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ABSTRACT

Laser induced forward transfer (LIFT) is a direct-writing technique that allows printing inks from
a liquid film in a similar way to inkjet printing but with fewer limitations concerning ink viscosity
and loading particle size. In this work we prove that liquid inks can be printed through LIFT by
using continuous wave (CW) instead of pulsed lasers, which allows a substantial reduction in the
cost of the printing system. Through the fabrication of a functional circuit on both rigid and flexible
substrates (plastic and paper) we provide a proof-of-concept that demonstrates the versatility of

the technique for printed electronics applications.

Inkjet printing is probably the most widespread technique for the digital manufacture of printed
electronics devices.' With a long history of development in the field of the graphic arts, inkjet
printing was quickly adapted to print the new materials required by the new applications with
considerable success.* However, the technique presents constraints related with the rheological
properties of the printing ink which can limit its application in some instances. Among them, the
size of the particles loading the ink: a particle size of the order of 1/100™ of the output nozzle
diameter usually represents the upper threshold for a printable ink (due to nozzle clogging issues)’.
Besides, the rheology of the ink becomes fundamental and an inverse of the Ohnesorge number Z
laying between 1 and 14 is required to form stable drops.® These issues can easily exclude several
interesting materials from being printed through inkjet printing. Nanostructured materials like

nanowires, nanofibers, or nanotubes, very promising in many electronic applications (smart



systems, sensors, devices, LEDs or batteries), can be hardly printed through inkjet printing without
previously modifying the extreme aspect-ratios that provide them with their unique functional
properties. >’

Laser induced forward transfer (LIFT) has been revealed as an interesting alternative to inkjet
printing in that it allows printing inks of a wide range of materials with little limitations concerning
their rheological properties. The principle of operation of LIFT is rather simple (Figure 1a): a
pulsed laser beam is focused on a thin film of the ink to be printed through a transparent donor
substrate.®? The absorption of the laser pulse at the film interface leads to the formation of a
cavitation bubble which expansion results in the development of a liquid jet that propagates away
the film (Figure 1b). A receiving substrate placed in front of the ink free surface intercepts the jet,
which allows collecting the ejected liquid, thus leading to the formation of the sessile droplet that
ultimately becomes the printed pixel.'%!? Since the jet is generated from an unconstrained liquid,
and not by means of flow through a nozzle, this sets fewer restrictions concerning the printable

particle size. '
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Figure 1. a) Sketch of the setup and principle of operation of pulsed LIFT. The laser beam is

250 ym
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scanned along the donor film at a certain scan speed and repetition rate. Each laser pulse results in
the formation of a long jet of ink, which contact with the receiving substrate leads to the printing
of a droplet. b) Stop action movie of a printing event. In all the frames the donor film is located in
the top of the image and the receiving substrate in the bottom, and the laser beam is impinging
from above. The images were acquired with a time resolved microscope in shadowgraphy
configuration; the acquisition delay respect to the laser pulse is indicated above each frame, and
the aperture time was always 100 ns. It is observed that the jetting dynamics characteristic of
pulsed LIFT results in the formation of a printed droplet through contact of the jet with the

receiving substrate.

The transient character of the jetting dynamics observed in the LIFT of inks is inherent to the

use of pulsed lasers, apparently a major requirement of the technique. Pulsed lasers, though, are



expensive, or at least considerably more expensive than analogous continuous wave (CW) lasers
with the same output power. This issue can overshadow the interesting attributes of LIFT, and thus
hinder or delay the spread of the technique in the printed electronics industry. With the aim of
overcoming the drawback, here we propose carrying out the LIFT of liquid inks with CW laser
radiation; this unconventional approach should allow a substantial reduction in the cost of
acquisition of the laser source which in turn should impact the final production costs of the printed
devices. CW lasers have already been employed for the digital transfer of materials,'” as in the
well-known laser-induced thermal imaging (LITI) technique.!® However, in those instances
transfer was always carried out from solid donor films. The CW-LIFT approach with liquid donor
films that we propose here should allow broadening considerably the range of printable materials.®
At the same time, in that transfer takes place in liquid state and with no phase change, the approach
would be compatible with the use of inkjet and screen-printing inks, and therefore with all the
already existing technologies in the printed electronics industry.

Upon scanning a focused CW laser beam on a donor film of a commercial ink, we prove the
feasibility of CW-LIFT by means of printing continuous and stable conductive lines which can be
used as interconnects in printed electronic circuits. Fast photography of liquid ejection allows us
to demonstrate that material transfer proceeds through a spray mechanism apparently unrelated
with the jets generated during LIFT with pulsed lasers. Finally, as a proof-of-concept for the new
approach we fabricate a circuit containing a gas and a temperature sensor wherein all the printed
elements have been deposited through CW-LIFT. To this aim we have used two inks of very
different particle size each, and we have printed them on both rigid (glass) and flexible (polyimide
and paper) substrates in order to show the versatility of the technique for printed electronics

applications.



In the first printing experiments we used a commercial inkjet printing Ag ink (water-based
suspension of Ag nanoparticles with an average diameter below 60 nm) as donor material and
glass as receiving substrate in a typical LIFT configuration with a gap between donor and receiving
substrate of 150 pm (see Supporting Information for details). With the aim of printing conductive
lines we scanned the donor film with a CW-Nd:YAG laser beam (1064 nm wavelength, 100 pm
beam waist diameter) following straight lines in the way presented in Figure 2a at the maximum
scan speed available with our system (600 mm/s) and at different output powers. In spite that
wavelengths in the visible range would be better suited for transfer attending to the radiation
absorption properties of the Ag ink,'” CW-LIFT is intended to be applied to a broad range of
instances, many of which can include inks of materials with different optical properties. Therefore,
the use of such an ubiquitous laser radiation as the Nd:YAG fundamental wavelength (1064 nm)
seems a reasonable choice in a feasibility study like this, even if its wavelength is not the optimum
one for that particular ink in terms of absorption (for a more detailed analysis of the inks absorption
characteristics, please, see Supporting Information). In fact, even in instances wherein the ink is
completely transparent to the laser radiation it is always possible to use an intermediate absorbing
layer between the donor substrate and the donor liquid film, a strategy commonly employed in

pulsed LIFT.!%!8
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Figure 2. a) Sketch of the setup and principle of operation of CW-LIFT. The laser beam is scanned
along the donor film at a certain scan speed, which results in the printing of a continuous line of
ink on the receiving substrate. b) Optical microscopy images of lines of Ag ink printed through
CW-LIFT on glass at a scan speed of 600 mm/s and different laser powers; the laser power and
corresponding intensity (power per unit area) are displayed besides each line. The images
correspond to dried ink before sintering. It is observed that continuous lines free from bulging are
obtained in all cases. ¢) SEM images with details of the center of the printed lines. It is observed
that the concentration of nanoparticles in the line decreases with laser power while the presence of
large particles and aggregates increases. d) Plot of both thickness (m) and sheet resistance (©0)
versus laser power and intensity. The minimum sheet resistance is obtained at fairly low laser

powers (1-2 W). e) Stop action movies of liquid ejection during CW-LIFT acquired through fast



photography at different laser powers and at a speed of 300 mm/s. In all the frames the donor film
is located in the top of the image and there is no receiving substrate (though its eventual position
is indicated in the top frames); the laser beam is impinging from above and scanning the donor
film from right to left. The acquisition delay respect to an arbitrary time t is indicated above each
frame, and the aperture time was always 5 ps. The blue arrow indicates the position of the ejected
ink front. The real movies are provided in Supporting Information. It is observed that liquid

transfer in CW-LIFT proceeds through a spraying dynamics.

Remarkably, stable continuous lines were obtained in most cases in the lines printing experiment
(Figure 2b). The corresponding line widths, around 200 pm (the irregular contour represents a
deviation of about 15 % around the average for 1.0-4.0 W laser powers), are perfectly acceptable
in many printing applications; in fact, most commercially available printed electronics devices, as
well as most realizations displayed in the literature, have similar (and even larger) minimum
feature sizes.!” Nevertheless, smaller features could be even achieved through tighter focusing of
the laser beam or through improved radiation absorption in the liquid donor film (through the use
of either a different laser wavelength or an intermediate absorbing layer). In spite of the presence
of some spray around the edges, the lines appear to be uniformly covered with ink all along their
lengths for most of the investigated laser powers; only at the highest powers (between 6 and 7 W)
discontinuous deposit is observed in the center of the lines. Scanning electron microscopy (SEM)
confirms that at low powers the lines are indeed uniformly coated with Ag nanoparticles (Figure
2¢). In fact, at the lowest powers the particle distribution reproduces well that of the donor film.
The SEM images also reveal that as the laser power is increased above 2 W, the nanoparticles

concentration decreases, and larger particles (up to 0.5 um in diameter) are found randomly



scattered onto the coating, sometimes forming aggregates. These aggregates could be attributed to
nanoparticles melting and coalescence taking place during laser irradiation, being most prominent
at the highest powers. Similar micron-sized ejecta have been observed during the ablation of
metallic nanoparticle films with pulsed lasers.?’ The thermodynamic size effect of nanoparticles
coupled to the reduced thermal conductivity of nanostructured materials can result in nanoparticle
melting at substantially lower temperatures than those required for bulk metal which could account
for the formation of the aggregates even at the relatively low laser powers of these experiments.?!
The different hue and reflectivity of the borders of the line at 7.0 W (Figure 2b) are probably due
to the much lower density of nanoparticles, as well as to the presence of the aggregates. Finally, it
is also remarkable that in spite that very long lines were printed (up to 6 cm), bulges were never
found; this is noticeable, since bulging is one of the most problematic defects in printed
interconnects in that they can lead to undesired short-circuits between adjacent lines.?* Tiny
droplets arising from the spray can reach distances up to about 200 pm away from the border of
the line; however, they do not contribute to the line electrical properties, and therefore they do not
compromise its functionality, as it will be shown later.

The plot of the average thickness of the line versus laser power (Figure 2d) displays a maximum
value of around 90 nm at powers between 1 and 2 W, followed by a monotonous decrease at
increasing powers (the thickness values above 5.0 W are not very significant due to the depletion
of nanoparticles in the center of the lines). An equivalent plot for the sheet resistance of the lines
after sintering in an oven (see Supporting Information for details on sintering conditions) shows
the reversed behavior, with a minimum sheet resistance of about 0.4 /o at the same powers of 1-
2 W, which corresponds to a minimum resistivity of about 3 pQ-cm (see Supporting Information

for details on the evolution of resistivity with laser power). These values are comparable to - and



even better than - those usually obtained with laser sintered metallic nanoinks.?>?* In spite that the
maximum thickness achieved is slightly lower than that obtained with inkjet printing single scans,
the corresponding sheet resistance -the parameter which ultimately determines the functionality of
the prints- is perfectly comparable to those characteristic of inkjet printing.”®> These results,
together with the possibility of printing long continuous lines demonstrated in the previous
paragraph, conclusively prove that CW-LIFT is feasible for printing conductive lines from inks to
be used as interconnects in electronic circuits. Yet there is another issue that deserves attention:
the optimum lines were obtained at fairly low powers in these experiments (which could be
substantially reduced through tighter focusing of the laser beam). This is truly remarkable in that
it means that very inexpensive lasers can be used, which positively reverts on the cost reduction
initially aimed through the approach of operating in the CW regime. In fact, robust and stable CW
laser diodes with powers about 1 W can be purchased for as little as a few hundred euros. Aside
from cost reduction, operating with low power CW lasers presents additional advantages, like the
possibility of using truly portable lasers that are easy to integrate in a production line, not to
mention energy consumption and safety issues.?°

There is an important difference between CW and conventional pulsed LIFT yet to be
considered, the transfer process. The jetting dynamics of pulsed LIFT (Figure 1b) is hardly
compatible with the continuous nature of the new approach. So, how does liquid transfer proceed
in CW-LIFT? In order to answer this question we carried out fast photography of ink ejection in
the absence of any receiving substrate at different laser powers. A slower speed (300 mm/s) than
that used in the printing experiments was set in order to acquire a number of frames high enough
to properly reproduce the movie of the process with a magnification allowing to visualize the

ejected liquid under all the analyzed conditions. The selection of frames presented in Figure 2e
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reveals that the laser beam atomizes the liquid as it scans the donor film and projects it towards
the receiving substrate as a spray, a transfer dynamics completely different from that of pulsed
LIFT (the complete movies are provided in Supporting Information). The broad spray angle does
not represent a critical problem for printing since the typical gap between donor and receiver in
LIFT is small enough to allow ink collection before there is too much spread on the receiving
substrate. In fact, the observed dynamics allows understanding the tiny sprayed droplets around
the edges of the printed lines described before. The unexpected spray dynamics could be attributed
to the longer irradiation times compared to pulsed LIFT (in fact, the laser peak intensities during
the CW-LIFT of liquids are more than four orders of magnitude smaller than those of conventional
pulsed LIFT). In contrast with the pulsed case, wherein a single cavitation bubble generated at the
solid-liquid interface was responsible for jetting, now practically the entire thickness of the
irradiated film is heated by the laser beam, and at a much slower rate. We have estimated a heat
penetration depth of around 30 um and a total irradiation time of 340 ps for a scanning speed of
300 mm/s, an irradiation time several orders of magnitude above the few nanoseconds
characteristic of pulsed LIFT. Since the estimated time required for boiling inception of the entire
liquid film (z5=8 ps) is substantially lower than that, we can consistently assume the onset of pool
boiling in the irradiated portion of the ink (the consistency of this hypothesis with the characteristic
length and time scales of the process is discussed in detail in Supporting Information). The splash
originated by the bursting tiny bubbles during pool boiling would account for the observed
atomization of the liquid, and therefore for the spraying dynamics. Furthermore, the images also
reveal that the intensity of the spray peaks at 1-2 W to later decrease at higher powers, which
correlates well with the line thickness evolution observed in Figure 2d. This can also be correlated

with the dark band observed in the center of the printed lines at high powers (Figure 2b). In
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experiments of laser sintering of metallic nanoparticle films it is observed the displacement of ink
towards the edges of the laser scanned lines due to thermocapillary flow induced by laser heating.!’
That flow would be responsible for the depletion of material along the center of the irradiated lines,
and it would therefore account for the decrease in the intensity of the spray observed above 1.0 W.
A final consequence of this would be the absence of deposited material observed in the central part
of the lines printed at the highest powers (Figure 2b).

In order to provide a convincing proof-of-concept for the feasibility of the technique in printed
electronics applications, we fabricated a functional device through the CW-LIFT of liquid inks: a
gas and a temperature sensing circuit. Aside from the environmental interest of both magnitudes,
temperature affects the response of most gas sensors, with much work devoted to this with the
proposed gas sensing material.?” Furthermore, sensing is an important sector in the field of printed
electronics, so that with our choice we are aiming at an application with broad scope and significant
potential impact. In fact, this is one of the reasons why a considerable variety of sensors have also
been fabricated through conventional pulsed-LIFT.?®2° We first printed the same Ag ink used in
the previous experiments at a laser power of 1 W and a scan speed of 600 mm/s in order to produce
a series of narrow interdigitated electrodes, as well as additional wider interconnects, these last
ones generated by printing parallel overlapping lines (Figure 3a). The electrical characterization
of the printed elements showed that the interdigitated electrodes are in open circuit condition,
which proves that the residual spray around the edges of the printed lines does not compromise the
functionality of the electrodes. We then printed in identical irradiation conditions a square pad of
carbon nanofibers (CNF), the gas sensing material, from an aqueous suspension onto the
interdigitated electrodes, and assembled a surface mount thermistor (the temperature sensing

element) to the printed interconnects alongside four contacts for measurements (Figure 3b). CNFs
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are a promising material in gas sensing applications thanks to their high sensitivity 27 as well as to
their elongated graphene-like structure, which allows devising strategies for self-heating in the
nanoscale. On the other hand, the inclusion of the thermistor allows proving the compatibility of
the stripes printed through CW-LIFT with surface-mount technology. The entire pattern was
fabricated onto three different substrates: glass (Figure 3a, b), polyimide (Figure 3¢) and paper
(Figure 3d). Glass is a quite standard non-porous, flat and rigid substrate, especially suited to test
the performance of the printing technique under ideal conditions. The other two substrates are
more technologically relevant, and should help to test the potential of CW-LIFT in areas with such

a high impact as flexible plastic and paper electronics.
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Figure 3. Gas and temperature sensor printed through CW-LIFT. a) Ag ink electrodes printed on
glass at a laser power of 1 W and a scan speed of 600 mm/s; the image corresponds to sintered
electrodes. Time to print the entire set: 2 s. b) Finished sensor displaying the gas sensing pad
(CNFs printed through CW-LIFT at the same conditions onto the area delimited by the
interdigitated electrodes), the surface mount thermistor soldered to the outer set of electrodes, and

the contacts for measurements. ¢) The same sensor printed on polyimide. d) The same sensor
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printed on paper. €) SEM image of a detail of the gas sensing pad, which displays the relatively
large CNFs on a background of Ag tiny nanoparticles. f) Resistance versus temperature curve of
the surface mount thermistor corresponding to the sensor printed on glass (m), polyimide (o) and
paper (A). Dynamic resistance of the gas sensor to humidity for the device printed on g) glass, h)
polyimide, 1) paper and j) to NO: for the device printed on paper. These plots prove the

functionality of the printed sensors.

The complete set of Ag electrodes (Figure 3a), around 2 cm X 2 cm in size, was printed in a
single scan in only two seconds, a time short enough to overcome any potential solvent drying
issues during printing. The CNF pad, on the other hand, is a square of 4 mm x 4 mm, which also
took around two seconds to print; in spite that the pad is much smaller than the electrodes, up to
10 scans were required to uniformly cover its entire area, thus the longer time required to print it.
The successful printing of the CNF pad is remarkable. First, CNFs are elongated structures with
diameters below 100 nm but above 1 um long. Such interesting aspect-ratio lays clearly beyond
the limits of common inkjet nozzles. In this regard, Figure 3e illustrates very well the capability
of CW-LIFT to print extremely different particle sizes: the large CNFs lay on a bed of tiny Ag
nanoparticles in the interdigitated electrodes. Second, no complex formulation was required for
the CNF ink (the CNF were simply suspended in water and the resulting liquid suspension was
printed immediately thereafter) and therefore no chemical residual is expected once the solvent is
evaporated after printing, an important issue for a gas sensor. This represents another significant
advantage of LIFT in terms of simplicity, cost reduction and chemical purity: many materials can
be printed without the need for complex ink formulations, a process which is usually time

consuming, complicated and expensive.! It is also worth noting that both materials, Ag
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nanoparticles and CNFs, were printed with good definition not only on glass, but also onto the
more challenging polyimide and paper substrates (Figure 3¢, d). This is especially remarkable for
paper, for which up to ten scans were required for the Ag electrodes due to its relatively high
porosity (in the case of polyimide a single scan was enough).

In order to determine the response of the sensors both to temperature and to the presence of
gases, we tested the entire set following the procedures detailed in the Experimental section of
Supporting Information. The surface mounted thermistor exhibits a negative temperature
coefficient when exposed to a hotplate (Figure 3f). An ideal behavior is observed in the sensor
deposited on glass, in good agreement with the specifications of the device. A similar behavior is
obtained with the sensor printed on polyimide, though with a higher contact resistance. Worse
results are obtained in the case of paper, where heat transfer issues and chemical reactions could
arise. Concerning the CNFs response to gases, it was first investigated before water vapor for the
three different substrates with unheated CNFs (Figure 3g-i). In the case of glass, the CNFs
resistance increases with the water pulses as expected, showing good stability within a sequence
of pulses. However, the baseline increases along the different sequences of pulses. In the case of
polyimide a higher resistance is observed, as well as a slightly longer response/recovery time, but
improved baseline. Nevertheless, both responses are in good agreement with previous results.2”-*
In the case of the sensor on paper, the hydrophilicity of this substrate seems to induce a backfilling
process when recovering the sensor with synthetic air that results in rather inconsistent
measurements. Paper does not seem, therefore, an adequate substrate for water vapor sensing. In
order to test the sensor with a more suited gas, we chose NO2, which should be free from
backfilling issues. In this case the sensor response is similar to that previously obtained for that

gas on a polyimide % and on a ceramic substrate.*° It should be noted, nonetheless, that the sensing
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material is not heated in the present case. A simple heating at 40-60°C would stabilize the baseline
and improve the response/recovery times, eventually providing even better results. Alternatively,
an advanced self-heating strategy of the CNFs at the nanoscale could be applied with the same
aim.>°

In conclusion, we have proved that CW-LIFT allows the digital printing of functional inks from
liquid donor films at high speed and with few restrictions concerning the size of the particles
loading the ink. As with conventional pulsed LIFT, in some instances this approach can present
significant advantages over other printing techniques, like inkjet printing, in that it allows
broadening the range of materials which can be digitally printed; nanostructured materials, for
example, can be successfully transferred without altering the high aspect ratios that confer their
unique functional properties. But it also represents a substantial advantage over pulsed LIFT itself,
since the use of CW instead of pulsed lasers can result in a remarkable cost reduction in the setting
up of the printing unit, even more considering that we have demonstrated that optimum results can
be obtained with relatively low powers, and therefore with very inexpensive lasers. Finally,
through the fabrication of an operative gas and temperature sensing circuit we have provided a
valuable proof-of-concept of CW-LIFT in at least such a relevant printed electronics application

as sensors manufacturing, and have shown that the technology is compatible with the use of

flexible plastic and paper substrates.
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Movie showing the transfer dynamics (MP4)
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Experimental details

Laser: A Nd:YAG laser (Baasel Lasertech, LBI-6000), with a wavelength of 1064 nm, a nearly
Gaussian beam intensity distribution and a maximum power of 50 W, was used in all the printing
experiments operating in CW mode. The laser was furnished with a galvanometric mirrors head
that allowed scanning the beam following predefined patterns. After the mirrors, an f-theta lens
with a focal length of 100 mm focused the laser beam onto the sample, which resulted in a beam
waist diameter in the focal plane of about 100 pum. The laser beam scan speed in the focal plane

could be tuned from 1 to 600 mm/s.

Materials: Two different inks were used for printing. The first one was a commercial Ag
nanoparticle ink (Metalon® JS-B25HV) typically used for inkjet printing. It is an aqueous
dispersion of Ag nanoparticles smaller than 60 nm, with a solid content of around 25 wt. %, a
density of 1.3 g/cm? and a viscosity of 8 mPa-s. This ink was used for the morphological study of
the printed lines, the time resolved characterization of the transfer process and the fabrication of
the electrodes for the sensors. The second ink was prepared by simply suspending CNFs in distilled
water, with a resulting concentration of 20 mg/mL. The CNFs, provided by Grupo Antolin, have
a helicoidally graphitic stacked cup structure, with a presence of 6 % of Ni, a diameter of 20-80
nm, a length ranging from several microns up to 30 um, and a specific surface of 150-200 m*/cm’
(Brunauer-Emmett-Teller, N2).! The gas sensing pads were printed with this CNF ink. The
radiation absorption properties of both Ag and CNF inks were measured with a Perkin Elmer
Lambda 950 spectrophotometer in the 400-1200 nm range. Three different materials were used as
receiving substrates. The first one was glass (Deltalab microscope slides, 76 mm X 26 mm x 1
mm), used in the morphological study of the printed lines and also in the preparation of the sensors.

The sensors were also printed on polyimide (DuPont Kapton® HN, foils 75 pm thick) and paper
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(Arjowiggins, Powercoat HD 230, 220 g/m?, foils 220 um thick). The donor films were prepared
by spreading the inks by means of a blade on a glass slide like the ones described above. Volumes
of 40 uL of Ag ink and of 120 uL of CNF ink were pipetted and deposited along a line transverse
to the respective glass slides and spread in the same way as that shown in the video of Ref. ? (in
our case the inks are not left to dry before transfer). The resulting thicknesses (estimated through
weight measurements) of the donor films were 30 um for the Ag ink and 100 um for the CNF ink.
A gap of 150 um between donor and receiving substrates was kept through spacers in all the CW-
LIFT experiments. During the printing process the receptor substrates were held at a temperature
of 75 °C in order to promote the fast evaporation of the volatile solvents aiming to a minimization
of ink spreading, as well as to a reduction of the Marangoni effect due to the fixation of the particles
to the substrate. The Ag ink features printed on glass and polyimide were sintered in an oven at
200 °C for 1 hour, while those printed on paper were sintered at 170 °C the same amount of time.
The CNF ink was simply let dry after printing at room temperature, without any sintering
treatment. A surface-mounted negative temperature coefficient thermistor, component size 0805
(2.0 mm x 1.25 mm), was assembled onto the printed silver pads. Silver epoxy (Chemtronics,

CircuitWorks Conductive Epoxy CW2400) was used as electrical connecting material.

Characterization of the transfer process: The morphological characterization of all the samples
was carried out through optical microscopy (Carl Zeiss, model AX10 Imager.Al), confocal
microscopy (Sensofar PLu 2300), and SEM (JEOL J-7100). The ink transfer dynamics was
analyzed with a fast photography setup. A 1000 frames per second camera (AOS Technologies
AG, model S-PRI F1) coupled to a 10x microscope objective with a numerical aperture of 0.28
was placed at grazing incidence respect to the donor substrate so that it was possible to record

liquid ejection as the laser beam scanned the donor film. The images acquisition setup was
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illuminated by means of a 150 W halogen lamp (ThorLabs Inc, model OSL1-EC) in a typical

shadowgraphy configuration.

Characterization of the printed sensors: The thermistors were tested by using a hot plate chuck.
The gas sensors where tested in a customized small-volume (15 ml) gas test chamber, where they
were submitted to gas pulses with a flow of 200 ml/min in all the experiments. Two different gases
were tested: water vapor for all the sensors, and NO: only for those printed on paper. In the case
of water vapor, the desired humidity level was set by mixing saturated (by bubbling) and dry
synthetic air through mass flow controllers. A sequence of four different concentrations was
repeated four times for each sensor. In the case of NO: the measurement was done with no
humidity. Its concentration was set also by mixing synthetic air and NO: through mass flow
controllers. The electrical measurements during the gas test experiments were performed with a

Keithley 2401 sourcemeter unit. The sensors were not heated during the experiments.

Our work follows the quality assessment (Q.A.) rules of the Q.A. office of the University of

Barcelona as described in Ref, 3.

Radiation absorption properties of the inks

The measured spectral absorptance (percentage of absorption) of liquid films of Ag and CNF
inks is presented in Figure S1a. The high solid content of both inks made impossible to detect any
transmitted radiation in films with a thickness similar to that of the donor films used in CW-LIFT
experiments; they were completely opaque to our spectrophotometer detector practically all along
the analyzed spectrum. Therefore, we used substantially thinner films for the measurements. In the

case of Ag ink, in spite that the maximum absorption takes place in the visible region (with a strong
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contribution due to nanoparticle plasmonic resonance), there is no negligible absorption at the laser
wavelength (1064 nm), an absorption which will become more important as the film thickness is
increased. On the other hand, the CNF ink presents a flat response to all analyzed wavelengths,

with high absorption levels for the measured film.
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Figure S1. a) Spectral absorptance of a Ag ink liquid film 1.5 pm thick (blue dotted line) and a
CNF ink liquid film 20 pm thick (black straight line). b) Dependence with wavelength of the
optical penetration of the previous inks. The penetration depth of the 1064 nm laser radiation is 9
um for the Ag ink and 11 pm for the CNF ink. In both cases the optical penetration depth is smaller

than the respective donor films used in the CW-LIFT experiments.

The relevant parameter that ultimately determines the response of the liquid films to the laser
radiation is the optical penetration depth at the 1064 nm wavelength. In Figure S1b we present for
both Ag and CNF inks the spectral evolution of that parameter obtained from the absorptance
measurements. According to these results, the optical penetration depth for the Ag ink is about

9 um and 11 um for the CNF ink. These depths, both substantially smaller than the respective
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donor film thicknesses in the CW-LIFT experiments, indicate that all the laser radiation is absorbed

within the liquid.

SEM images of printed patterns

Larger versions of the SEM images displayed in Figures 2¢ and 3e of the article.

lpm CCiTuB 1um CCiTuB
20.0kV LED 20.0kV LED

ipm  CCiTUB } ipm  CCiTUB
%20, 000 15.0kV LED x20,000 20.0kV LED

Figure S2. SEM images of the center of the silver nanoparticle lines printed at different laser pulse
powers: a) 0.5,b) 2.0 and ¢) 7.0 W. d) Detail of carbon nanofibers on top of the silver nanoparticles

corresponding to the interdigitated electrodes.
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Dependence of resistivity versus laser power and intensity

The dependence of resistivity with both laser power and intensity is provided in Figure S3.
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Figure S3. Plot of line resistivity versus laser power and intensity. The minimum resistivity value,

around 3 uQ-cm, is obtained at fairly low laser powers (1-2 W).

It is possible to provide a plausible explanation for this behavior based on the observed
morphological characteristics of the printed lines. The high resistivity obtained at a laser power of
0.5 W can be attributed to the extremely irregular contour of the line, that can result in very small
local widths at random positions within the line; 0.5 W is a power very close to the transfer
threshold, so that any tiny instability in the laser can locally affect the amount of deposited material
(thus the large error bar for this power, otherwise not adequate for printing). The further slow and
monotonous increase in resistivity between 1 and 5 W correlates well with the observed decrease

in the concentration of nanoparticles with laser power (Figures 2¢ and S2); a less compact line
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presents a higher resistivity. Between 6 and 7 W the concentration of nanoparticles decreases
dramatically in the center of the lines, which corresponds well with the sudden increase observed

in resistivity (as for 0.5 W, these high laser powers are not adequate for printing).

Calculation

We have attributed the unexpected spray dynamics observed in the movies of ink transfer during
CW-LIFT to a pool boiling phenomenon in the portion of the donor film irradiated by the laser
beam. The longer irradiation times compared to pulsed LIFT would allow the relatively slow
heating of the irradiated area, so that heat would diffuse deep inside the ink instead of being
confined in a small region around the solid-liquid interface, as when short pulse lasers are used.
This would lead to the formation of a myriad of tiny droplets due to the boiling of a significant

fraction of the total donor film thickness, which burst would result in the observed spray.

The rigorous verification of this thesis would require solving a rather complex problem which is
completely out of the scope of this work. However, we think that it is at least possible to validate
its consistency through the assessment of certain characteristic lengths and times of the process.
Such assessment will require some bold assumptions and rough estimates; in consequence, only
the order of magnitude of the obtained results must be considered in the analysis. This is,

nevertheless, enough for our purpose.

Assuming that the intensity distribution of the laser beam is uniform, for a laser beam with a
diameter D=100 um scanned at a speed v=300 mm/s the irradiation time # for any portion of the

scanned line is:

t; = ~~340 ps (1)
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This irradiation time is much longer than the ones typical of pulsed LIFT experiments, which

correspond to the laser pulse duration, normally of the order of ns or less.

On the other hand, from the radiation absorption measurements presented above we have found

the optical penetration depth /oy in Ag ink for 1064 nm radiation to be around 9 pm.

We can estimate the thermal penetration depth /x for the obtained irradiation time # as (all the

values corresponding to properties of the materials used in the calculations are provided in Table

S1):

’Zkt-
L, ~ [—+~~30 2
th ey um (2)

where k is the thermal conductivity of the Ag ink, pn its mass density and ¢, its specific heat

capacity.

Material Property Symbol | Value

Ink Electrical resistivity Pe 5x10* Q'm
Mass density Pm 1.3x10° kg/m’
Specific heat Cp 245 J/(kg-K)

Water Thermal conductivity K 0.591 W/(m-K)
Surface tension (373 K) Y 0.059 N/m
Latent heat L 2.26x10° J/kg
Density of vapor Pv 1 kg/m?
Density of water pL 10° kg/m’

Table S1: Parameters used in the calculations.
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Since lin > lops, it 1s clear that the penetration depth of the energy deposited by the laser beam
will be determined by /i instead of /o1, and that that energy will diffuse deep inside the donor film,

affecting all of its thickness.

We should now estimate the time required for the heated layer to reach the boiling point. In order
to do this we will assume that all the power provided by the laser beam is absorbed within the
layer, thus neglecting any source of losses (reflection of the laser radiation in the donor system,
lateral heat diffusion in the scanned line, etc.), and that the layer is uniformly heated. In this
calculation we should first of all estimate the superheat required for bubbles to nucleate, since for
a liquid film a few tens of microns thick the amount of superheat can be considerable. This
estimation requires to postulate the dimensions of the nucleation sites, which obviously have to be
much smaller than the thickness of the liquid film. Accordingly, we have assumed a radius (R) for
the nucleation sites of about 1 pum, approximately halfway in order of magnitude between the
thickness of the film and the dimensions of the Ag particles suspended in the ink. Therefore, the
combination of Clausius-Clapeyron and Young-Laplace equations* provides an amount of

superheat (47sx) of:

ATgy = ZT; ~20K 3)

where y, L and py are respectively the surface tension, latent heat of vaporization and density of
the vapor (in this case water, the main solvent of the ink; values provided in Table S1) and 7s the
saturation temperature at room pressure (in this case 373 K). So, the temperature required for

boiling inception (7) is 393 K.

The time required to initiate boiling of the heated layer is, therefore:
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where 7o corresponds to room temperature (300 K) and W to laser power (of the order of 1 W
according to the experiments). The comparison of Eq. 5 with Eq. 1 (5 << #) indicates that
achieving the boiling temperature only takes a small fraction of the total irradiation time and that,

therefore, boiling inception occurs during the early stages of the irradiation process.

As the final step in this discussion we should now estimate the time required for a bubble to
nucleate (zv). If we assume that this time will be of the same order than that corresponding to a
cavitation bubble submitted to a tension equivalent to the difference between the vapor pressure

of the liquid at 73 and room pressure, it can be calculated as:*

2y 1

tN"'pL—R;"'l,uS (%)

where pr is the density of the liquid (water in this case; Table 1) and X is a function of different
thermodynamic parameters of the liquid with a strong dependence on temperature;* at a T of 393
K it takes a value of around 10* m/s*?2. In the same way as with ¢, in this case v << #;, which

indicates that many consecutive bubbles could nucleate during the entire irradiation time.

In summary, according to these estimations: 1) the entire ink volume scanned by the laser beam
can be heated up to the boiling temperature of the solvent in a much shorter time than that during
which the ink is irradiated, and 2) the total irradiation time is also much longer than that required
for a bubble to nucleate, so that a large number of consecutive bubbles can be generated per unit
volume in the ink. The burst of these bubbles once they reach the donor film surface would account
for the spray observed during transfer. Therefore, the characteristic lengths and times of the process

analyzed here indeed seem consistent with the hypothesis of pool boiling.
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