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Abstract

We report an inkjet-printed indium tin oxide (ITO)-free electrode made from a particle-free silver
ink. After printing, an argon plasma is used to reduce the silver ions in the ink to metallic silver.
This process does not require high temperatures and is therefore suitable for use with temperature
sensitive substrates. Printed silver layers show good optical transmittance and electrical
conductivity. To demonstrate the capabilities of the electrodes, inverted ITO-free organic
light-emitting diodes (OLEDs) were produced via solution processing. In terms of luminance and
efficacy, the devices containing the printed electrodes show improved luminance and current
efficacy compared to ITO-based reference devices. When fabricated with flexible substrates, the
printed OLEDs show high bending stability, enabling flexible applications.

1. Introduction

Many of today’s electronic devices are equipped
with touch screens incorporating transparent elec-
trodes (TEs). These are mostly made of transparent
metal oxides which allow the light to pass through
while retaining high electrical conductivity. The same
electrodes are used in organic light-emitting diodes
(OLEDs). In contrast to LEDs, where the light emit-
ting chip is contacted with at least one bonding wire,
OLEDs use planar electrodes which cover the whole
active area. Therefore, the generated light has to tra-
verse at least one of the contacts in order to leave the
device. With its high optical transmission over the
whole visible spectrum and its low sheet resistance,
indium tin oxide (ITO) is the de facto standard in
most modern applications [1, 2]. Because industrial
trends are moving towards flexible devices and large-
area production [3], in these applications the high
brittleness is one of the biggest drawbacks of ITO and
must be taken into account [4].

The search for alternative TEs has led to two main
approaches distinguished by their processing method.
The first of these is thermal evaporation of thin

© 2021 The Author(s). Published by IOP Publishing Ltd

metallic films [5] or dielectric-metal-dielectric com-
pounds [6], the second are solution-based methods
such as screen printing, roll-to-roll printing, spray
coating and inkjet printing [7, 8]. As an additive man-
ufacturing technique, inkjet printing benefits from
a very small loss in starting material compared to
other methods. As a drop-on-demand technique, it is
able to directly produce paths on substrates without
the need for masks or other pre-patterning of the
substrate. Frequently used materials in solution pro-
cessing are metal nanowires, carbon materials such
as graphene or carbon nanotubes [9], metal nano-
particle inks [10], or metal-organic decomposition
(MOD) inks [7, 11]. These MOD inks are fabricated
by dissolving mostly oxidized metal precursors and
additives such as stabilizing agents in suitable solvents
or by complexing metal ions with organic ligands
[12]. As a result, the inks have a longer shelf-life, since
there is no (or greatly reduced) particle agglomera-
tion [13].

When the aforementioned inks are used in elec-
trode production, two different goals can be pursued.
Fully TEs with an overall transmission of >80% [9]
can be manufactured. In this case nanowire inks made
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from metals such as gold [14], silver [15] or copper
[16] as well as carbon-based inks (graphene, nan-
otubes) [9] are the materials of choice. These typic-
ally achieve sheet resistances of 1013 Q sq~! at 80%
transmission for silver [17], 5-20 2 sq~! at 60%—65%
transmission for copper [16] and 50-100 €2 sq~! at
85%—-90% transmission for carbon-based layers [18].

The second type of electrode is a non-transparent
one, where mostly nanoparticle inks made from silver
[19] or copper [20] are used. Given their opaque
nature such electrodes cannot cover the whole device
area without blocking all the light and are there-
fore typically applied in thin lines. These lines are
interconnected to form linear or hexagonal grids
[10]. Such structures exhibit a transmission which is
dependent on the grid parameters such as the line
width and line spacing, but typical transmission val-
ues are >75% while the sheet resistance is in the range
0f 0.2-20 2 sq~! [10]. Both, the fully transparent and
grid electrodes show a higher resilience to bending
stress than ITO [21], with a reported increase in res-
istance (relative to the initial value) after several hun-
dred bending cycles of only around two times for both
nanowires and metal grids [15, 22].

Most solution-based materials require a post
treatment process (sintering) to reach their full con-
ductivity. Firstly, the aim of this process is to drive
of excess solvent. Protective capping agents, which
are added by the ink manufacturer to stabilize the
ink, are removed [7]. Secondly, with inks made from
metal nanoparticles, the particles can merge into a
homogeneous layer [7]. The MOD inks, on the other
hand, decompose, meaning the metal precursors are
reduced to form a metallic layer [13].

This sintering process can be achieved by a vari-
ety of different methods such as thermal sintering
[23], photonic sintering [24] (flash or laser sintering),
electrical [25], or plasma sintering [12, 26-29]. How-
ever, in the case of nanoparticle inks, all the above-
mentioned techniques except plasma sintering rely on
the transfer of heat to the metal particles. This trans-
fer is either achieved by directly heating the samples
(thermal sintering) or the absorption of light (flash,
laser sintering) or electrical energy which then is con-
verted to heat inside the ink itself. The heat is used to
decompose non-volatile ink ingredients such as sta-
bilizing agents [9, 23]. For the heat-driven processes
it is important to consider the thermal conductiv-
ity of the ink and the substrate material to obtain an
optimal result [30]. When choosing a sintering tem-
perature, care must be taken to avoid damaging the
sample from overheating, which can cause cracks or
holes in the final film [23]. The sintering temperat-
ure of 150 °C or more, required for most inks, makes
thermal sintering hard to use on flexible substrates
with a lower glass-transition temperature such as PET
(T = 70 °C-80 °C) [31, 32].

In contrast to that, plasma sintering mostly relies
on a low-pressure atmosphere to free the metal
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particles from undesired compounds [27]. Here the
sample is brought into a low-pressure environment
which is enough to evaporate most of the organic
solvents. Longer chained solvents and other organic
compounds are then broken down by the plasma
species into shorter, more volatile constituents [33].
However, atmospheric pressure plasma sintering has
also been reported with and without added thermal
sintering [28, 29]. Another, seldom used, plasma pro-
cess is the direct reduction of MOD inks via the
plasma species [34]. In this case, a reducing gas can
be used to enable chemical reduction from an ionized
species to elemental metal. Even though the know-
ledge of this process itself goes back as far as 1887 [35],
there are only a few examples of applying this pro-
cess to partially or fully plasma-assisted metallization
of surfaces in recent literature [34, 36—-38]. While this
method requires a vacuum chamber and the neces-
sary gas connections, higher temperatures are nor-
mally not used or generated, which makes the method
compatible with temperature-sensitive flexible sub-
strates.

In this work we present electrodes made from
a MOD ink that uses argon plasma to reduce the
printed layer. A thin, transparent, and highly con-
ductive silver layer is formed. No reducing gas such
as H; is needed. Our production process uses very
low temperatures and is therefore also suitable for
temperature-sensitive substrate materials.

2. Experimental

OTech T 1053 plasma metallization inks were
provided by OrelTech GmbH. The inks consist of a
mixture of organic solvents that facilitate ink printing
and a metallic precursor that contains Ag™ cations
[39]. Viscosity measurements of the ink were per-
formed using an Ostwald (U-tube glass capillary) vis-
cometer. Surface tension was assessed using the drop
weight method. This method uses the correlation
between the surface tension and the weight of a drop
of liquid that has only just detached from a capillary.
In combination with the mass and surface tension
of a drop of a reference liquid, the unknown surface
tension can be calculated [40, 41]. X-ray powder dif-
fraction (XRD) experiments were performed using
a Rigaku TTRAX III (18 kW) instrument with K
radiation of Cu (1.54 A) and parallel beam configur-
ation. The scanning angle was varied from 15° to 47°
with steps of 0.025° in 26 mode. Silicon was used as
a substrate for the XRD measurements as its defined
diffraction signature peaks can in most cases be easily
recognized and differentiated from the investigated
specimen peaks. Glass and PET, on the other hand,
are substrates with partially amorphous composi-
tion which manifests in XRD as unspecified broad
bands and makes the film’s peak identification more
complicated.
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ITO-coated glass samples with a size of
20 x 15 mm and an ITO thickness of 120 nm were
purchased from Psiotec Ltd. The samples were thor-
oughly wiped with acetone and isopropanol and dried
with nitrogen before being used.

Glass substrates for printing were cleaned in
the same way. The printing was performed on a
PiXDRO LP50 inkjet printer (Meyer Burger/Siiss
Microtec). A Spectra S-Class printhead with a nom-
inal drop volume of 30 pl was used at a resolution of
850 dpi. After printing, the samples were transferred
to a Femto plasma system (Diener) where they were
vacuum dried until a pressure of lower than 0.1 mbar
was reached inside the chamber. When completely
dry, an argon plasma with a gas flow of 20 sccm and
a power of 250 W was applied for 5 min to reduce the
samples to metallic silver. The time this drying takes
was found to be dependent on the sample size while
the curing time itself was not.

Absorption spectra of the printed silver and the
reference ITO were measured with a Perkin Elmer
Lambda 950 double beam spectrometer. Surface ana-
lysis was performed with a scanning force microscope
(SEM) (Bruker FastScan) using the tapping mode and
a LEXT OLS4100 confocal laser microscope (Olym-
pus). The resulting images were analyzed using open-
source software (Gwyddion). Sheet resistance meas-
urements were carried out with a four-point probe
(Jandel).

The haze of the printed layers was assessed qual-
itatively by looking at the diffusion of laser light
through the printed samples. A green laser was shone
through the sample at a distance of 1 cm. On a screen
at 1 m distance behind the sample, the size of the dif-
fusion pattern was assessed.

When preparing the OLED devices, the sample
surface was activated with another 5 min of
argon plasma treatment. On top of this a zinc
oxide:polyethylene imine (ZnO:PEI) blend (2:1 by
volume) was spin coated at 2500 rpm and dried on a
hotplate at 120 °C for 10 min leading to a 15 nm thick
layer. The ZnO nanoparticle dispersion (Genesink,
12 nm particles, 1% dispersion in isopropanol) was
used as received, while the PEI (Sigma Aldrich, with a
molecular weight of 25 000 g mol ') was dissolved in
isopropanol at a concentration of 0.4 wt% according
to [42]. The PDY-132 (Super Yellow, Sigma-Aldrich)
emissive layer was spin coated from a 5 mg ml~!
toluene solution at 2500 rpm for 60 s resulting in
a thickness of 80 nm. All printing and spin coating
steps were performed in ambient conditions. A top
electrode consisting of 10 nm MoO3 and 200 nm Ag
was then thermally evaporated in vacuum at a base
pressure of 10~° mbar using a shadow mask to yield
a device area of 0.49 cm?. Finally, all devices were
encapsulated by putting a drop of UV-curable resin
(Ossila) on top of the OLED and adding a glass lid.
The resin was then cured under 365 nm light for
10 min.

M Hengge et al

To prepare flexible devices, PET substrates were
cleaned thoroughly with isopropanol. The ITO coated
PET samples were purchased from PsioTec Ltd. The
same fabrication process as for the glass samples was
used with the exception of a lower drying temperature
of 100 °C for the ZnO:PEI layer. Encapsulation was
done using another layer of PET but with the same
UV-curable resin.

Current density—voltage-luminance characteriz-
ation (JVL) was performed with a Keithley 2612B
source meter and a Konica Minolta LS-160 luminance
meter in a purpose-built setup. Electroluminescence
(EL) spectra were taken with a CS2000 spectrometer
(Ocean Optics) using OceanView software.

Bending tests were performed by measurement of
the sheet resistance at set intervals of manual bending
against a fixed radius. The cyclic strain was calculated
according to the details described in the main text.

3. Results and discussion

3.1. Ink development and printing

The metallization ink used in this study (OTech T
1053) was optimized for an inkjet printing deposition
method. It has a viscosity in the range of 10-12 cP
and surface tension in the range of 25-30 mN m ! at
room temperature. As the ink is subjected to plasma
irradiation, Ag™ ions in the ink undergo a rapid
reduction to Ag’ particles, that accumulate into a
metallic silver layer [36]. Reduction of metallic pre-
cursors by a similar plasma process has been discussed
in literature [38, 43, 44]. The full mechanism of the
reaction, however, remains to be thoroughly stud-
ied. During the metallization process, the temperat-
ure rises only to 40 °C-50 °C, thus making the pro-
cess safe for most substrates.

The resulting parameters of the printed silver
electrode, such as transmission, conductivity, rough-
ness, and others strongly depend on the formula-
tion of the metallization ink, the printing process
and plasma conditions. The argon gas flow, plasma
power and treatment duration stated in the experi-
mental section were found to be optimal when using
the OTech T 1053 ink. The XRD diffractogram of the
metallic layers printed with the OTech T 1053 ink is
shown in figure 1(c). Since no peaks other than the
expected silver (111), (200), (220) ones were found,
the plasma metallization process is able to remove all
residual organic compounds.

Figure 1(a) shows the production process for the
printed silver electrodes. In the first step the electrode
structure was printed on the cleaned substrates at a
resolution of 850 dpiand a drop volume of 30 pl. Early
trials showed a strong so-called coffee-ring effect,
which is the flow of ink towards the edge of a dry-
ing printed area [46]. This was significantly reduced
by a short plasma treatment of the cleaned substrate
before printing and carefully optimizing the plasma
treatment parameters. Due to the particle-free nature



10P Publishing

Flex. Print. Electron. 6 (2021) 015009

M Hengge et al

@

® 200 nm
[ 10 nm

Step II: Ar plasma curing

Step I: Printing

Ag Reference 1
(111)

Norm. Intensity
5
1

0.54 B
(200)

si
004 . N
Printed Ag

40 50 60 0
20

over 150 bending cycles.

Figure 1. Overview of the device fabrication. (a) After printing the metallization ink (step I), the layer is cured in ArT plasma
(step II), leading to the final chemically reduced metallic silver layer which can then be used for device fabrication (step IIT). A
more detailed description of the device fabrication can be found in figure S1 of the supporting information (available online at
stacks.iop.org/FPE/6/015009/mmedia). (b) Cross section of a device and its layer thicknesses. The device is shown without the
substrate. (c) XRD diffraction pattern of a printed silver layer on silicon shows no additional peaks other than the expected silver
(111), (200), (220) and silicon from the substrate. As a reference a diffraction pattern of pure silver is shown [45]. (d) The
bending tests for the printed silver and ITO electrodes on PET confirm the stability in relative resistivity of the printed Ag layer
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of the MOD ink used, clogging of the printhead was
not an issue and the same printheads could be used
for over half a year.

The samples were then transferred to the plasma
chamber. The second step consists of drying the
samples in a low-pressure atmosphere with a pres-
sure of under 0.1 mbar. Afterwards, an argon plasma
was applied to cure the samples. These layers were
then analyzed and compared to commercial ITO elec-
trodes.

3.2. Printed electrode characterization
Transmission measurements were carried out to com-
pare the two different electrode materials. Figure 2(a)
shows the transmission curves of ITO and printed
Ag over the visible spectrum measured on glass sub-
strates. Both display a high transmission for visible
light. ITO reaches up to 98% transmission while the
printed silver layer is able to achieve 75%—-80% over
the whole visible spectrum. This high transmission
enables OLEDs with printed electrodes to have an
accurate color representation. However, transmission
and conductivity are strongly thickness dependent.
While thicker films show enhanced electrical con-
ductivity, the transmission decreases, negating the
positive effect on device efficacy.

Our layers, with a thickness of 30 nm (due to the
crystalline nature of the printed silver layer, the thick-
ness can be thinner in some places), as can be seen

in figure 2(b), and a sheet resistance of 16  sq~!

demonstrate a good compromise of both values and
are in good agreement with other recently published
results, as shown in the introduction.

One of the reasons for the good optical transmis-
sion of the printed silver can be seen in figure 2. When
drying, the silver in the ink forms a crystalline struc-
ture which is not fully closed, thus allowing light to
pass through. This structure is maintained through-
out the metallization process. Figure 2(c) shows a
fully cured layer in an optical microscope image.
Different grain structures can be seen. The more
closed features enhance the electrical conductivity. In
figure 2(d) an SFM image of a closed section is shown.
One can clearly see that the needle like features of the
printed layer are present up to a very small scale.

Furthermore, when printed on flexible PET sub-
strates, the transparent silver layers show a high
degree of flexibility through 150 manual bending
cycles. Using the relation e = d,/2r, where d; is the
thickness of the bent sample and r the bending
radius, the cyclic strain € was calculated [47]. While
more elaborated and automated testing methods were
reported before [47-49], these manual tests already
show sufficiently the high flexibility of thin prin-
ted silver. The applied bending radius is 5 mm, cor-
responding to 2% of cyclic strain. As can be seen
in figure 1(d), the printed silver layers show next to
no degradation in terms of relative resistance R/Ry.
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Figure 2. Characterization of a printed layer. (a) Transmission spectra of the printed silver layer and a common ITO electrode
show even transmission over the whole visible spectrum. This is also visible when overlaying an image with a printed layer as seen
in the inset. (b) The thickness of the printed layer can be determined from a line profile. Due to the nature of the crystal-like
surface, the thickness is between 5 and 38 nm. (c) Optical microscope image and (d) SFM image of a printed silver electrode show
the visible, not fully closed grain structure of the silver, leading to good layer transmission.

Again, this agrees well with state-of-the-art electrodes
as discussed previously. In contrast to that the relative
ITO resistance doubles after only five bending cycles.
After 15 cycles the relative ITO resistance is over 100
times greater and critical failure (no measurable con-
ductivity) occurs after only 80 bends. Thus, the prin-
ted Ag shows excellent performance in terms of flex-
ibility compared to the brittle ITO.

A qualitative haze assessment of the printed film
in comparison to ITO is shown in figure S2 of
the supporting information. While this measurement
does not provide the conclusive results a quantitative
full-spectrum haze measurement would produce, it
does give a qualitative indication of the electrode

properties. Upon shining a green laser through the
substrates and analyzing the size of the projected pat-
tern, PET substrates with ITO show a slightly larger
laser pattern compared to substrates with printed sil-
ver, which correlates to more haze than the printed
silver layers on PET.

3.3. Functional device characterization

To characterize the performance of the printed lay-
ers in comparison to ITO, bottom-emitting OLEDs
with an active area of 0.49 cm? were fabricated using
both electrode materials on glass and flexible PET
substrates. To quantify the electrical properties of the
fabricated OLED devices, JVL curves were measured.
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Figure 3. JVL characterizations comparing a printed silver electrode with a standard ITO OLED of the same architecture. Left are
the samples on glass (a) and (b), right on flexible PET (c) and (d). The JV curves (a) and (c) show a steeper increase in current
density for the printed layers. (b) The luminance versus voltage curves show similar behavior for printed and ITO electrodes.
Regarding the flexible devices (d) lower luminance is observed. The flexible Ag device has a higher brightness in the low voltage
area up to 6 V. The insets show EL spectra of the devices taken at a luminance of 1000 ¢d m
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Table 1. Turn-on voltage (Von), luminance (L), current efficacy (n¢) and CIE1931 coordinates of the fabricated OLEDs.

nc ((dA ™) @L (cdm™?) CIE1931
Electrode  Von (V)  Peak L (cd m™2) 100 1000 10000  Peaknc (cd A™Y) x y
ITO 2.5 16 636 0.78 3.00 443 4.54 0.41  0.55
Silver 2.5 11 983 1.26 2.63 5.13 5.34 042  0.53
Flex ITO 3.0 3890 0.52 1.92 — 2.71 042  0.53
Flex Ag 2.5 2170 0.43 0.79 — 0.89 0.43  0.55

Figures 3(a) and (c) compare the JV characterist-
ics of the device with the printed and the ITO elec-
trodes. While similar current densities are observed at
first, the printed electrode quickly surpasses the ITO.
For the glass devices the same trend can be observed
regarding the luminance/voltage curves shown in
figure 3(b). A similar start with comparable turn-on
voltages (defined as the voltage where the luminance
first surpasses 1 cd m~2) at V,, = 2.5 V for both elec-
trodes is visible, indicating our printed Ag electrode
does not lead to any additional electronic barriers to
charge injection in comparison to ITO. Afterwards
the luminance of the printed Ag-based OLED exceeds
the reference device (in the measured voltage range)
as seen in figure 3(b). However, at high voltages, the
ITO-based device reaches a higher absolute lumin-
ance as can be seen in table 1.

Flexible devices show a similar trend as seen
in figure 3(d). Although the electrode itself has a
lower transmission, we achieve higher luminance val-
ues, which makes the electrode more effective. If
the functionality of both electrodes were the same,
the lower transmission would negatively affect device
performance. However, since we have a higher con-
ductivity, we can achieve an enhanced charge car-
rier injection into the emission layer, and thus a
stronger recombination from it, leading to a higher
light output. EL spectra measured at 1000 cd m ™2
are the same for both devices, as shown in the
insets, both show a broad peak with a maximum
at 547 nm. Thanks to the uniform transmission
over the whole visible spectrum, no color shift in
emission is observed for the devices with printed
electrodes.
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Figure 4. JVL characterization of bent OLEDs. Figures (a) and (b) show fabricated OLEDs with pre-bent substrates. These were
bent ten times with a bending radius of 5 mm before OLED fabrication. While the printed silver OLED retains its performance,
the ITO OLED loses 99.9% of its maximum luminance. Figures (c) and (d) show OLEDs bent after fabrication. An ITO OLED
was therefore bent until failure (approx. 30°). The same was done with a printed Ag OLED. The graphs compare the bent and
fresh Ag OLED showing that the same bending radius only decreases the maximum luminance by 2%. The inset in (d) shows the

printed device working at the failure radius of ITO.

To determine the current used to produce a
certain luminance, the current efficacy 7¢ can be cal-
culated. This is done by dividing the luminance L (in
cd m~2) by the current density j (in A m~?2) result-
ing in the current efficacy (incd A=, nc = Lj~1). It
was found that after a similar initial efficacy for both
the ITO and Ag device, a higher current efficacy is
achieved with the printed electrode. The influence of
the higher current density is balanced out by the even
higher luminance, which results in higher efficacies
of the silver devices. This is attributed to the better
conductivity of the printed layer compared to the ref-
erence ITO. In the case of flexible devices, the over-
all lower current efficacy is most likely caused by the
higher roughness of the PET in comparison to glass.
In combination with the crystallinity of the printed
silver this can lead to more shorts in the device, lower-
ing the efficacy.

Again, the behavior of the faster growing current
density curve can be attributed to the lower sheet res-
istance of the printed Ag (Ryq, = 16 € sq™!) com-
pared to that of ITO (R, = 20 2sq~!). While the ITO
OLED shows a steeper increase in current efficacy,
reaching its maximum of 4.3 cd A~! ata luminance of
6300 cd m~2, the Ag OLED reachesup to 5.3 cd A~ ! at
aluminance of 12 000 cd m 2. The EL spectra of both

device types show a broad peak with a maximum at
around 550 nm, corresponding to CIE1931 coordin-
ates of x = 0.41 and y = 0.55 for the printed Ag-based
device, and x = 0.42 and y = 0.53 for the ITO-based
device. The same applies to the flexible OLEDs with
CIE1931 coordinates of x = 0.43 and y = 0.55 for the
Ag-OLED, and x = 0.42 and y = 0.53 for the ITO
device.

To verify the possible application in flexible elec-
tronics, bending tests were performed. Since bending
failure of devices is mostly attributed to the crack-
ing of the ITO during bending [21], OLEDs were
fabricated following a pre-bending (ten cycles with
2% cyclic strain) of the flexible ITO and the prin-
ted electrodes. Figures 4(a) and (b) show the J-V-L
characteristics where it can be seen that the bent ITO
OLEDs lose 99% of their maximum luminance while
the printed ones show next to no degradation. In
a second step, a finished ITO OLED was bent until
total failure. Printed silver OLEDs were subsequently
bent to the same angle (approx. 30°, see inset in
figure 4(d)) and the device characteristics were meas-
ured afterwards. Only a small loss in maximum
luminance of 2% was observed, making these type
of printed OLEDs suitable for potential flex-to-install
applications.
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4, Conclusion

In conclusion, we have produced printed silver elec-
trodes from a particle-free ink via a low temperature
process. The printed layers were analyzed and have
shown both, good optical transmission >75% over
the whole visible spectrum as well as the required
electrical conductivity. For the first time, OLEDs were
fabricated incorporating these electrode layers and
were shown to be able to surpass ITO-based refer-
ence devices with luminances of up to 12 000 cd m—2.
Additionally, the printed transparent silver layers
showed a high degree of flexibility in comparison to
ITO, whose resistance increased severely after only a
few bending cycles. With flexible devices, a compar-
able luminance was achieved for ITO and Ag devices.
Bending of the OLEDs was used to demonstrate the
superior performance of the printed devices for flex-
to-install applications compared to the ones based
on ITO.
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