed polymeric anode and the results are shown in
Fig. 1la-b. As can be seen, the solution behaves very differently on the
two substrates. On ITO, the initial contact angle is approximately 22°,
and this ink spreads slowly until it reaches a contact angle of approxi-
mately 7.5° after 50 s. The printed polymeric anode layer, on the other
hand, is much more wettable and the contact angle of the HIL formu-
lation reaches around 5° immediately after the drop release. Despite the
different behaviour, the final contact angles achieved by the two for-
mulations are comparable and sufficiently low to ensure a good printing
result and uniformity in both cases. Considering that, as shown in Fig. 1a
and b, the ATI4083 drop is larger on PH1000 than ITO, the drop spacing
(center to center) during printing was optimized (specifically, 1.1 mm
and 1 mm for ITO and PH1000, respectively) to have the same AI4083
thickness on both anodes. It can be concluded that a small contact angle
combined with the low boiling point co-solvent induces a higher evap-
oration rate, reducing the possibility of the solute moving from the
centre to the edge of the droplet. Consequently, a low contact angle is
essential to reduce the coffee ring and to improve the uniformity of the
thin film [31].

All the samples were characterized using a profilometer and an
atomic force microscope (AFM). In both cases, a thickness of approxi-
mately 25 nm was achieved for the HIL layer and no significant differ-
ences were observed between the HILs printed on the two different
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Fig. 2. Microscopic characterization of the different printed layers: (a) AFM image of printed AI4083; (b) AFM image of printed PVK; (c) AFM image of printed

tBuCzDBA; (d) AFM image of printed tBuCzDBA:PVK; (e) confocal image of printed tBuCzDBA; (f) confocal image of printed tBuCzDBA:PVK.

Table 2
Roughness parameters of the printed OLED layers.

Layer Root Mean Maximum Peak Maximum Pit
Square (Rms, Height (Sp, nm) Height (Sv, nm)
nm)

Printed AI4083 2.45 33.7 —12

Printed PVK 0.94 5.42 —9.42

Printed 0.93 5.42 -7.71

tBuCzDBA

Printed 0.81 4.28 —9.42

tBuCzDBA:
PVK

anodes. A representative AFM image of the inkjet-printed HIL is shown
in Fig. 2a. A Root Mean Square (RMS) roughness value of 2.45 nm was
measured, although there are some small and evenly distributed im-
perfections on the thin film surface. The maximum peak height (Sp) and
maximum pit depth (Sv) values of the printed HIL were also evaluated
(Table 2) and were found to be in the order of tens of nanometres,
making them compatible with the OLED device manufacturing process
without affecting their proper functioning due to short circuits. The
PVK-based EBL printing process was then performed on the printed HIL.
The polymer was first dissolved in ortho-dichlorobenzene (OCB) and
then diluted with chloroform (CHCl3) to lower the boiling point of the
solution, reduce the surface tension of the ink and create a surface
tension gradient within the solution. This gradient induces Marangoni
flows, thus improving the drying process of the solution and the uni-
formity of the layer [34]. This approach to ink formulation and printing
optimization was already discussed for tBuCzDBA active layer printing
[34] and we successfully applied the same concept for PVK films. Spe-
cifically, the EBL ink consists of 0.1 mg/ml PVK dissolved in a 9:1 CHCls:
OCB solvent mixture, resulting in a surface tension of 25.6 + 0.8 mN/m.
The contact angle of the EBL on top of the printed HIL is shown in
Fig. 1c; as can be seen, the ink spreads rapidly and is completely dry after

10s.

The morphology of the printed film was evaluated by performing
AFM measurements (Fig. 2b) and, despite some small imperfections, the
roughness parameters of the film are very low (Table 2).

Finally, the emitting layer was deposited on the PVK film using an
ink with a concentration of 0.25 mg/ml of tBuCzDBA in a solvent
mixture of toluene:chloroform:o-dichlorobenzene 1:28/: vol, as re-
ported in our previous work on an analogous multilayer architecture
fabricated by spin coating [34]. The surface tension of the ink is 25.5 +
0.7 mN/m, and the contact angle measured on the anode/printed
HIL/printed EBL trilayer is shown in Fig. 1d, which is in agreement with
the values obtained on the spin-coated trilayer [34]. The AFM and
confocal microscope images of the printed layer are shown in Fig. 2¢ and
e. The low roughness values (Table 2) and the uniform emission
demonstrate the good results of the printing process. The printed
multilayer, consisting of anode/HIL/EBL/EML, was then tested in an
OLED structure.

To simplify the device structure and the manufacturing process, the
printing of a blend consisting of PVK and tBuCzDBA on top of the HIL
was developed. This printing process and the associated in-device
testing are interesting because we previously demonstrated that a
printed tBuCzDBA on a PVK film induces the formation of a blurred
interface and an in-situ blend, which turns out to be advantageous in
terms of device performance [34]. For this reason, a blend of tBuCzDBA:
PVK was deposited directly on the printed HIL to test such a simplified
multilayer in an OLED device. The blend was printed starting from a
solution with a total concentration of 0.35 mg/ml, with a PVK:
tBuCzDBA ratio of 0.4 (0.1:0.25). The same solvent combination used
for tBuCzDBA printing was used to prepare this ink without any signif-
icant change in the droplet behaviour of the solution. The ink obtained
has a surface tension of 26.6 + 1.1 mN/m and the contact angles on the
printed HIL are shown in Fig. le. The ink spreads rapidly on the HIL
surface and dries evenly.

The good quality of this layer can be seen from both the AFM
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Fig. 3. Electro-optical characterization of the printed multilayer OLED devices: (a) current density vs voltage and luminance vs voltage curves for anode/AI4083/
PVK/tBuCzDBA/TPBi/LiF/Al device; (b) current efficiency vs voltage for anode/AI4083/PVK/tBuCzDBA/TPBi/LiF/Al device; (c) current density vs voltage and
luminance vs voltage curves for anode/AI4083/PVK:tBuCzDBA/TPBi/LiF/Al device; (d) current efficiency vs voltage for anode/AI4083/PVK:tBuCzDBA/TPBi/LiF/

Al device.

Table 3
Luminance and Current Efficiency values of OLED devices with printed
multilayer.

Anode Active Max. Lum. Max. Curr. Max. Max.
Layer best Eff. best Average Average
device device Lum. (cd/ Curr. Eff.
(cd/m?) (cd/A) m?) (cd/A)
ITO PVK/ 7929 20.5 6632 + 17.6 + 4.1
tBuCzDBA 1454
PEDOT: PVK/ 2687 7.3 3234 + 7.1+0.5
PSS tBuCzDBA 773
ITO PVK: 14418 13.1 15336 + 109 + 2.4
tBuCzDBA 1313
PEDOT: PVK: 7105 5.95 7416 + 5.1+1.2
PSS tBuCzDBA 440

characterization and the confocal microscope image (Fig. 2d and f). As
for the PVK/tBuCzDBA bilayer, the fluorescence of the blend film is very
uniform, demonstrating the good distribution of the active material over
the substrate, although the emission intensity is lower compared to a
pure tBuCzDBA film because tBuCzDBA is dispersed in PVK.

The two types of printed multilayer structures (HIL/PVK/tBuCzDBA
and HIL/PVK:tBuCzDBA) were tested in an OLED device on both printed
polymeric anode and on ITO. The devices were completed by thermal
evaporation deposition of TPBi as ETL and LiF/Al as a cathode. The
results for the best devices with PVK/tBuCzDBA bilayer are shown in
Fig. 3a-b, while the average performance is given in Table 3.

The ITO-based device shows a current density of 95 mA/cm? at 16 V
and a luminance of almost 8000 cd/m? at the same voltage with a

maximum current efficiency (CE) reaching 20.5 cd/A at 10.4 V. The
switch-on voltage of this device is about 7 V. The same device prepared
by using the printed PH1000 anode shows a higher turn-on voltage
(about 8 V) and lower CE, luminance and maximum current density.
Nevertheless, luminance values of 2700 cd/m? at 16 V and maximum CE
values of about 7 cd/A were achieved.

As just shown, we found that OLEDs fabricated with the PH1000
polymer anode have lower performance than those fabricated on ITO.
We attribute this behaviour primarily to a lower electrical conductivity
of PH1000 compared to ITO, which is confirmed by a lower current
density and a higher turn-on voltage. Furthermore, the ink formulation
based on PH1000 requires the addition of some additives (Triton X100,
see Ref. [22]) for a good filmability. As a result, the electrical and
physical properties of the film can be further altered, which can influ-
ence the device performance.

Although the use of the polymeric anode is associated with a
reduction in device performance, this option is particularly interesting
from the perspective of fabricating a fully printed structure compatible
with flexible substrates at a lower manufacturing cost. The average
performance of the devices is in line with the electro-optical curve,
shown in Fig. 3a-b.

Regarding the devices with PVK:tBuCzDBA blend as an active layer
(Fig. 3c—d and Table 3), comparing the ITO-based and the PH1000-based
OLEDs, the same differences as observed for the previous devices are
noticeable, i.e. higher turn-on voltage and lower current density, lumi-
nance and CE values for the polymeric anode-based device. The best ITO
anode device achieves a luminance of 11400 cd/m? at 16 V and a
maximum CE of 13 c¢d/A at 8 V. In comparison, the best PH1000 anode
device has a luminance of 7100 cd/m? at 16 V and a maximum CE of 6
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cd/A at 12 V. As in the previous case, this difference is due to the lower
conductivity of the polymeric anode compared to ITO. Again, the
average performance is in line with the best-performing devices.

Comparing bilayer and blend devices, the latter have a lower turn-on
voltage, higher current densities and luminance values, and overall
lower current efficiencies. The lower turn-on voltage is due to the
different device structure; unlike the bilayer one, where the PVK layer
acts as a resistance for the injection of holes into the emissive layer, in
the blend-based devices, the emissive layer is in contact with the HIL and
the holes reach the emissive layer directly. At the same time, the absence
of a PVK film as an EBL induces an increased free electrons flow,
resulting in an increase in current density due to charge imbalance, with
a consequent reduction in efficiency, despite the slight increase in
luminance values.

In view of the reported results, the blend-based active layer OLED
structure could represent a good compromise between the cost-
effectiveness of the production process and the electro-optical perfor-
mance of the devices.

4. Conclusion

The results presented report the fabrication of a multilayer inkjet-
printed OLED. Starting from the polymeric anode up to the tBuCzDBA
active layer, OLEDs were fabricated in air, without masks, overcoming/
limiting the requirement orthogonal solvents. In fact, we successfully
increased the number of subsequent printed layers by developing HIL
and EBL ink formulations. The optimized inks allowed us to obtain
uniform and homogeneous thin films and a multilayer inkjet-printed
ITO-free OLED with a maximum CE of 7.5 cd/A and a maximum lumi-
nance of 3000 cd/m?

A simplified multilayer OLED device is also proposed by depositing a
mixture of tBuCzDBA and PVK directly on the printed anode/printed
HIL. The result was a device with a maximum CE slightly lower than the
previous one (6 cd/A) but with a higher maximum luminance (7000 cd/
m?). The inkjet-printed multilayer OLEDs reported here are a promising
starting point for the development of fully printed ITO-free OLEDs.
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