Inkjet printing and photonic sintering of silver and copper oxide
nanoparticles for ultra-low-cost conductive patternsf
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Printing technologies to produce conductive films and electronic devices are well established and employ only inexpensive materials and

devices as well as rapid post-processing methods. In this work, silver nanoparticle and copper-oxide nanoparticle ink was printed using a

consumer inkjet printer on a large variety of commercially available substrates. The print quality was assessed by various methods. Self-sintering
of the silver ink led to sheet resistances of less than 400 mQ . Photonic sintering reduced the sheet resistance down to 55 mQ O~ within a

few milliseconds, equivalent to 2.4 times that of bulk silver. Copper oxide ink was reduced by intense pulsed light and a sheet resistance of 335
mQ O~ or 4.5 times that of bulk copper, was obtained. The parameters for sintering were optimized for both inks to achieve low resistivities

within a few seconds without damaging the substrates. The production process can be reduced to a few minutes and is fully roll-to-roll

compatible, thus providing a quick and ultra-low-cost manufacturing method to produce conductive patterns for wiring, printed circuit boards,

antennas, sensor electrodes, light emitting diodes, and solar cells.

Introduction

An essential part of every electronic application is its wiring
mechanism - its way to electrically connect different compo-
nents to achieve the desired functionality. Sensors, transistors,
and solar cells require electrodes to transport electrons to and
from the active areas. Touch screens and antennas are based on
conductive patterns to allow the communication with humans
and other devices, respectively. All components of a system
must be connected with wires typically embedded into a
printed circuit board (PCB)."

Traditional methods to produce conductive patterns involve
lithography, a multi-step subtractive process that is incompa-
tible with roll-to-roll production, requires clean room facilities,
and produces chemical waste.* In contrast, additive printing
methods promise high throughput, low-cost, and improved
environmental friendliness. Several technologies are applicable
to print conductive materials and profit from the wide use and
experience in the graphics industry. It is expected that printed
electronics can reduce complexity and costs, especially for large
areas and line widths greater than 50 um.*>” For rapid prototyping,
digital printing technologies, e.g. inkjet, are a promising step.
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Inkjet printing is a contactless process under ambient condi-
tions and almost free of chemical waste. Process speeds are
ranging from 1 to 100 m min~", mainly depending on the inkjet
head and the width of substrates.*® Furthermore, the possibi-
lity of using well known substrates like paper or polymer films
enables flexible, cheap, and disposable devices.

Metallic inks containing gold, silver, copper, aluminium, or
others offer a much higher conductivity than polymer-based
inks.>>” Noble metals, e.g. silver, are typically dispersed in
solvents as nanoparticles (NP) to reduce their melting point.’
Non-noble metals, e.g. copper, tend to rapidly oxidize and
are typically printed in a precursor form.'>'! After printing
with any kind of ink, the ink carrier and the functional com-
ponents must be separated, which can be achieved by evapora-
tion of the ink carrier or its absorption into deeper layers of the
substrate.">"

Typically, at least one more post-processing is required to
form a conductive layer. Precursor materials, e.g. copper oxide
(CuO) NP, must be converted into a metal and the electrical
connection between the NPs must be established. The latter is
achieved by sintering at high temperatures to create conductive
necks between the particles and increase their packing density.
At least 120 °C or much higher temperatures are necessary” that
are incompatible with many low-cost substrates. To prevent
damage to heat-sensitive substrates, several alternative sinter-
ing methods have been developed to selectively heat the printed
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pattern and expose the substrate only to moderate tempera-
tures. Electrical sintering uses local Joule heating by resistive
energy dissipation, but results in inhomogeneous sintering.
Recent developments of contactless sintering heads over-
came the challenges in sintering complex structures, however,
it requires an initial conductivity.'*'® Microwave sintering
utilizes the energy dissipation at the interaction of conductive
patterns with alternating electric fields. It is fast, able to
process larger areas, and can achieve a low resistivity but a
very homogenous field and an initial conductivity of the pattern
is required."®° Laser sintering locally heats the ink within the
laser beam. This allows higher process temperatures but is time
consuming.”'* Intense pulsed light (IPL) sintering is based on
the distinctly higher absorption of visible light of metal NPs
compared to paper and polymeric films. Intense light pulses of
a duration around one millisecond generate local temperatures
of up to 1000 °C in thin metal layers to rapidly sinter the NPs.
The fast heating leads to a higher densification.” The short
pulse duration and the low heat conductivity of most substrates
reduce the heat transfer and prevent excessive heating of the
substrate. Typically, the sintering process requires only a few
pulses, can be done at room conditions and is roll-to-roll
compatible, which lowers complexity and costs and increases
throughput.>'®?**” IPL sintering is, furthermore, able to
trigger chemical reactions in the printed layer, e.g. the reduction
of copper oxide in a specific environment.”® Novacentrix
ICI-002HV ink uses a specific ink formulation that allows the
conversion of the copper-oxide nanoparticles to sintered copper
in a single step.'*?%°

Applications for printed conductors include RFID antennas,
circuit boards, and electrodes for organic light emitting diodes,
solar cells, and various sensors.' ¢3!

This work analyses the influence of substrates and sintering
parameters on the electrical properties of conductive inks
deposited by inkjet printing. We use a silver and a copper-oxide
ink to produce conductive patterns on a wide range of substrates,
including paper- and polymer-based materials. Low-cost sub-
strates widely used by consumers and industry are compared to
special papers for printed electronics. Ideal sintering parameters
are identified to reach high conductivities.

Materials & methods
Inks and printing equipment

The silver (Ag) nanoparticle ink and copper oxide nanoparticle
ink were used without processing except for shaking by hand
prior to filling the cartridge. The Ag ink DGP-40LT-15C of ANP
(Korea) contains 35% silver nanoparticles in TGME (triethylene
glycol monoethyl ether) and has a density of 1.45 4 0.05 g cm ™.
The CuO ink ICI002HV of Novacentrix (Texas, US) contains 16%
fully oxidized copper nanoparticles.

A low cost consumer inkjet printer, Workforce 2010W of
Epson (Japan), was used without further modification for the
printing of the samples. The black cartridge was replaced by a
refillable cartridge that was filled with silver or copper-oxide
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Fig. 1 Left: Inkjet-printed and sintered silver NPs (top) and copper oxide

NPs (bottom) on porous substrates. Right: Test pattern containing horizontal
and vertical lines and an area for sheet resistance measurements.

I

nanoparticle inks. The printed pattern contains lines of different
widths (50, 100, 200, 300, and 500 um) in and perpendicular to the
moving direction of the printhead, dots of the same diameter,
a line with pads as well as a printed area of 5 x 10 mm for sheet
resistance measurements (Fig. 1).

Substrates

40 porous paper- and polymer-based substrates were tested in a
preliminary study for inkjet printing of both silver and copper
inks. The paper-based substrates are a variety of glossy, semi-
matte and matte coated photo papers, fine letter paper, low-cost
copy paper and two special papers for inkjet-printed electro-
nics. The polymer-based substrates contain inkjet reproduction
films, polypropylene-based graphic media, and two special
films for inkjet-printed electronics. A selection of 21 substrates
was found to be suitable for both inks (see Table S1 in the ESI¥).
Nine of these substrates are white paper-based (P1 to P9), ten
are transparent polymer-based (T1 to T10) and two are white
polymer-based (W1 and W2) substrates. All substrates have an
ink-absorptive coating.

Furthermore, 22 non-porous substrates were tested for crack-
free areas and matching of the substrate’s and ink’s surface
energies. The substrates included special films for printed
electronics, photo papers for laser printers, laser and inkjet copy
foils, and films for screen printing. Eight of them are presented
here: two are white special papers for printed electronics (N1 and
N2), three are laser copy papers (N3 to N5), two are laser copy foils
(M1 and M2), and one is a screen printing film (M3).

Production process

Before printing the samples, the nozzles were cleaned and it
was ensured that no nozzles are blocked or misfiring because of
air within the channels. The samples were printed using the
printer driver and the following settings: Epson Matte was
selected for the paper type and strong for the quality. A finer
raster and slow printing were used. The substrate was fed through
the built-in paper feed.

For comparison reasons all samples with silver nanoparticles
were dried at 65 °C for one hour in an oven. The copper samples
were stored for about 30 minutes to dry.

After drying, IPL sintering using a Sinteron 2010 (Xenon, US)
was conducted. If not noted otherwise, a double pulse at
2.5 kV and a period of 3 s were used for the printed Ag. The
pulse lengths were 1 ms for the first, and 2 ms for the second
pulse. The CuO samples were sintered with a single 2 ms pulse
at 3.0 kv.
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According to the user manual of the Sinteron, the energy to
the lamp can be calculated using eqn (1). HV is the set high
voltage, and WIDTH is the pulse width.

HV

23
= —_— . 71 .
= <3060 V) 938Jms™" - WIDTH (1)

Only a portion of this light reaches the substrate. For an

830 J pulse, the energy density is 3.15-3.38 ] cm 2.

Characterization

Optical microscopy images were obtained using a DM 2500
equipped with a DFC295 camera, both of Leica Microsystems
(Germany). Profilometer studies have been carried out using
a Dektak XT of Bruker (US). Atomic force microscopy (AFM)
images were obtained using a JSPM 5200 of Jeol (Japan). Scanning
electron microscopy (SEM) images have been obtained using an
Nvision 40 of Zeiss (Germany) at 5.0 kV beam energy and a
magnification of 25000. Sheet resistance measurements were
conducted on a printed 5 x 10 mm? area with a self-made linear
four-point probe in combination with a Keithley ACS 4200.
A correction factor of 0.651 was calculated and applied to com-
pensate the effect of limited boundaries according to Smits et al.**
Static water contact angles of 4 pL droplets of deionized water
were measured under ambient conditions by the sessile-drop
method using an OCA15 of Dataphysics (Germany).

Results & discussion

We found that the print quality of both inks is mainly depending
on the choice of the substrate. Thus, we show a detailed analysis
of the printed silver samples and only highlight the differences of
copper inks later in this work. Fig. 1 shows one well-conductive
sample for each ink after sintering.

Print quality assessment of Ag patterns

On some substrates, the silver ink immediately creates a shiny
silver layer after printing. On others heat-drying is necessary to
achieve this layer. On the third group of substrates, the ink
remains dark green or shows a very inhomogeneous pattern.
Fig. 2 shows optical microscopy images of printed areas of
about 1 um® Ag NP ink on different substrates. Most porous
inkjet media like glossy or semi-matte inkjet photo paper or
inkjet reproduction films show a print pattern like on substrate
T8 in Fig. 2a. Individual drops are perceptible and cover the
entire area. Fig. 2b shows the print pattern on a very smooth
non-porous polymer film. No individual drops are visible as the
ink remains liquid after printing and solidifies during drying.
Fig. 2c¢ shows a rougher non-porous polymer film that is
disturbed by stains of different sizes. All these three surfaces
exhibit a shiny silver which is shown with a higher brightness
than the substrate in the microscopy images.

Some substrates, for example, letter or copy paper, matte
photographic paper, and polypropylene-based graphic films
show a dry but dark surface which presumably originates from
an absorption of both the ink carrier and the metallic NPs.

Paper

Fig. 2 Microscopy images of printed areas (a—c) and lines (d—f) on different
substrates: porous inkjet media P9 (a & d), smooth non-porous film M1 (b & e),
and laser printer foil M1 (c & f). All these three surfaces exhibit a shiny silver
layer that results in a higher brightness of the ink-covered areas in the
microscopy images. Scale bar: 200 pm.

Optical microscopy images of a printed silver film on
unsuitable substrates are shown in the ESL{ Negative effects
are too large pores that absorb ink and solvent or a mismatch of
surface tensions of the ink and the wettability of the substrate
that leads to cracks or ink agglomerates.*?

Another important criterion for printed electronics is the
quality of printed lines. Fig. 2d-f show optical microscopy
images of lines with a designed width of 100 pm of Ag NP ink
on a selection of substrates. Fig. 2d shows a line composed of
ink droplets on porous inkjet media (P9). A drop gain of 50 um
was observed for all line widths, which is assumed to be related
to missing dot gain compensation mechanisms in the ultra-
low-cost printer. Some non-porous media show a uniform line
as depicted in Fig. 2e. However, the surface energy matching of
ink and the film as well as the quality of the film must be
high to obtain a line with homogeneous edges. Rough films
may contain stains (Fig. 2f) that increase the resistance of the
line. If the wettability does not match the surface energy of
the ink, dot gains may increase or the ink agglomerates to
separate drops.

A rough estimation of the amount of silver present on a
specific area was done by cutting two non-porous films to the
identical area. Both were weighed directly after printing of Ag
NP ink on one of them without drying. The average additional
weight of the printed silver was 1.19 £+ 0.24 mg per square
centimetre of the printed pattern. This means that a volume of
8.19 + 1.64 nL was applied to an area of one square millimetre.
With the density of bulk silver of 10.49 ¢ mL ™" and the silver
content of the ink, 30-35 wt%, the minimal film thickness that
could be achieved is in the order of 368 £+ 79 nm.

Due to pores resulting from non-perfect packing, the real
thickness is expected to be much higher. We measured it on
one of the smoothest substrates T8 and revealed an average
film thickness of 696 nm at a roughness of 111 nm. The
measured thickness can be explained by a porosity that leads
to an average density of 50.5% =+ 10.9% of the density of bulk
silver, i.e. 5.29 + 1.14 g mL ™" that is comparable to other
literature studies.**

Fig. 3a shows a SEM image of the printed silver NP layer on
substrate P7 without sintering. Silver NPs of about 50 nm in
diameter form a rough but homogenous layer. No large cracks
are visible within the sample and only a few droplet borders are
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Fig. 3 SEM images of silver NP ink (a) after drying without sintering and
(b) after sintering on substrate P7.

perceptible at large area scans. This indicates a high print
quality and no formation of “coffee stain” rings.>* The diameter
of the NPs increases approximately by a factor of four after
photonic sintering with two 2 ms pulses at 2.5 kV as shown in
Fig. 3b. Similarly, the sintered sample shows no cracks and the
droplet borders vanished completely.

Ag NP ink on porous substrates

Porous substrates are well suitable for inkjet-printing because they
absorb the ink carrier but not the nanoparticles, if the pore sizes
are small enough.'>*® AFM images of some substrates to estimate
the pore size and their roughness are provided in the ESL Inkjet
printing of nanoparticles on porous substrates results in an
instantly dry silver NP layer above the substrate with straight line
contours. On some substrates this layer is immediately conductive.
After drying for one hour, all selected substrates are conductive.
The conductivity varies across almost one order of magnitude. The
lowest sheet resistance without any methods of sintering lies at
around 385 mQ [~ ' (sample P8 and P17). The dark blue bars in
Fig. 4 show that most measured values do not exceed 5 Q O~
Assuming a thickness of 696 nm, a conductivity of 6% of bulk
silver could be reached without sintering. We found that the
resistance corresponds in most cases to the visual impression.
Only shiny silver layers showed a high conductivity whereas darker
layers exhibit a high resistivity. It was found that the creation of
shiny layers mainly depends on the surface of the substrate and
the separation of the ink components. Generally speaking, the ink
carrier needs to be separated from the nanoparticles to obtain the
prerequisites for conductivity.

However, photonic sintering is able to reduce the resistance
by 75% to 99% to values between 55.4 mQ [0~ (sample P7) and

white paper transparent polymer white polymer
100

[ Ag printed

[ Ag sintered
[_Jcusintered

Sheet resistance (/sq)
- S
T T

o
T

0.01
P1 P2 P3 P4 P5 P6 P7 P8 P9 T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 W1 W2

Sample number
Fig. 4 Sheet resistance of inkjet-printed silver nanoparticles before and
after sintering and copper-oxide nanoparticles after sintering on porous
substrates.

195 mQ O~ (T4). Sample P3 has the second lowest resistance
of 61.1 mQ 0" but has a smoother surface than P7. Assuming
a thickness of 695 nm, the sample with the highest conductivity
reached 42% (P7) of bulk silver. The standard deviation
between the different substrates is reduced from about 85%
to 40% of the mean value. Fig. 4 shows the sheet resistances of
inkjet-printed silver nanoparticles on all 20 suitable substrates
before (Ag printed) and after (Ag sintered) sintering.

The parameters of the IPL sintering are crucial for the
resulting resistance and the destruction of the printed pattern.
For a more detailed evaluation, samples were printed on sub-
strate P7 and sintered under different conditions. In order to
cover the operation range of the Sinteron, the voltage was fixed
at five levels between 2.00 kV and 3.00 kV in steps of 0.25 kv
and the pulse duration was varied between 250 pus and 3000 ps.

First, we present the resistance measurements for each
sample (Fig. 5a). Experimental values are shown by markers.
The lowest sheet resistances of 82 mQ (1" and 88 mQ 0" are
obtained for 2000 ps pulses at 2.75 kV and 2.50 kV, respectively.
The lowest value for each power is below 140 mQ (1™, indicating
that lower power can be compensated by longer pulse duration.
The decrease of resistance follows an exponentially decaying
relation with offset (parameters a, b, and c) of the form of
eqn (2) and is shown in the figure as continuous lines.

Rs = a-exp(—bx) + ¢ @

here, x describes the pulse duration. Above a certain exposure
level, the entire pattern gets completely destroyed and the
measured sheet resistance is higher than 1 MQ [O~'. The
steeply inclining lines in the figure indicate the complete
destruction of the sample at the next higher pulse width.
Furthermore, Fig. 5a shows that the resistance can be modelled
as a linear relationship with the power of the lamp for all pulse
widths up to a certain exposure level at which the pattern was
blown off. For low pulse widths, the resistance heavily depends
on the power of the pulse.

Fig. 5b shows the sheet resistance values plotted across the
energy to the lamp. We found that most experimental values
are lying on a similar exponentially decaying curve of the
form of eqn (2) with x describing the energy of the pulse and
the parameters a = 3268 & 346 mQ [0, b = 8661 £ 809 ] 1,

T
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Fig. 5 Sheet resistances of printed Ag NP ink on substrate P7 after sintering
with different pulse durations and powers. Markers show experimental values
with fitted exponentially decaying lines in the same colour. (a) Exponentially
decreasing relationship between pulse duration and resistance and linear
decrease between power and resistance. (b) Exponential decrease of sheet
resistance to higher energy almost independent of power.
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and ¢ = 115.5 + 22.6 mQ O~ (including 95% confidence
interval). This curve is plotted as a red dotted line. It was
observed that the obtained resistance mainly depends on the
energy to the lamp rather than the power. Following this
equation, the resistance for sintering energies above 1000 J is
less than one percent higher than the lowest value.

The second important criterion is the destruction of the
sample caused by the high-energetic pulses. The destruction
grade of the samples was evaluated using the following scheme.
Grade 1 indicates visually perfectly intact structures in all parts
of the test pattern. Grade 2 indicates minor damage of a
diameter larger than the thinnest line (approx. 50 um). Grades
3 to 6 indicate damage of a diameter larger than the 100,
200, 300, 500 pm line in this order. Grade 7 indicates major
damage that makes it difficult to measure the sheet resistance,
and Grade 8 corresponds to the complete destruction of the
conductive film.

Fig. 6a shows the relationship between the destruction grade
and the pulse duration for the power values. At all powers, the
samples sintered with a 250 ps pulse do not show any damage.
The longer the pulse duration is, the more distinctive the
destruction is. Already a 500 ps pulse shows damage at the
highest power value used. For pulse widths of more than
1500 ps, a clear difference is observed between low and high
power values. Whereas low power pulses (<500 kW) leave the
pattern intact, high power pulses (>500 kW) destroy the pattern
severely. We observed, that the destruction for high power values
follows the energy to the lamp, but for low values, the pattern
remains intact also at much higher energy.

The obtained resistance and the destruction grade are the
most important characteristics of the sintering of a printed
conductive pattern. The most favourable combination for most
applications of the films as conductors has both values very
low. This work proposes a simple figure of merit, the quality
rating Q: the sheet resistance Rg is normalized to the minimal
achievable sheet resistance and multiplied by the destruction
level D. The lower the quality rating, the better compromise
could be found between these two criteria. This method
assumes that the destruction of the thinnest line (Grade 1) is
equally important for the application to a double resistance. In
general, the destruction grade D can be compensated by a
reduction of the sheet resistance Rg to 1/D. The model can be
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Fig. 6 Dependency of (a) destruction grade and (b) quality rating of printed

Ag NP ink on substrate P7 after sintering to the duration of the pulse. Markers

show experimental values with connecting linearly interpolated lines in the

same colour. The legend applies to both graphs.
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modified by exponentiation of one of the two components to
better fit specific applications.

0~ (o) 0! ©)

here we want to use the model with a = b = 1. Fig. 6b shows the
quality rating as functions of pulse duration. The figure shows
that the best compromise between resistance and the destruc-
tion grade according to this model lies at 500 ps for 3.00 kV and
2.75 kV pulses, 750 ps for 2.5 kV pulses, and 2000 ps for 2.25 kV
and 2.00 kV pulses. The ideal value shifts to higher pulse
durations for lower voltages and power values. High-power
pulses (>500 J) have their best quality rating at around 350 ],
whereas low power pulses have it around 1000 J.

Following this model, the ideal photonic sintering para-
meters for a single pulse are a duration of 2000 ps at 2.25 KkV,
relating to pulse of 935 J at 462 kW. A pulse of 750 ps at 2.5 kV
leads to comparable results with half the energy consumption
(442 J at 589 kW). Assuming that the energy delivered to the
sample scales proportionally to the energy to the lamp, an
energy density of approximately 1.75 J cm ™2 is applied in the
latter pulse.

The resistance can be further reduced by a second pulse.
This was investigated for two different powers, 734 kW and
589 kW. For the first pulse, the longest pulse duration that did
not destroy the sample was used. This is 500 pus and 750 ps,
respectively. The second pulse duration was then increased up to
3000 ps. The sheet resistances reduce with higher pulse duration
to values as low as 90 mQ [0~ as shown in Fig. 7a.

There is a reduction of 61% or 43% compared to the resistance
value measured after the first pulse. Furthermore, the destruction
of the sample occurred at much higher energies as can be seen in
Fig. 7b. The samples sintered at 589 kW withstand pulse dura-
tions of 3000 pus without any damage and achieve a low resistance.
The quality rating improves significantly for the two powers
tested. Very low 90 mQ [0~ " can be reached without damage at
589 kW with a first pulse of 750 ps and a second pulse of 3000 ps.
Further sintering pulses did not show a decrease of the resistance,
so it is assumed that 90 mQQ [0~ ' is already very close to the
practical optimum. Assuming an effective thickness of 368 nm as
calculated above, this is 42% of the bulk conductivity.
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Fig. 7 (a) Sheet resistances and (b) destruction grade of printed Ag NP ink
on substrate P7 after sintering with a first pulse of 500 ps at 734 kW and
750 ps at 589 kW, respectively, and then sintered with a second pulse
at different pulse durations with the same power. The legend applies to
both graphs.
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Ag NP ink on non-porous substrates

Non-porous substrates do not absorb the ink carrier and, thus,
require further post-processing of the samples before sintering.
We heated the substrate in an oven for one hour to 65 °C, which
is sufficient to evaporate the solvent but not deform the sub-
strate. On some substrates, the printed pattern starts spreading,
which lowers the field of application for this substrate. On some
samples, e.g. N2 with a high contact angle of about 95° for water,
the ink agglomerates to larger but separate drops. On the best
substrates, a homogeneous and shiny silver layer appears after
drying with sharp and straight edges according to the designed
pattern. This can be achieved on some papers and films
intended for laser copiers. Before sintering, the sheet resistance
varies across many orders of magnitude as shown in Fig. 8a.
The paper-based samples show sheet resistances above 1 kQ [01~*
(N3 to N5) and sample N2 is not conductive at all.

In contrast, samples M1 and M2 show a sheet resistance of
about 2 Q [0~ comparable to the non-sintered porous samples.
IPL sintering can reduce the resistance across multiple orders
of magnitude (Fig. 8b). The sheet resistance of the samples P4
to P6 could be reduced from several kQ (0" by 4 orders of
magnitude during photonic sintering. The lowest sheet resis-
tance of 150 mQ [0~ is measured on sample N7 (—93%). This
value is considerably higher than the one found on porous
substrates, which may result from a more inhomogeneous cover-
age, and is consistent with the study of Schuppert et al.*” Sample
N2 is not conductive due to the separation of the ink into drops.

Print quality assessment of CuO patterns

The colour of the printed CuO is dark brown on all printed
substrates. On porous substrates, the ink is instantly dry and
slightly maroon. On non-porous substrates, the ink remains
wet and dark-brown after drying. We found that the print
quality of printed CuO samples is very closely related to Ag
samples. On porous media, we can achieve uniform and only
slightly wider lines than designed. On non-porous media, the
wettability of the substrate influences the uniformity of lines
and can disrupt printed areas.

Fig. 9a shows a SEM image of the completely dried CuO ink
on substrate T8. The flaky structure probably consists of copper
oxide flakes of 120 nm as indicated in the datasheet of the ink
and the dried reduction agent or its degradation products.
Artefacts in the image are related to the high resistivity of
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Fig. 8 Sheet resistance of inkjet-printed silver nanoparticles before (a) and
after (b) sintering on non-porous substrates.

Fig. 9 SEM images of CuO ink (a) after drying and (b) reduced Cu after
sintering on substrate P17.

CuO and the coated PET-based substrate. Photonic sintering
massively changes the structure as shown in Fig. 9b.

A sponge-like, porous network of copper has been formed, in
contrast to the large particle-based network of sintered silver
NPs shown in Fig. 3b. Comparable samples sintered at energies
higher than the optimum show cracks running through the
sintered copper. Furthermore, circular blow-ups can be found
that are most probably related to liquids evaporated during the
sintering.®® In comparison to other groups using a different
printer, it seems that the drop distribution of the consumer
inkjet printer creates a more uniform pattern that reduces the
susceptibility to cracks along droplet borders.*®

A rough calculation of the height of bulk copper expects a
value around 130 £ 26 nm. It assumes that the printer applies
the same volume of ink for every type of ink, 819 nL, cm > as
calculated above and a density of 1.1 g cm ™ for the copper-
oxide ink. Based on the atomic weights of copper and copper
oxide, a copper content of 12.8% (wt) was used for the calcula-
tion. The thickness of the film is much thinner than that of the
silver film, because of the lower concentration of copper in
the ink. The thickness of the film was measured on one of the
smoothest substrates T2. It revealed an average film thickness
of 212 nm at a high roughness of 37 nm.

The samples printed with CuO ink are more difficult to
visually assess than for the silver ink. However, only the porous
substrates could be used for producing conductive patterns.
Only these substrates facilitate the separation of ink carriers
and nanoparticles. Paquet et al. found that the optimal separa-
tion on Novele PET (also used for sample P11) is achieved about
10 to 30 min after printing and later on the reducing agent
degrades and inhibits a successful reduction.'” In contrast,
we did not see any significant relationship between the drying
time and the resistance. Nevertheless, we left the samples with
the 5 x 10 mm areas for about 30 min in air under room
conditions.

CuO ink on porous substrates

Before IPL sintering, all samples are non-conductive. After
sintering the suitable substrates show a clear copper-coloured
pattern whereas unsuitable substrates do not change their
colour, and exhibit a burned-in pattern accompanied by a harsh
smoky smell, or the printed pattern blows off. The sheet
resistances on most suitable substrates show a variation across
one order of magnitude starting at low 335 mQ [0~ " (P5). This
relates to a conductivity of about 23% of that of bulk copper.
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Most photo papers and some of the coated PET films show
sheet resistances at around 500 mQ [0 ~'. The sheet resistances
of printed films on transparent porous films range from
454 mQ O (T3) to 2155 mQ O~ ' (T9). The values for all
films are shown together with the silver samples in Fig. 4.

Similar to silver NP ink, the parameters for IPL sintering of the
CuO NP ink are crucial. In order to study this, several samples
were printed and sintered at different pulse durations and voltage
levels as well as a different number of pulses. Afterwards, the
sheet resistance was measured.

All samples sintered at 896 kW and 734 kW are immediately
conductive for pulse widths of more than 1500 ps and 2000 ps,
respectively. Pulses at medium powers needed a second pulse
to obtain a conductivity below 1 Q O™, At lower sintering
energies the colour of the printed patterns is still a mixture of
copper and copper-oxide (dark-green) whereas at higher sinter-
ing energies cracking and formation of tombstones occur
around the limits of the drops. Pulses of 1000 ps and 1500 ps
at 734 kW and 589 kW, respectively, needed up to 10 pulses to
reach values below 2 Q [0, For pulses for powers of 462 kW
and lower, no conductivity was obtained up to ten pulses.

For all samples except one, additional pulses increased the
resistance as shown in Fig. 10a and in the ESL{ The higher
resistances are caused by cracks and blow-ups. The best sinter-
ing parameter to obtain a low resistance is a pulse of 2 ms at
896 kW. This resulted in a sheet resistance of 355 mQ O "
This is in contrast to other groups that achieved the best results
after several pulses.'”*® For a further investigation, all samples are
compared with the scheme used for the Ag NPs above. Fig. 10 shows
that the sintering of the CuO ink follows different trends from the
Ag NP ink. The increase of the pulse duration is related to a decrease
of the resistance only for low powers as shown in Fig. 10a. However,
a clear decrease of resistance at increasing powers for pulse widths
of 2000 ps and below can be found (Fig. 10b). Higher pulse widths
show a minimum resistance at 734 kW.
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3
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3
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Fig. 10 (a and b) Sheet resistances of printed CuO NP ink on substrate P5
after sintering with different pulse durations (a) and powers (b). (c and d)
Destruction grade (c) and quality rating (b) of printed CuO NP ink on
substrate P5 after sintering with pulse duration. The legend of the first
graph applies to (a), (c) and (d).
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The evaluation of the destruction grade is very clear for
printed CuO patterns. We applied the same grading system then
for the silver printed patterns above. Grade 1 means that the
entire pattern is conserved during sintering. Grades 2 to 6
describe damage of the size of 50, 100, 200, 300, and 500 pm,
respectively. We found that if the pattern is damaged, the
destruction always occurs at the edges of lines and areas. Thus,
mainly thinner lines are affected and large patterns are not
blown off the porous substrate even at high powers. Fig. 10c
shows a clear dependence on the pulse width and power. High
pulse durations as well as high powers lead to a destruction of
the sample. Powers of 734 kW destroy thin lines of the pattern
already at the lowest pulse-width required for obtaining con-
ductivity. Low-power pulses do not harm the pattern at all. The
quality rating was calculated as described. The lower destruction
grade of the sample sintered with one 2500 ps pulse at 734 kW
compared to the one sintered with one 2000 ps pulse at 896 kW
clearly predominates the higher sheet resistance of 442 mQ (1"
compared to 335 mQ 0" (Fig. 10d). If the copper-oxide ink is
used to print patterns with line-widths of multiple millimetres,
the quality rating could be modified. Using a = 5 and b = 1, the
lower destruction grade of the former is compensated by the
lower resistance of the latter. Both IPL sintering parameter sets
have the same energy consumption. For most applications,
sintering with one pulse of 2500 ps at 2.50 kv will give ideal
results, although not the lowest sheet resistance.

CuO ink on non-porous substrates

We tried photonic sintering of wet and thermally dried copper
oxide printed onto all available non-porous substrates without
being able to achieve high conductivity and acceptable copper
layers although the CuO ink of Novacentrix is supposed to be
suitable for non-porous substrates.*® Both approaches are showing
similar results: if the photonic sintering energy is too low, no
conductivity is achieved. If the energy is too high, the pattern is
blown off directly. To our knowledge, other groups face the same
problems with the ink and could not achieve highly conductive
patterns on non-porous substrates. We think that the problem
originates from the necessity to separate the ink carrier from the
nanoparticles and the reduction agents. Photonic drying seems to
be able to dry the samples fast enough to achieve a flat copper
oxide layer that can be cured by high-energetic IPL without being
blown off. We tried flash frequencies up to the maximum of the
Sinteron with varying numbers of pulses followed by one strong
pulse to convert the oxide NPs to copper. Optical inspection of the
cured samples shows a high degree of damage in all parts of
the patterns and presumably a high content of copper oxide in the
layers. This leads to a considerably high sheet resistance of about
10 Q O~ We think that an optimized drying step by means of IPL
drying with high frequency pulses may lead to better results.

Conclusions

Printing of silver nanoparticle ink on photo paper or coated
polyester film without any post-treatment gives a sheet resistance
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of 400 mQ O~ This work showed that drying at only 60 °C
achieved a sheet resistance as low as 385 mQ ]~ on some porous
substrates. The sheet resistance of nonporous substrates lies as
low as 2.15 Q O~ after drying at 60 °C. Much lower resistances
can be achieved by intense pulsed light sintering. Sheet resistances
of down to 55.4 mQ (1" on substrate P7 were achieved with only
two pulses of IPL sintering. This relates to a conductivity of 42% of
bulk silver in the 696 nm thick film. To achieve the lowest
resistance and no damage to the printed pattern, a pulse of
750 us followed by a pulse of 3000 ps at 734 kW are ideal. This
leads to a sheet resistance of 89.8 mQ [~ ' (26% of bulk
conductivity) and a printed pattern without any visible damage.
Non-porous substrates are more sensitive to ablation of the printed
layer and forbid high sintering energies.

The price of printing can be reduced using copper inks, e.g.
the CuO ink with a light-triggered reduction agent. The best IPL
sintering condition to achieve lowest resistances is one high-
energetic pulse of 2000 ps at 896 kW, the maximum power
achievable with our setup. With this setting, sheet resistances
as low as 335 mQ [0~ ' were achieved in a 212 nm thick film,
which relates to a conductivity of 22% of bulk copper. If a fine
pattern must be sintered, it is recommended to reduce the
power to 734 kW and use a 2500 ps pulse.

The production of conductive films on flexible substrates
does not require expensive materials and time-consuming post-
processing anymore. The prices for small quantities of silver
ink are less than a euro per printed square decimetre, for the
copper ink it is only a few cents for small quantities. Without
any post-processing, printed conductors for sensors, electrodes
and wiring can be produced. Intense pulsed light sintering
equipment costs scale down to less than one euro per printed
square decimetre already after printing 1000 m>. The throughput
of inkjet printers and the IPL sintering machines are extremely
high compared to most other production methods for patterned
conductors. Together with creative ideas for energy supply like
bendable batteries and/or harvesting, printed electronics are
realisable already today.
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