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Transparent conductive electrodes (TCEs) are widely used in the
growing market of organic and thin film solar cells, liquid crystalline
displays and O-LEDs.'* A common requirement among these ap-
plications is the possibility of producing transparent and conductive
electrodes directly on polymeric substrates, which is related to the
growing interest in flexible electronics. Indium tin oxide (ITO), the
most commonly used material in the display industry, has several lim-
itations when considering the actual needs in this field: it is prone
to cracking on flexible substrates,** it is expensive, due to the pres-
ence of Indium, and requires high temperatures during the thin film
fabrication process.® Therefore substitution of ITO is necessary to
satisfy the evolution of electronic industry; at the moment attention
is mainly focused on conductive polymers,*”-* single-walled carbon
nanotubes (SWNTs),>!! graphene and metallic nanostructures.'>"!
If polymeric transparent electrodes are limited by their intrinsic low
conductivity, carbon nanotubes and silver nanowires (AgNW) show
promising properties but still need some improvement. Transparent
conducting electrodes produced with SWNTs have typical resistance
of 200 ©/0J at 80% transmission (at a wavelength of 550 nm).!!
This resistance value is an order of magnitude higher than that of ITO,
therefore it is insufficient for applications in large-area devices. Lower
sheet resistance may be obtained with AgNW, due to the intrinsically
lower resistivity of silver, but issues are relative to the presence of
height variations greater than 100 nm in the deposit.'®"!° Despite their
promising properties as potential replacements for ITO, these materi-
als still suffer from the trade-off between electrical conductivity and
light transmission characteristics. To increase electrical conductivity
thicker layers are needed, but this enhancement comes at the expenses
of optical transmittance and vice versa. Conductivity of TCEs can
be improved by incorporating metallic grids,?>-*> these can be pro-
duced by thermal evaporation using shadow masks, by lithography
or by printing.?>?3 Considering that fabrication methods should be
scalable and low cost, a method is proposed here to produce both PET
supported and free standing metallic grids by ink-jet printing of sil-
ver nanoparticles followed by electrodeposition of copper (also other
metals can be deposited depending on the application) and, option-
ally, electropolishing. Ink-jet printing was demonstrated to allow the
production of grid electrodes with low resistivity supported on rigid
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substrates®* as well as on flexible substrates like PET; combination of
printed Ag meshes and graphene is also being considered.” Ink-jet
printing of flexible patterns is advantageous since it allows depositing
metal on-demand, thus reducing the amount of necessary material and
therefore production costs. The main limitations of this technology are
the low softening point of polymeric substrates and the minimum drop
size that can be ink-jetted. The former sets an upper boundary to op-
erating temperature during the sintering step of the process, the latter
limits the minimum feature size that can be obtained with this technol-
ogy. Since the dimension of metal lines of the final grid (free standing
or polymer supported) has a lower limitation, determined by the initial
width of the ink-jetted lines, optimization was performed in order to
reduce this parameter. Dimension and shape of the ink droplet were
controlled by tuning the voltage waveform acting on the piezoelectric
actuator; drop distance was optimized in order to maintain metal line
uniformity while reducing the feature width.

Considering also the subsequent steps of electrodeposition and
electropolishing, it is possible to tune the properties of the final elec-
trode as required, simply by properly modulating process parameters.

Experimental

Materials.— Commercial PET films, 150 pwm thick, were used
as substrates. Commercial Suntronic EMD5603 ink was used, sup-
plied by SunChemical, consisting in an ethylene glycol based sus-
pension of Silver nanoparticles (20%w/w) with diameter lower than
150 nm. G222SRAH - Commercial Acid Copper Plating solution, by
Reprochem Srl. Indium tin oxide coated PET was obtained by Sigma-
Aldrich and used as received. The electrolyte for electropolishing was
prepared using ortho-phosphoric acid (85%, Sigma-Aldrich), potas-
sium phosphate (monobasic KH,PO,4 and dibasic K,HPO,, Sigma-
Aldrich), benzotriazole (Sigma-Aldrich), and de-ionized water.

Ink-Jet printing of micronets.— Metallic grids were printed using
a Dimatix Materials Printer 2831 inkjet-printer; this is equipped with a
piezoelectric print-head having 16 nozzles, linearly spaced at 254 pm
on a single row, with diameter 25 pwm. This printer allows manipulating
the waveform of electric pulses driving piezo-jetting devices. The
qualitative scheme of the waveform used in the inkjet printing process
is given in Figure 1; this was the result of a series of optimization
tests performed with the aim of obtaining small spherical drops. The
tail can indeed deflect the freefalling path and introduce bulges into
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Figure 1. Qualitative scheme of the Voltage waveform used to eject the single
ink drop during ink-jet printing.

the printed features, if it is not absorbed into the drop head before
the latter reaches the substrate. The duration of the pump-in step, at
negative voltage (1st phase), was tailored in order to induce ink flow,
minimizing the volume forced into the pumping chamber. The next
two phases are relative to ejection of the pre-pumped ink and drop
shape definition. A high slew rate was therefore selected, in order to
reduce formation of non-spherical drops. During the last phase, the
driving voltage was set to zero, thus allowing the system to return
to its original conditions. Metallic grids with different geometrical
parameters were printed, on the PET substrate heated at 60°C, using
several drop spacing values and three different operating voltages.
Sintering was performed at 110°C for 60 min.

Characterization of printed micronets.— Laser profilometry was
used to determine printed line spacing and thickness. An UBM micro-
focus instrument was used. SEM imaging was performed with a Zeiss
Leo Supra 35 field emission microscope to have a deeper insight on
the quality of the printed pattern.

Bending tests were done in compliance of the ISO 1519 norm,
using BYK cylindrical mandrel tester ISO version. Resistivity mea-
surements were performed, with a Keysight Technologies U1232A
multimeter, on suitable rectangular samples having a continuous coat-
ing of silver at each corner, as reported in Figure 2. This geometry
allows determining resistivity across both adjacent (horizontal, ver-
tical) and opposite (diagonal) corners of the micronet pattern. Light
transmission properties of the micronets were determined using Perkin
Elmer Lambda 2 spectrophotometer in transmission mode, with data
point spacing of 1 nm in the 190-1100 nm range. Measured values

Figure 2. Schematic representation of sample geometry adopted to character-
ize electrical properties of the printed micronet.

Table I. Experimental conditions and electrolyte used for copper
electrodeposition on printed micronets to obtain freestanding
grids.

G222SRAH - Commercial Copper Plating
solution, Reprochem Srl

Plating Solution

Anode Platinum
Plating Temperature 30°C
Stirring Magnetic @ 200 rpm

50 mA/cm? (Strike), 30 mA/cm? (Deposition)
1 min Strike, 60 min Deposition

Current Density
Deposition Time

were associated to the metallic pattern geometry and resistivity, in
order to determine the best compromise between the two properties
(resistivity and light transmission).

Production of freestanding meshes.— To fabricate the free stand-
ing transparent electrode, electroplating was performed on the printed
pattern, using the two electrodes setup, in the conditions reported
in Table I. Optionally electropolishing was performed on the free
standing metallic grid to reduce metallic line dimensions. This was
performed in the three electrode setup, using Platinum as counter elec-
trode and a saturated Ag/AgCl reference electrode. A phosphoric acid
based bath, described elsewhere,?® was used to perform electropolish-
ing in potentiostatic conditions.

Results and Discussion

Given the different properties and the different process needed
to manufacture free standing and polymer supported micronets, the
discussion is divided depending on the final product of the process.

Ink-Jet printing of PET supported micronets.— Considering the
printing of conductive lines to produce transparent conductive elec-
trodes, drop spacing plays a critical role. This deeply affects line width:
increase in drop spacing leads to a reduced line width, therefore to
higher light transmission, but at the same time this can cause issues in
electrical conductivity and continuity of the array. The opposite can
occur when reducing drop spacing. Figure 3 reports line width val-
ues obtained for different drop spacing and operating voltages (meant
as drop ejection voltage). It can be noticed that results at 21 V and
22 V are comparable while small differences are observed at 23 V
operative voltage; higher influence is played by drop spacing. Being
35 wm the average diameter of the spherical drops (as observed with
the camera installed in the printer), an optimal value for drop spacing
was identified as 30 wm. The influence of drop spacing on line thick-
ness was then evaluated by laser profilometry. Several measurements,
performed on samples obtained in different experimental conditions,
show that no remarkable influence is exercised by this parameter on
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Figure 3. Graphical representation of the relationship between line width and
drop spacing, reported for three values of operational voltage.
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Figure 4. Scanning electron microscope image of a portion of PET supported
ink-jet printed micronet.

line thickness. The same value, about 3 wm, was obtained for line
thickness after sintering, independently on drop spacing. This is rea-
sonable considering that, for a given volume of ink, drop shape does
not depend on drop spacing and is directly related to wettability, i.e.
contact of the ink on the substrate.

SEM imaging, performed on printed micronets, confirmed that the
selected working conditions are suitable for obtaining structures with
well-defined geometry and few defects (Figure 4). Specifically line
spacing and width are uniform through the whole sample. Together
with the absence of delamination and cracking under bending on a
cylinder with 2 mm radius, this is an indication of the good quality of
the printing process.

Once quality of the printing process was validated, studies needed
to be sustained on the electrical and optical properties of the micronets
produced. The target was obtaining a good compromise between trans-
parency and conductivity, having flexibility as fundamental require-
ment. To have a first indication on the conduction properties of the
printed micronet, resistance measures were performed on commercial
PET/ITO, a continuous layer of printed Ag, and a printed Ag mi-
cronet. With an inter-electrode distance of 3 cm the measured values
are reported in Table II. It’s possible to notice that resistance is re-
duced of about one order of magnitude with respect to ITO. Using the
setup described in the experimental section, resistance measurements
were performed on samples having different geometry in terms of
line spacing and width. It is possible to observe, Figure Sa, that re-
sistance shows a stochastic behavior with respect to line spacing and
seems unaffected by this parameter. On the other hand, as expected,
resistance exhibits inverse proportionality with respect to line width,
Figure 5b. This dualism could be explained taking into considera-
tion the main factor that limits conductivity on the printed pattern:
apparent resistance of the micronet is much higher than that of an
equivalent system composed by “bulk” Silver; this can be justified by
the nature of the printed lines, composed by sintered nanoparticles.
The non-dependence of resistance on line spacing could agree with its
dependence on line width: the factor that limits conduction could be

Table II. Resistance values measured, with an inter electrode
distance of 3 cm, for different samples and compared to commercial
PET/ITO.

Sample Name Resistance Value

Commercial PET/ITO 160 ©
PET/ Printed Ag Micronet 25 Q
Continuous Printed Ag 10 Q
Freestanding Micronet 2Q

Re-sintered Micronet ~0.1 Q
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Figure 5. Graphical representation of the relationship between normalized
resistance and line width (b), and normalized resistance and line spacing (a),
for ink-jet printed micronets.

the presence of defects interrupting or altering the electrical continuity
of the lines in the grid. The concentration of defects per unit length of
printed line is roughly the same for small or large line spacing, while
it is strongly increased by reduction in line width related to increase
in drop spacing.

A greater impact of net geometry can be noticed on light trans-
mission properties of the printed architecture, results are reported in
Table III. Considering Sample 1, transparency measured at 550 nm is
70%, this value is slightly lower than that of the reference PET/ITO
which has a measured transparency, at this wavelength, of 76%. The
main parameter dominating light transmission is line spacing: an ex-
ample is given comparing sample 9 and 10. With roughly the same line
width, transparency at 700 nm is increased from about 43% to about
60% simply by increasing line spacing from 375 pm to 820 pm. It is

Table III. Transparency values measured at 700 nm for samples
obtained with different geometrical parameters.

Sample  Dimensions  Line Width ~ Line Spacing  Transparency
D # [ium] [ium] [ium] [%]
1 50 x 40 31 645 71.85
2 45 x 40 38 610 69.26
3 45 x 45 56 1250 71.76
4 35 x 45 66 1220 70.35
5 45 x 45 84 1860 73.27
6 35 x 45 92 1840 71.21
7 50 x 50 60 420 55.05
8 50 x 50 90 1635 68.40
9 50 x 50 105 375 43.41
10 50 x 50 110 820 60.71
11 50 x 50 41 340 61.04
12 50 x 50 70 750 64.20
13 50 x 50 110 1070 65.06



important, when looking at the reported data, to consider that PET is
responsible for part of the reduction in optical transparency and this
process could be adapted to higher transparency polymers.

By correlating micronet resistance and transparency we notice
the expected direct proportionality between these two characteristics.
Even if optimization in terms of transparency is still needed, it is clear
that line width is the main parameter governing electrical conduction
while line spacing rules light transmission. Therefore depending on
the requirements coming from the application it’s possible to tune one
or the other parameter to reach the best compromise. For example,
considering results reported above, it’s possible to achieve a good
compromise between transparency at 700 nm in the 68%-73% range
and normalized resistance, which is in the 0,5 Q/mm-1 /mm range.

Fabrication of the free standing micronet.— When considering
the production of free standing transparent electrodes, mechanical
performances should be considered on top of electrical conductivity
and transparency. It’s therefore necessary to guarantee proper stiffness
for the micronet maintaining good transparency values.

The free standing transparent electrode was obtained by electrode-
positing Cu on PET supported ink-jet printed micronet, but also other
metals could be deposited obtaining similar results. Due to the higher
adhesion of printed Ag with electrodeposited Cu than to the PET
substrate, thanks to hydrogen evolution and concentration of current
density at the edges of the Ag lines, self-release of the micronet was
possible during the electrodeposition process. A core-shell structure
is therefore obtained with this process, where electrodeposited copper
completely surrounds the silver core.

Preliminary tests were performed to assess electrical resistance of
the obtained freestanding micronets, with an inter-electrode distance
of 3 cm; results are reported in Table II. Electrical resistance decreases
of a further order of magnitude with respect to the PET supported
micronet. The freestanding nature of the micronet allows perform-
ing a second thermal treatment, thus obtaining further reduction of
electrode resistance (Table II). This sintering step can be performed
at higher temperature with respect to the first, since no limitations
are imposed by the melting temperature of PET. Electrical perfor-
mances are enhanced since, on one side higher degree of coalescence
is achieved among silver nanoparticles and, on the other, defects in
the electrodeposited copper are reduced. Both optical and scanning
electron microscopy revealed that copper coating is homogeneous on
the printed pattern; moreover the original micronet geometry is main-
tained without alterations in line shape and distance. This confirms
that deposition conditions and electrolyte allow obtaining a stress-free
copper plating on the printed substrate. The mechanism of self-release
is confirmed by SEM imaging performed after 30 min of Cu depo-
sition, i.e. half of the usual plating time. It’s possible to notice that
copper is growing on the back side of the printed pattern but some
portions of the original silver mesh are still exposed, Figure 6.

Figure 6. Scanning electron microscope image of a detail of a free standing
micronet obtained after 30 min Cu electrodeposition, incomplete coverage of
Ag substrate is observed.

Figure 7. Optical microscope image of a free standing micronet before
(a) and after (b) electropolishing, reduction in line width is observed.

This process, which on one hand allows the self-release of the
freestanding micronet, on the other hand has intrinsic limitations in
the amount of metal that needs to be electrodeposited to obtain a
core-shell structure, with the silver substrate completely covered by
copper. This can cause undesired increase in line width, leading to
excessive reduction in transparency and conductivity values above
the requirements. To overcome this limitation, a further step can be
added to the process consisting in electropolishing. This, depending
on the requirements, allows tuning line width to increase transparency
in order to obtain an optimal resistivity/light transmission couple.

As revealed from optical microscopy, reduction in line width is
possible by electropolishing without incurring in structural collapse
or conductive track interruption. Figure 7 shows optical microscopy
images of a standing micronet before and after electropolishing, while
Figure 8 shows a picture of the micronet after electropolishing. It was

Figure 8. Photograph of a free standing micronet after electropolishing



possible to produce conformal geometries and to reduce line width
to less than 50% of the original value, considering the average of 10
measures performed on lines randomly positioned inside the micronet.

Conclusions

It was possible to optimize ink-jet printing parameters in order
to obtain PET supported micronets having a wide range of trans-
parency and electrical conductivity values. Transparency is governed
by line spacing while electrical properties are determined mainly by
line width. Preliminary work was performed to produce free stand-
ing transparent electrodes by electrodeposition on printed meshes.
The nature of the process leads to self-release of the freestanding
electrode, which is characterized by an Ag-core Cu-shell structure.
Electrode resistance can be reduced of one order of magnitude by
electrodeposition; this is mainly due to the difference in microstruc-
ture between the printed Ag and the electrodeposited Cu. Sintering
at higher temperature, performed on the freestanding micronet, al-
lows to produce conformal geometries and to greatly improve electri-
cal performances. Electropolishing can be performed to reduce line
width after electrodeposition and increase transparency, maintaining
acceptable electrical properties. Preliminary results obtained are en-
couraging. Since electrodeposition allows obtaining low resistance
values even for low thickness, in the future electrodeposition could
be performed on lines with reduced width in order to increase both
transparency and electrical performances.
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