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Modern optoelectronics, such as organic light-emitting diodes
(OLEDs) and thin-film photovoltaics, rely on transparent electro-
des (TEs).[1–5] TEs assure that light can leave or reach the
active materials (emitters or absorbers), while simultaneously
serving to inject or extract the charge carriers. Indium tin oxide
(ITO) is the industrial standard for TEs, due to its high optical
transmittance in the visible spectral range (>80%), together with
its low sheet resistance (Rsh) of <15Ω sq�1.[6] These key features

are easily achieved on glass substrates.[1]

Yet, the trend in industry is moving toward
production on poly(ethylene terephthalate)
(PET) substrates, because roll-to-roll (R2R)
production offers faster production speeds
than traditional bulk production of inor-
ganic semiconductor devices, such as silicon
solar cells.[7,8] In consumer electronics, the
trend goes toward flexible devices, like fold-
able smart phones or rollable screens.[9]

However, ITO fails to deliver a low sheet
resistance on PET due to the lower possible
substrate temperature during the sputter
deposition process and the high deposition
rates necessary to achieve high conductiv-
ity.[1] Typical PET/ITO foils show Rsh of
�60Ω sq�1. Further, ITO has the drawback
of being brittle, which deteriorates its
conductivity when subjected to mechanical
strain.[10] This fact compromises its use in
flexible applications (e.g., bendable devices).[11]

Many different approaches for solution-
processed TEs were brought forward in
recent years to tackle the aforementioned
drawbacks of ITO.

The use of inkjet-printed metal grids
offers the possibility of producing already structured electrodes
in an industrial-scale process.[2,12–14] Other important TE mate-
rials include conductive polymers,[15] ultrathin metallic layers,[16]

dielectric/metal/dielectric layers,[8] carbon nanotubes,[17] and metal
nanowires (NWs).[5,18]

The most widely used metal for NWs is silver. Silver NWs
feature high transparency (90–96%), as well as low Rsh

(9–70Ω sq�1).[19] In addition to these optical and electrical
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The implementation of silver nanowires (NWs) as flexible transparent electrodes
(FTEs) in solution-processed organic light-emitting diodes (OLEDs) still faces two
major challenges: the high roughness of NW films and heat sensitivity of the
most commonly used transparent substrate poly(ethylene terephthalate) (PET).
A solution-based, roll-to-roll, and sheet-to-sheet scalable process to create
indium tin oxide (ITO)-free FTEs is reported. This FTE is realized by spraying NWs
on PET, without the necessity of postdeposition heat treatment. To overcome the
roughness limitation, NW films are reverse transfer embedded on another PET
substrate. As a result, the FTE shows a low roughness, as well as high
mechanical, thermal, organic-solvent, and plasma stability. This developed FTE
shows comparable transmittance with ITO but lower sheet resistance and higher
mechanical stability. The FTE is implemented in a solution-processed OLED with
PDY-132 (Super Yellow) as the emissive layer. In contrast to many other works in
this field, a ZnO-nanoparticle electron-injection layer is used on the NWs instead
of poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) or other
organic hole injectors. The use of ZnO nanoparticles instead of organic layers
yields many advantages in terms of process and device stability. The resulting
devices show greater flexibility, conductivity, and luminance than PET/ITO
reference devices, while having the same power efficacy.
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properties, NWs show excellent mechanical stability, which
makes them a good candidate for flexible and R2R-processed
electrodes.[20] For R2R processing, different deposition methods
for NWs have been presented, such as electrostatic spraying,[21]

wire bar coating,[22] inkjet printing,[23] air brush spraying,[24] and
spray coating.[18]

Independent of the deposition technique, NW films feature
two major drawbacks, namely their high roughness and
their need for postdeposition treatments. High roughness is a
bottleneck for thin-film device fabrication, as spikes from the
one electrode may reach the opposing electrode and hence short
circuit the device. Postdeposition treatments are necessary to
remove the organic capping layer around NWs and assure
silver–silver contact between the NWs. Both steps are necessary
to reduce contact resistance between individual wires.[25,26]

To overcome the roughness issue, different planarization
and embedding processes have been put forward. Lian et al.
proposed an embedding process for NWs, by pressing the spin-
coated NWs into a poly(vinyl alcohol) (PVA) film, which was spin
coated on a poly(ethylene naphthalate) substrate.[25] Although the
processing is straightforward and does not require vacuum proc-
essing, it is unclear if the PVA film resists solution processing, as
the electrodes have been tested for evaporated OLEDs only.

A more stable approach for solution-processed embedded
NWs was presented by Yu et al.[27] NWs were drop cast on a host
glass substrate, cured, and covered with a UV-curable poly
(acrylate), which is peeled off of the sacrificial glass substrate,
containing the NW film. The embedded NWs feature a low
root-mean-square (RMS) roughness, as the new surface is the
initial glass/NW interface. On the embedded electrode, a solution-
processed OLED with the following architecture, poly(3,4-ethylene-
dioxylthiophene):polystyrene sulfonate (PEDOT:PSS)/Super
Yellow/CsF/Al, was tested. The presented devices feature a
similar current efficacy performance to ITO, but lower electrical
currents and lower luminance, compared with ITO.

Finally, Jung et al. presented an R2R process to create embed-
ded and transferred NW electrodes.[28] The NWs were wire-bar-
coated on the host substrate (thermally stable polyimide [PI]) and
thermally cured with an infrared dryer. It was shown that areas
up to 45� 15 cm2 had a homogeneous sheet resistance distribu-
tion. Then the NWs were embedded in a UV-curable polymer,
while simultaneously transferring them to a new PET substrate
(final substrate). It was shown that an evaporated OLED on this
electrode achieved the same luminance but higher efficacy than a
glass/ITO-based reference. Electrode performance in this case
was largely influenced by the use of high-aspect-ratio NWs
(length of 27 μm and width of 32 nm).

Recently, we have shown that sprayed and embedded NW elec-
trodes in the UV-curable polymer Ormocomp (“Ormocomp” is a
trademark of micro resist technology) can be obtained using PET
as both host and target substrate.[18] This approach avoids the use
of an expensive PI host substrate and yields a conductive substrate
that is compatible to solution processing of organic devices.
Further, it is compatible with R2R and sheet-to-sheet processing.
Sprayed NW electrodes have already been shown for sizes up to
10� 10 cm2, only limited by the hot plate size used in the study.[29]

In the work presented here, we prove the applicability of this
embedded electrode on PET in solution-processed OLED devices.
The previously presented devices use either PEDOT:PSS or

evaporated hole-injection layers on the NWs to manufacture
OLEDs. In the presented work a mixture of ZnO nanoparticles
and polyethyleneimine (PEI) is used as electron-injection layer
on NWs, creating an inverted OLED architecture.

A PEDOT:PSS-free OLED is less prone to humidity and has an
additional encapsulating effect by ZnO. Furthermore, it is not
necessary to apply many thin organic interlayers, which are dif-
ficult to control during processing and the inverted architecture
offers better applicability in display production.[30]

We prove the applicability of this embedded electrode on PET
in solution- processed OLED devices. The presented inverted
OLEDs on embedded NWs show the same power efficacy as
ITO-based devices but a luminance which surpasses devices
on standard PET/ITO substrates.

For comparison, we initially produced OLEDs with nonem-
bedded sprayed NW films on PET. All devices were short
circuited, due to a NW film roughness of 46 nm. Hence a plana-
rization process, based on the embedding of the NWs into the
Ormocomp layer, was used.[18] The schematic of the process
is shown in Figure 1a. NWs are sprayed on PET at 110 �C
(step I). Elevated substrate temperature during spraying allows
faster drying of the spray solution droplets. This in turn prevents
coalescence to larger droplets and thereby increases homogeneous
film morphology.[31] For the case of PET, Scardaci et al. showed
that a substrate temperature of 110 �C shows optimum condi-
tions.[29] At this temperature no deformation of the PET substrate
was observed, as the continuous air and solution flow cools the
PET substrate during spraying. Following the spraying, NWs
are drop coated with Ormocomp (step II). On top of this arrange-
ment the final substrate [PET, coated with Ormoprime 08
(“Ormoprime” is a trademark of micro resist technology)] is placed
and then illuminated with UV light (step III). Then a lift-off is con-
ducted, yielding NWs embedded in Ormocomp on PET (step IV).

To characterize the optical properties of the obtained
electrode, optical transmittance measurements were carried
out. In Figure 1b transmittance spectra of the NW films on
PET at various process steps are shown. The dashed orange line
shows the spectrum of the sprayed film after step I. Due to spray-
ing of the NWs at 110 �C substrate temperature, the organic
capping is removed during spraying and the resulting films have
an Rsh of 13Ω sq�1. Spraying NWs without substrate heating
yielded films with Rsh> 200 kΩ sq�1. Spectra of NW films
embedded in Ormocomp show an additional dip in the transmit-
tance spectrum of the electrode at �400 nm (light blue line), due
to the light absorption from the Ormocomp layer. Overcoating
the embedded NWs with the electron-injecting ZnO:PEI mixture
does not change the transmittance significantly (dark blue line).
It was observed that most NW device samples initially shorted or
showed high dark currents, although the NWs were embedded.
Hence, the embedded NW films were plasma treated to improve
the wetting and reduce remaining NW spikes, before spin
coating them with ZnO:PEI. Plasma treatment improved the
number of working devices and individual device performance.
PET/ITO samples were also plasma treated prior to ZnO:PEI
coating to enhance the wetting and the work function. In the
visible spectral wavelength range NW electrodes coated with
ZnO:PEI show a slightly lower transmittance than PET/ITO
electrodes coated with ZnO:PEI, but a far lower sheet resistance,
as the ITO-based electrode has an Rsh of 60Ω sq�1.
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As described earlier, devices with nonembedded NW electro-
des showed short circuits due to RMS roughness of 46 nm.
Scanning force microscopy (SFM) measurements were carried
out to quantify the roughness decrease caused by embedding.
The results are shown in Figure 1c. The height profile of the
nonembedded NW film (orange line) shows significantly higher
spikes, indicating higher roughness than the embedded NW
films (light blue). The embedded electrodes show however some
holes in the embedding polymer, caused by plasma treatment.
Figure S1 in the Supporting Information shows an SFM image
of the embedded NW electrode before plasma treatment, with no
holes visible. Further details on the process and the effects of the
plasma treatment can be found in a previous study.[18] These
holes are partially filled by the spin-coated ZnO:PEI layer
(Figure 1d, dark blue). For comparison, also the profile of the
ITO/ZnO:PEI electrode (black) is shown. To get a bigger picture
of the roughness of the NW electrodes than just line profiles, con-
focal laser microscopy and SFM images are shown in Figure 2.

From confocal laser microscopy (Figure 2a) the RMS rough-
ness of a 330� 330 μm2 area of the embedded NW electrode is
shown to be �30 nm. A more detailed (12� 12 μm2) SFM image
of the same sample is shown in Figure 2b, indicating an RMS
roughness of 25 nm. The high roughness value is mainly caused
by holes in the Ormocomp from the plasma treatment and not by
the sharp spikes which may cause shunts.[18] By overcoating the
embedded NW with ZnO:PEI (Figure 2c), an even smoother sur-
face (RMS¼ 8.1 nm) is formed, which is close to the ITO/ZnO:
PEI roughness of 5 nm (Figure S2, Supporting Information).

Having now confirmed that the developed electrode surface
roughness is almost as low as the roughness of ITO and hence
low enough for device manufacturing, the mechanical behavior
was investigated.

One method to do so is by conducting bending tests on the
electrode and investigating the measured resistance as a function
of bending strain and bending cycles. The electrode resistance
R was measured initially (R0) and then after each iteration of
bending cycles n. The tensile strain ε during bending is given
by the formula: ε¼ d(2r)�1, where r is the bending radius and
d the substrate thickness.[32–35] For these experiments,
r¼ 4mm and the substrate thickness d (Ormocomp þ PET)
equals 480 μm, which yields 6% tensile film strain. In addition, to
tensile bending, compressive bending (film inside the curvature)
was conducted. Figure 2d shows the mechanical stability of the
embedded electrode in comparison with ITO. Rsh of ITO
increases 30 times within 70 compressive bending cycles,
whereas the NW electrode showed no change in Rsh for compres-
sive bending at Rbend¼ 4mm for 5000 cycles. At the same
bending radius in tensile bending, Rsh increased only three times
over 5000 circles, which is ten times less than ITO. Rsh changes
strongly in tensile bending compared with compressive bending
because tensile bending is more strenuous for the film.[32,33] The
SEM images of the ITO and NW electrodes before and after
bending (Figure S3) show the strong contrast in morphology,
explaining the observed difference in Rsh. While ITO films
contain visible cracks after bending, the NW electrode shows
no such damage.

Figure 1. a) Schematic of the production process of the embedded NW electrodes: spraying (Step I), overcoating with Ormocomp (Step II), UV curing
with Ormoprime 08 (green layer)-coated final substrate (Step III), final electrode (Step IV). b) Transmittance spectra of the different electrodes showing a
transmittance of the developed electrode close to ITO; the inset shows the developed electrode. c) SFM line profile of nonembedded and embeddedNWs,
showing the reduction of large spikes. d) SFM profile of NW and ITO electrodes with ZnO:PEI, showing a further reduction of large spikes, which may
occur on PET/ITO substrates.
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Utilizing both ITO and NW-based electrodes, OLEDs were
fabricated, and their performance was investigated. To do so,
current density J and luminance L were measured as a function
of applied voltage V to determine the so-called J–V–L curves.
Figure 3 shows the performance data of OLEDs manufactured
on embedded NW FTEs, as well as on PET/ITO reference sub-
strates. In Figure 3a the corresponding J–V characteristics of
the devices are shown. The NW-based devices show up to two
orders of magnitude higher dark currents, caused by remaining
shunts through the light-emitting layer. In the range from 2 to 4 V,
devices based on NW electrodes show similar electrical behavior to
the ITO reference devices. Starting at 4 V, the NW-based devices
show a higher current increase as the ITO reference devices. The
sheet resistance of the NW electrode is �5 times lower than the
ITO electrode. This results in a faster current increase. Similar
behavior of current increase in OLEDs on NWs, compared with
ITO devices, has been shown in literature for a comparable device
architecture.[36] It is important to point out that the saturation
current of the NW devices is higher than that of ITO devices.
This behavior also results from the five times lower Rsh of the
NW electrode, compared with the ITO reference electrode.

In Figure 3b the luminance characteristics corresponding
to the J–V characteristics in Figure 3a are shown. At 4.5 V, the
luminance values of the NW devices exceed the ITO reference
devices. One can conclude that the higher luminance starting at
4.5 V is caused by the higher currents starting at 4 V (Figure 3a).
As stated earlier, this is derived from the lower Rsh of the NW elec-
trode. The maximum luminance of embedded NW electrode devi-
ces was 34 000 cdm�2, whereas the ITO reference device reached

a maximum luminance of 5000 cdm�2; both values were achieved
at 7 V. At 7 V the current density of the NW device is a factor
7 higher than the current density of the ITO device, correlating
with the five times lower sheet resistance of the NW electrode.
This results in the seven times higher luminance value.

Power efficacy (lm W�1) of the devices was determined by
calculating the electrical power consumed by the OLED (P¼ IU )
and calculating lm from cd according to Forrest et al. by assum-
ing a Lambertian light source: 1 lm ¼ π (1 cd).[37]

The resulting power efficacy over luminance graph is shown
in Figure 3 c. At lower luminance the ITO reference device shows
a higher efficacy. This results from the fact that at lower current
densities ITO-based devices show higher luminance values than
the NW-based devices. The highest power efficacy is achieved
by the ITO reference device with 2.2 lm W�1 at 5000 cd m�2,
whereas the highest efficacy of embedded NW devices is also
2.2 lm W�1 but at a considerably higher luminance value of
34 000 cd m�2. This same efficacy of the NW electrode device
results from the higher luminance at higher current densities,
which is achieved due to its lower Rsh. This indicates that our
OLED architecture is in general able to achieve these efficacies
and efficiently convert higher currents to higher luminance
values, as previously shown. Similar behavior has been shown
in OLEDs with a comparable architecture in the literature.[36]

One can conclude that the ITO-based devices have a higher
power efficacy at lower current densities and resulting lower
luminance due to lower leakage. However, this advantage over
the NW-based electrode is lost at higher current densities and
the resulting higher luminance, when Rsh plays a larger role

Figure 2. a) Large-area surface morphology of the electrode, b) SFM image of embedded NW electrode showing holes in the electrode due to
plasma treatment, c) SFM image of embedded NW electrode, coated with ZnO:PEI, showing lower roughness, and d) bending tests of the NW electrode
and commercial ITO substrates showing the much higher mechanical stability of the NW electrode.
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and ohmic losses in the ITO-based devices become more impor-
tant than the initial leakage losses in the NW-based devices.

Finally, to analyze the color of the light source depending
on the electrode type, electroluminescence (EL) spectra were
taken of both device types. Independently of the electrode, both
device types show the same EL spectra (Figure 3d), with the
Commission Internationale de l’Éclairage (CIE) coordinates:
x¼ 0.44 and y¼ 0.54 for the NW electrode and x¼ 0.45 and
y¼ 0.54 for the ITO reference. This indicates the same light
out-coupling properties of both electrode types, as well as the
same chemical stability for both types because no color changing
degradation of the light-emitting layer is observed.

In conclusion we have demonstrated a NW-based ITO-free
FTE, implemented in a solution-processed OLED. Our work
shows a vacuum-free way to process NW films on PET to
obtain FTEs with a sheet resistance five times lower than that
of ITO, while offering similar transmittance. In terms of flexibility
the developed electrode shows no resistance change in compres-
sive bending and only three times increase over 5000 tensile
bending cycles with 6% strain, whereas the comparison ITO elec-
trode shows large resistance increases after 70 bending cycles.

During device studies it was shown that the presented elec-
trode works well with a solution-processed ZnO:PEI electron-
injection layer to realize an efficient inverted OLED architecture.
It was further shown that plasma treatment can reduce possible
shunts in NW-based electrodes. In device tests our electrode
showed similar power efficacy performance as commercial
ITO PET substrates, but almost a seven times higher maximum
luminance values. Overall, a flexible and solution-processed alter-
native to ITO was presented.

Experimental Section

Fabrication of NW Electrodes: The fabrication of the embedded NW elec-
trodes was realized following the process described in a previous study.[18]

Clogging of the spraying nozzle by the NWs was not observed, because the
nozzle diameter (�3mm) was far larger than the average NW length
(10 μm), and in contrast to inkjet printing, spraying is a continuous
process, which prevents the drying of the solution at any place in the tub-
ing system. Further, the shaping air was set to its highest value, which
removed almost all NW residuals from the nozzle surface. The film
was kept uniform by choosing the spraying pattern over the substrate
in a zig–zag form and having a small offset at the start of every new spray-
ing circle. The amount of wires on the substrate and therefore the “thick-
ness” was set by the number of spraying circles. Further details are found
in a previous study.[18] To match the contacts of the OLED measurement
setup, the devices were patterned during spraying by covering the sides
with Kapton tape to leave a 5mm-wide middle strip of the conducting
NW film; then, Cr/Au fingers were evaporated.

OLED Manufacturing: To reduce the remaining spikes of NWs and
optimize wetting behavior, all samples were plasma treated in a Femto
Diener Plasma tool. Ambient air was used as plasma gas at a pressure
of 0.3 mbar and 100W power for 4 min. Following the plasma treatment,
the samples were spin coated with a ZnO:PEI (2:1 by volume) in isopropyl
alcohol (IPA) solution with 2500 rpm for 60 s and heated for 10min at
110 �C. The ZnO nanoparticle solution was purchased from Genesink,
whereas PEI was purchased from Sigma Aldrich, and the PEI solution pre-
pared according to the recipe of Zhou et al.[38] The emitting layer PDY-132
(Super Yellow, Merck) was spun at 2500 rpm for 60 s from a 5mg mL�1

toluene solution, with no heating applied. Following the spin-coating
steps, 10 nm MoO3 and 200 nm Ag were evaporated. All processing
and measuring except the vacuum steps were conducted in ambient air.

Characterization Methods: The sample surfaces were characterized
with a scanning force microscope (Molecular Imaging, Pico Plus) in tap-
ping mode, using tapping mode cantilevers (PPP-NCHR) from

Figure 3. Characteristics of OLED devices using the embedded NW electrodes on PET and a PET/ITO reference. a) Current density versus bias voltage,
b) luminance versus bias voltage, c) power efficacy versus luminance, and d) electroluminescence spectra of OLEDs; the insets show the working devices
on ITO and NW electrodes, respectively.
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Nanosensors. The images were analyzed using open-source software
(Gwyddion). Laser confocal microcopy images were taken with an
Olympus LEXT OLS4100. For optical transmittance measurements a
Bruker Vertex 70 Fourier-transform (FT) spectrometer, equipped with
an additional visible light source was used. For the wavelength
range 330–550 nm a GaP detector was used and for the range
550–1150 nm a Si detector. Transmittance was measured with a
teflon-coated integration sphere from Bruker. During bending tests, the
resistance was measured from one edge of the sample to the other,
perpendicular to the strain direction.

Current density/voltage/luminance device characterization was
conducted with a Keithley 2450 source measurement unit, together with
a Konica Minolta LS-160 luminance meter in a purpose-built setup. The EL
spectra were measured with an Ocean Optics CS2000 spectrometer and
recorded using Ocean View software.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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