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ARTICLE INFO ABSTRACT

Keywords: A pulsed laser ablation backwriting technique with high repetitive rates is implemented for the fabrication of
LIRT silver coatings on glass surfaces. This method enables geometrical constraint-free deposition of metallic coatings.
DBD . These exhibit sufficiently low electrical resistance to be used as electrodes in dielectric barrier discharge (DBD)
Laser ablation plasma elements.

Ambient air deposition of metallic silver electrodes on standard glass slides is explored using a sub-ns UV laser
source, combined with hybrid beam scanning methods. The green nature of the overall deposition process in-
cludes a preliminary irradiation scan to homogenise the target surface before the subsequent backwriting step.
Metal transfer is achieved by combining two phenomena within a simple beam scanning process: LIRT (laser-
induced reverse transfer) of silver from the target to the glass, with a partial and secondary LIFT (Laser-Induced
Forward Transfer) of silver from the glass to the target.

Appropriate selection of pulse energy and pulse repetition rates, beam scanning velocities and target motion
enable the growth of sufficiently thick Ag deposits on glass with the required low electrical resistivity and nearly
2D constraint-free geometry. This method avoids the use of vacuum and liquids, resulting in a cheap, facile and

Metallization
Glass

green methodology for the deposition of silver electrodes onto transparent substrate surfaces.

1. Introduction

Most standard coating and film deposition methods rely on the use of
vacuum techniques [1] or, alternatively, on the use of liquids, whether
the latter are sols [2], solvents [3] or colloidal dispersions [4]. In this
regard, electroless plating [5] or vacuum-based metal deposition on
glass and other substrates are common methods for many industrial and
technological applications. Vacuum methods, including evaporation
[6], magnetron sputtering [7], cathodic vacuum arc [8], ion plating [9],
pulse laser deposition [10,11] or, more recently, atomic layer deposition
[12,13] have been carried out to deposit metals on glass. A large number
of laser-based direct writing techniques have also been applied to obtain
metallic coatings on non-conductive substrates. Laser-direct writing
[14] is a low-cost, maskless and fast fabrication technique that sinters a
metal nanoparticle ink over the transparent substrate. The search for
new ink compositions that allow improving the mechanical performance
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of the coating over different substrates is still an open question. Laser
selective metallization [15,16] makes use of irradiation treatments to
locally activate a substrate surface, in order to facilitate selective
metallization by electroless plating. Laser-Induced Forward Transfer
(LIFT) is also a digital printing technique that takes advantage of laser
pulses to project material from a donor towards a receiving substrate
[17-20]. LIFT has been applied to obtain coatings from solid metal films,
metal pastes or liquid inks. In another method, laser induced molten
transfer [21], a laser irradiates and melts a donor foil in order to project
its molten droplets with the help of induced laser shock waves. An
additional alternative makes use of a laser pulse to mechanically
delaminate and project a solid film with no phase change [22].

Many of these deposition methods, particularly those involving
liquid procedures or vacuum technologies, present disadvantages from
several points of view. These include energy and process efficiency, the
requirement of vacuum, sometimes the use of expensive apparatus and
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limited scalability, and often a high environmental cost. It seems thus
desirable to develop methods that avoid, at least for the deposition of
given materials, some of the mentioned disadvantages. If such methods
are based on dry processes and do not require vacuum, they present an
additional attractive perspective, since they would help avoid the use of
water or other more environmentally aggressive solvents, and would be
ideal for development in the laboratory of Industry 4.0 type fabrication
methods, as well as for the improvement of industrial coating and film
deposition processes.

One of these potentially useful dry deposition methods on trans-
parent substrates is the Laser-Induced Reverse Transfer (LIRT) technique
presented here, also known as Laser Ablation Backwriting (LAB)
[23-26]. It was initially introduced as a variant of the LIFT method [18].
One of the main advantages of the LIRT process is that it does not de-
mand any special preparation of the donor material, opening the pos-
sibility of using readily available bulk sample targets. Several papers
have reported the use of this technique to coat glass substrates with
metal [18,24-29] or oxide layers, as for instance In O3 layers [28]. It
was observed in several cases that, at low fluence values, small uniform
deposits are obtained. At high fluence values, however, the deposited
material exhibits a crater-like morphology, apparently due to the pref-
erential condensation at the cooler edges of the substrate.

This technique has been proposed as a powerful alternative for
several applications. For example, the development of optical compo-
nents such as optical waveguides [24-26] or diffraction gratings [30,31]
has been demonstrated in recent years. According to the published
literature, optical properties of these films were basically a result of the
incorporation of metal nanoparticles into the outermost layer of the
glass substrate [26], where a buried type waveguide structure was
induced by the metal ablation process inherent to this deposition
method. LIRT has also been proposed as a convenient method to modify
different surface properties of glass. This has been demonstrated to
achieve superhydrophilic or superhydrophobic character [32], or to
improve surface biocompatibility and enhance in-vitro cell adhesion
[33]. In addition, the use of LIRT processes towards decontamination of
radioactive surfaces has also been demonstrated [18].

The main objective of this work was to develop a dry and simple
metal electrode deposition technique for glass surfaces. A second
objective included the development of a model to account for the in-
fluence of process parameters on the final microstructure and func-
tionalities of the deposited metal layers. Adequate levels of electrical
resistance and different geometries, as required for developing surface
dielectric barrier discharge (DBD) demonstrators, were the pre-
requisites. The common DBD principle is to place an insulating
(dielectric) material between metallic, good conductor finger electrodes
[34]. Surface DBD actuator applications have most recently expanded to
wide open technology areas, such as active control of flow over aero-
dynamic bodies [35], ozone synthesis and nitric oxide conversion from
air [36], air disinfection to food storage [37], polymer surface modifi-
cation [38] or inactivation of bacteria and endospores [39-41].

2. Experimental section

Fig. 1 shows a drawing of the apparatus used to carry out the
deposition experiments. A 3 W nominal power, UV (A = 355 nm) 300 ps
pulsed laser, emitting at pulse repetition rates ranging between 250 and
800 kHz (model PowerLine pico UV, ROFIN GmbH., Munich, Germany)
was employed. A 1 mm thick flat silver sheet (Goodfellow, 99.95+%)
was placed at the focal length of the Galvo Scan Head with a flat field
lens (F = 160 mm), producing an elliptical beam with 2a = 34 pm and
2b = 29 um (1/€? intensity contour criteria).

The same Ag target was used for all deposition experiments. With the
objective of working in all the cases with a similar surface topography,
as well as to improve laser absorption, a surface preparation protocol
was applied before each deposition process. The target was thus initially
polished with a 1200 grade sand paper and cleaned with alcohol before
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Fig. 1. Scheme of the laser source and sample disposition during the experi-
ments. The laser system incorporates a galvanometer mirror box at the output,
to enable beam scanning at the focal plane, coincident with the Ag substrate
surface. A glass slide is fixed above this substrate on a precision displacement
table. Simultaneous beam scanning and transverse Ag and glass slide
displacement at constant rates may be combined.

the initial laser treatment was performed. The same laser source was
used to scan the surface with pulse energies of 4 pJ (1.73 GW/cm? of
irradiance), repetition rates of 400 kHz and beam scan velocities v;, =
1000 mm/s and keeping a distance between adjacent scan lines of 8 pm.
Fig. Supl shows the Ag surface after this preparation step, before
starting the coating process. These irradiation conditions are far above
the ablation threshold, generating a sub-micrometric rough uniform
surface with randomly oriented and solidified molten structures. These
are joined by necking to small Ag spheres with diameters below 200 nm.
In spite of the intense melting and erosion process undergone by the
target surface, only metallic Ag is detected by EDS, with no appreciable
oxidation, as it is presented in Fig Supl.

A pristine glass slide (Thermo Scientific), 1 x 25 x 75 mm3, was
placed directly on top of the Ag target and secured with a sleeved brass
block of 171.2 g. The latter was adjusted to fit the glass substrate
perimeter and rest on its ca. 1 mm sleeve, in order to obtain reproducible
pressure and distance between the glass and the silver target. A laser
line-scanning process was carried out in air [42]. The pulsed laser beam
moved in one direction with scanning speed v;, describing a line formed
by successive pulses, while the sample was displaced in the perpendic-
ular direction at a given traverse speed in order to control the extent of
overlap between consecutive beam scanned lines.

A wide range of laser processing parameters has been explored in the
course of this investigation. The reported results correspond to those
conditions providing an optimal functionality and/or those required to
propose a sound model accounting for the film formation mechanism. To
determine the relationship between laser pulse patterns made on the Ag
target, and the final deposit observed on the glass substrate placed above
it, initial experiments were carried out in which single spots in burst
mode were deposited onto the glass slide substrates under different
conditions, varying the number of irradiated spots and the pulse repe-
tition rate. Single lines were also deposited using a beam scanning
operation mode. Further microstructure studies were carried out on
larger areas obtained with the same configuration, but using the laser
line scan algorithm in order to investigate how laser pulse overlap af-
fects the final deposit attained on the glass substrate. Pulse to pulse
overlap may take place within the laser scanned line and, in an



R. Molina et al.

orthogonal direction, between different laser lines.

The microstructure of the obtained deposits was studied using sec-
ondary electrons and in-lens secondary electron detectors in a Field-
Emission Scanning Electron Microscope (FE-SEM, Carl Zeiss MERLIN).
Chemical surface characterization was performed using Energy Disper-
sive X-ray Spectroscopy (EDS, INCA350 Oxford Instruments) with
electron acceleration voltages of 5 kV.

Cross-sections of selected samples were analysed using Transmission
Electron Microscopy. Specimen cross-section preparation was carried
out with a Focused Ion Beam (FIB) in a Dual Beam FEI Helios 650
apparatus, using 30 kV Ga™ ions for the initial steps and 5 kV for final
thinning. High-resolution STEM images were obtained using a FEI Titan
60-300 kV Cube microscope, equipped with a spherical image aberra-
tion corrector. Electron diffraction was performed in a FEI Tecnai F30
microscope.

In addition, X-ray photoelectron spectroscopy (XPS) was applied to
characterize the surface chemical state of the deposits. Selected samples
were introduced in the analysis chamber of a SPECS PHOIBOS-100
spectrometer and spectra recorded with the Al Ka line. Binding energy
(BE) scale of the spectra was referred to the C 1 s peak taken at 284.5 eV
for the adventitious carbon contaminating the surface of samples.
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Electrical transport characteristics of the obtained coatings were
determined by measuring the DC electrical resistance using a four-point
probe device. These were measured on samples with 20 x 4 mm? rect-
angular deposits prepared by LIRT with the laser scanning direction
applied along the longest side of the rectangular shaped sample, while it
was moving at a constant rate in its perpendicular direction (coincident
with its shortest side). Parallel to the latter direction, four terminals
were placed with two current (I) injection terminals disposed at 10 mm
and two central voltage (V) terminals in the centre at a distance of 3 mm.

Coating adhesion strength was evaluated using a Scotch Tape Test. A
piece of scotch tape was placed on top of a rectangular Ag coating in the
direction parallel to the longest side of the rectangle. The tape was
smoothed to ensure good contact with the coating and removed with a
single, fast motion pulling step. The process was repeated up to six times
and the electrical resistance was measured after each adhesion test.

In order to fabricate a surface dielectric barrier discharge plasma
demonstrator, two different types of electrodes were placed between 1
mm thick glass substrates. The lower electrode was built using a Hi-Bond
HB 720A Conductive Copper Tape (Hi-Bond, Korea) whereas the upper
electrode was printed using the laser-induced scanning transfer method
herein reported. High voltage alternating current was applied between

Fig. 2. Scheme of the Ag deposition on the glass during a laser pulse showing the three regions that have been identified. Aspect of the silver target (bottom part) and
glass (upper part) surfaces after applying 100 pulses of energy Epyse = 4.36 pJ (irradiance 1.89 GW/cm?) at a rate of 250 kHz. Top and bottom insets show plan-view
images of the border of the target and glass spots displaying the three regions discussed in the text.
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both electrodes. For this purpose, a 16-kHz AC signal was generated with
a GF-855 function generator (Promax, Spain) connected to a linear
amplifier AG-1012 (T&C Power Conversion, USA). A matching network
and two transformers (HR-Diemen S.A., Spain) were also connected to
the amplifier output to increase the output voltage up to approximately
20 kV peak-to-peak. The incident power in the surface dielectric barrier
discharge plasma demonstrator was kept constant at 12 W.

3. Generation of the Ag coating

In an attempt to understand how Ag deposits on the glass substrate
surface during LIRT, several experiments were initially carried out to
obtain single spot or single line deposition. By combining the average
laser power, P, and the pulse repetition frequency, f;, it is possible to
obtain defined values of the pulse energy Epyise up to a maximum of 5.30
pJ. As the pulse width (300 ps) is constant in all these experiments, Epyjse
is proportional to the irradiance. Taking into account that the laser beam
profile is gaussian, it is important to consider both the average irradi-
ance value, which considers the beam spot size defined with the 1/¢?
criterium, and the peak value at the maximum of the gaussian, which is
two times higher. In our case, these magnitudes approach values of 2.30
GW/cm? and 4.60 GW/cm?, respectively.

Fig. 2 contains an illustrative scheme of the ablation process trig-
gered on a single incident spot upon irradiation, in burst mode, with 100
pulses of Epyse = 4.36 pJ and 1.89 GW/cm? (average irradiance). The
observed surface morphologies are shown for both, the silver target
(bottom part) and the glass substrate (upper part). A different case, for
100 pulses of 2.12 pJ (0.92 GW/cm?), is also presented in Fig. Sup2. In
both cases, the corresponding irradiance peaks at the centre of the beam
are above the target ablation threshold. Consequently, the focused laser
pulses induce formation of craters on the Ag target, as well as material
transfer effects to the glass substrate surface above, generating similar
structures.

The spot sizes observed on the irradiated Ag and glass surfaces have,
within experimental error, the same shapes, exhibiting three correlated
regions that are clearly identified in Fig. 2. Because of the gaussian
energy distribution in the laser beam, the silver target surface exhibits
crater-like marks with higher erosion (depth) observed at the centre of
the spot (region I). Spherical silver drops and a finer topography are
observed on the adjacent area (region II), as a consequence of solidifi-
cation of droplets ejected from the molten volume, consistent with a
photothermally driven ablation mechanism [43]. Three distinct regions
are also observed on the glass substrate just above, as identified within
the upper inset in Fig. 2. Within region I, fine structures of nanoparticles
seem to have penetrated inside the glass volume. Penetration of these
structures inside the glass appears to decrease, however, within region
II. Finally, in region III, the level of damage on the silver target surface
appears to be very low, but it is in this region of the glass substrate where
larger silver nanoparticles, which do not have enough energy to pene-
trate into the glass, are deposited on its surface. This is likely due to the
mass ejection effects associated with the confined plasma plume shock
waves generated during pulsed laser irradiation [44].

The spots observed on the silver target for the experiment carried out
with Epyise = 2.12 pJ (see Fig. Sup2) exhibit an elliptical shape with long
axis 2a = 20 pm and short axis 2b = 17 pm (region I). In region II, these
values change to 2a = 35 pm and 2b = 25 pm. The width of region III
ranges from 5 to 7 pm. When Epyse = 4.36 pJ (see Fig. 2), the size of
these different structures increases up to 2a = 30 pm and 2b = 18 pm for
region I, 2a = 45 pm and 2b = 34 pm for region II and a width of 17 pm
in region III within the glass, where the higher concentration of large
nanoparticles is found in the central 3 pm zone.

In consequence, the first laser pulse produces an initial silver layer
deposition on the glass substrate surface above, with two easily identi-
fiable concentric regions in crown geometry. In the external region,
large nanoparticles are deposited on the glass surface, while, in the inner
one, small nanoparticles penetrate inside the glass. These observations
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are consistent with a laser ablation nanoparticle generation mechanism
based on Gaussian beam profiles, as proposed from molecular dynamics
calculations and experimentally observed [42-47]. The highest ab-
sorption of energy during each pulse is produced at the centre of the
target spot and the induced plasma absorption layer placed above is the
most relevant. It is in this region where the onset of the gas plasma
plume shock wave takes place, although it is very restricted here to the
thickness of the air gap left between the target and the glass substrate.
The main damage in the target and glass substrate is produced by the
plasma shock waves, which in free conditions develop perpendicularly
with maximum particle speed at its axis. The confinement of the plasma
essentially to the volume defined by the air gap between the glass sub-
strate and the target increases the radial expansion of the plasma at the
edges of the substrate. Shock waves reflected by the target and, prob-
ably, successive echoes, would be responsible for the explosive projec-
tion of liquid droplets, rather than the direct shock waves associated to
plasma formation [46]. Furthermore, spallation of the shallow regions of
the target within the periphery leads to a process that involves peeling
off continuous liquid layers. The latter exhibits a decrease in thickness as
a function of distance to the spot centre. Speeds of the ejected nano-
droplets and small nanoparticles from the centre of the laser beam can
reach several thousands of m-s~!. Moving from the centre of the beam
towards its periphery, their size increases at the same time that their
speed decreases. In this case, the energy of the particles is not apparently
sufficient to penetrate inside the glass, thus they deform when they
impact the glass surface. Shock waves displace most of these particles to
region III of the glass surface (Fig. 2).

The complex incubation effects associated to the multi-pulse irradi-
ation of both, target and partially coated glass surface, make the overlap
effects of consecutive pulses relevant for an effective control of the
ablation process. Overlap within the beam scanning direction is deter-
mined by the distance between the beam spot centres of two successive
pulses § = v /fp, where vy, is the laser beam scanning speed. When the
laser beam moves to the subsequent position, the laser must unavoidably
pass through a portion of glass where silver nanoparticles are present
inside or on its surface. This can produce the ejection of some Ag par-
ticles that were previously deposited on the glass substrate, resulting in a
combination of LIRT and LIFT within the same area. In this process,
shock waves also play an important role, moving most of the particles
that are deposited on top of the glass surface. When the irradiance values
are high enough, this LIFT-LIRT combination also induces projection of
SiO, particles from the glass onto the Ag target, as confirmed by EDS
measurements (see Fig. Sup3).

Taking into account these observations, a basic scheme is introduced
in Fig. 3, where formation of the silver deposit on the glass substrate
surface is illustrated as a combination of LIRT/LIFT/shock wave con-
tributions from individual overlapping spots. Considering the high laser
pulse repetition rates, the subsequent pulse partially overlaps with the
previous one. Fig. 3a shows the scheme of a situation in which the
second laser beam spot position reaches region III of the previous one.
The black central part in each spot represents region I and II. Region Il is
represented with a lighter grey border. With these processing parame-
ters, the laser beam fraction that strikes the previous LIRT deposit pro-
jects back some of the accumulated silver nanoparticles in region III onto
the target, via a LIFT process.

To validate the proposed deposition scheme, several experiments
were performed using only single laser beam scan lines. Fig. 3b shows
the morphology of the glass surface of a single line deposited by the
LIRT-LIFT processes previously outlined. The highest Epyse value
available for the laser source employed in this study (5.3 pJ/pulse) was
selected in order to obtain a noticeable coating with only a single pulse.
The pulse repetition rate of 250 kHz and the scan velocity v, = 4000
mm/s were chosen in order to maintain a § value (§ = 16 pm) larger than
the thickness of region III. The experimentally observed surface
morphology of chain-like links closely resembles the one predicted in
the scheme. The results clearly show the combination of LIFT and LIRT
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@ sample movement

Fig. 3. Scheme of the combined LIRT-LIFT process proposed for the fabrication of Ag coatings on glass surfaces. (a) Scheme of the coating associated to two
consecutive pulses when the laser in the second pulse reaches region III, generated in the first pulse. (b) Optical micrograph of a line generated using f, = 250 kHz,
Epuise = 5.3 pJ, and v, = 4000 mm/s. The distance between the centres of two pulse spots is § = 16 um. (c) Scheme of the coating generation during a line scan. (d)
Aspect of the beginning (left) and end (right) of the silver deposited on the glass after a single line with laser pulses of Epyjse = 2.12 J, f;, = 400 kHz and v, = 75 mm/s
(6 = 0.2 pm). The arrow indicates the direction of the laser beam scan. (e) Scheme of the 2D coating generation indicating the sample movement direction. The inset
shows a FESEM image of the end of ten overlapped laser scanned lines separated 2 pm using pulses of energy Epyise = 2.12 pJ, f;, = 400 kHz and v, = 1125 mm/s. (f)
Aspect of the region close to the end of a 4 mm wide rectangle, processed applying the same laser parameters.

processes. With these experimental conditions, only the rear part of the
structure generated by each individual pulse is observed, because the
front part is destroyed by the coating associated with the subsequent
pulse.

In order to have good electrical continuity along a line deposit, a
continuous and thick Ag coating is needed. This requires a significant
degree of overlap between consecutive pulses. When § is lower than the
width of region II, the LIFT process can take place with some of the
nanoparticles that penetrate inside the glass, particularly with those
near the glass outermost surface. Shock waves also push ahead the
nanoparticles that are deposited on the glass surface, in the direction of
the laser movement. These two LIRT-LIFT process combinations
generate a Ag distribution similar to the one proposed in Fig. 3c. In the
back side of the laser beam, the new Ag deposit on the surface overlaps
with the initial one, yielding a thicker Ag layer on the glass substrate. In
other areas, the silver deposited by ablation from the initial spot is now
removed. The presented scheme illustrates the situation for which the
distance between centres of two consecutive spots is ~10% of the single
spot dimensions. Considering the size of the different regions presented
in Fig. 2, under these experimental conditions, region I of the second
spot does not reach region III of the previous spot. The laser beam thus
has to travel through a portion of the glass where there are Ag nano-
particles embedded inside the glass. Due to the accumulative effects of
several spots, the generated line would have three different band-like
regions. The external, upper and lower parts in the line described by
the laser accumulate a thicker Ag deposit, with a width approximately
determined by that corresponding to the external crown generated by a
single pulse. The central band of the line would accumulate lower
amounts of Ag, with appreciable differences observable towards both,
the beginning and the end of the line.

The image of Fig. 3d shows the beginning and end regions of a silver
line deposited on the glass substrate with the following experimental
conditions: Epyise = 2.12 pJ, f, = 400 kHz and v, = 75 mm/s, leading to 6
= 0.2 pm and generating an overlap of approximately 99%. As predicted
in the proposed LIFT-LIRT hypothetical deposition model, the beginning
and end of the line are completely different.

Finally, to achieve 2D area coatings with good electrical continuity,
the sample should move in the perpendicular direction to the laser beam
scan during the fabrication process, as suggested in Fig. 3e and f. The last
line projected by the laser appears on the upper side within the scheme
presented in Fig. 3e. The latter predicts that the upper part of the pre-
vious line disappears via the movement of the Ag nanoparticles away
from the incident laser line, due to interaction with shock waves, as well
as via LIFT deposition onto the silver target again. As a consequence, the
final silver coating on the glass surface is formed by the accumulation of
silver that was projected towards the rear part of the different scanning
lines described by the laser beam.

Moreover, the end of an area obtained by the overlap of 10 single
pulse lines with 2 pm interlinear distance, is presented in the inset of
Fig. 3e. Each individual line has been deposited using Epyise = 2.12 J, f;
= 400 kHz, and v;, = 1125 mm/s, defining a distance between the
centres of two consecutive spots as 2.8 pm. This FESEM image also
shows the accumulation of Ag deposited on the rear part of the lines due
to the movement of the sample. In addition, a FESEM image of the last
part of a 4 mm-wide coating, obtained by applying the same experi-
mental conditions, is presented in the Fig. 3f. It demonstrates that a
uniform coating is obtained on the back-side of the laser line scan front.

These studies show the presence of two different coating structures.
In the outer part of the coating, silver deposits are formed by nano-
particles originated in the solidification of molten material accumulated
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Fig. 4. FESEM planar-view images showing the detail of the structures in the centre of the last line scanned by the laser with Epye = 1.71 pJ, v, = 1125 mm/s and a
distance between laser scanning lines of 2 pm, after having processed 20 pm (a) or 4 mm (b). In the insets, a general overview of the aspect of this last line is presented
in both cases. Vertical arrows show the direction of laser scanning, while horizontal ones indicate sample movement.

in the back-side of the laser front. However, a thorough analysis of the
final part of the coating indicates the presence of a different structure in
the centre of the last line scanned by the laser. This is the expected
structure close to the glass surface. Fig. 4 shows this structure for a given
processing condition at two different instants in the 2D coating process:
at the beginning, after scanning only 10 lines and moving the sample 20
pm, and at the end of the process, after having coated 4 mm in length.
Observation of this deposit at the beginning of the process (Fig. 4a),
suggests that it appears very similar to that observed in the centre of the
spots in the initial experiments carried out in burst mode (Fig. 2). As a
consequence, it can be deduced that structuring is strongly influenced by
the nanoparticles with high energy that are generated at the centre of
the laser spot and penetrate inside the glass. When the coating process
evolves (Fig. 4b), the structure becomes planar with a threadlike
morphology in the direction parallel to the glass surface.

4. Characterization of the Ag coating
4.1. Electrical resistance measurements

Results presented in the previous section suggest that the energy per
pulse and the degree of overlap between different pulses are the pa-
rameters that control the quality of the Ag coating. Overlap in the beam
scanning direction is determined by the ratio between 6 = v/f, and the
beam dimensions at the target. The velocity of the target in the
perpendicular direction controls the overlap of adjacent lines.

The performance of these coatings has been assessed by measuring
the dc electrical resistances in 4 mm width rectangles using a four-point
probe configuration. Initial experiments were performed modifying vy,
reaching the lowest DC resistance values with f, = 400 kHz and v, =
1125 mm/s. With these parameters, § = 2.8 pm and most of the laser
beam crosses the glass through regions I and II (see Fig. 2) generated by
the previous spot, without reaching region III. In addition, lower electric
resistance values of 2D line arrangements have been obtained with a line
overlap of 2.5 pm, i.e., with similar degrees of overlap in both, beam
scan and sample traverse directions. These processing parameters lead
to a coating speed of 2.3 mm?/s.

Considering these processing parameters, the effect of Epyse was
analysed and the results are presented in Fig. 5. Initially, a first series of
experiments was followed for the sequence at 400 kHz and 1125 mm/s,
varying Epyise between 1.6 pJ (0.69 GW/cm?) and 3.4 pJ (1.47 GW/cm?)
(green line). Measurements show that the electrical resistance varied
more than five orders of magnitude as a function of the energy per pulse
(average irradiance), reaching values ~ 20 Q for Epyse = 3.3 pJ (1.43
GW/cm?). In order to obtain data for higher E,yse values, the pulse
repetition frequency was reduced to 300 kHz at the same laser scan
speed (6 = 3.75 um), exploring the range between Ep,jse = 2.5 (1.08 GW/
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Fig. 5. Variation of the room temperature electrical resistance (measured on 3
mm length using the four-point probe method) as a function of Epyse, for three
different sets of laser frequency and laser scanning speed values. Coloured lines
are just placed as eye-guides.

em?) and 5.3 pJ (2.30 GW/cm?) in a second sequence of experiments
(red line). The results yield a continuous and fast increase of the resis-
tance as a function of Epyse, and resistance values higher than those of
samples produced at 400 kHz within the common 2.5 pJ < Epyise < 3.5 pJ
pulse energy range. Moreover, in order to clarify the relevance of the
overlapping distance §, a third series of experiments was carried out at
300 kHz while reducing v;, to 844 mm/s, conditions that lead again to §
= 2.8 pm (blue line). With these new conditions, the values of the
resistance and the optimum Epse range are very similar to those ob-
tained at 400 kHz. These results thus demonstrate the significant in-
fluence of both parameters, pulse energy Epyse (irradiance) and pulse
overlap (incubation), as well as their interdependence in order to ach-
ieve silver coatings with low electrical resistance.

Electrical resistance values have also been used as an indirect evi-
dence of the adhesion quality of the metallic coating. Multiple scotch
tape tests were performed in a number of representative samples, fol-
lowed by electrical resistance evaluation. Fig. Sup4(a) and (b) show the
aspect of a sample processed with Ej,yise = 4 pJ. This sample exhibited an
electrical resistance value of 98 Q, which remained unaltered after the
performance of six consecutive adhesion tests. As observed in Fig. Sup4
(c), the Ag particles that were deposited on the surface of the coating
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were removed with the tape mainly during the first trial, leading to the
conclusion that these particles are isolated, lose particles originated as
debris during ablation, that do not contribute to the electrical perfor-
mance of the coating.

4.2. Chemical state of silver deposits

The study of the composition and oxidation state of the different
components at the surface was carried out by means of XPS. Three
selected samples were chosen with the objective of addressing the
different regimes observed in Fig. 5: Sample S1 was processed with
Epuise = 1.66 pJ (0.72 GW/cmz),fp = 400 kHz and v;, = 1125 mm/s, S2
with Epyise = 3.27 pJ (1.42 GW/em?), f, = 400 kHz and vi, = 1125 mm/s
very close to the optimum processing conditions that enable reaching
the lowest resistance values, and S3 with the highest value of Epyse =
5.30 uJ (2.30 GW/cmz),fp = 300 kHz and v;, = 1125 mmy/s. In the three
samples, besides Ag, survey spectra reveal the presence of Si and Na
signals (see Fig. Sup5), very likely because of the incorporation of glass
particles in the coating due to the aforementioned combination of LIFT
and LIRT processes. In addition, carbon and oxygen signals must be
associated to carbonaceous species, and to partial oxidation of the Ag
target and glass substrate deposit, respectively. Due to its relevance
towards control of the conductivity properties of the films, particular
attention was paid to the surface oxidation of silver. A proper determi-
nation of the chemical state of this element requires the analysis of both
the Ag 3d photoemission and the Auger Ag MVV spectra (Fig. 6) and the
determination of the Auger parameter derived from these values, ac-
cording to:

Auger Parameter () = Binding Energy (ag 3d peak) (€V) + Kinetic Energy (ag
Mmvv) (eV)(1)

Binding energy and Auger parameter values deduced for the three
samples are included in Table 1. The two « values reported for sample S3
stem from the two different features observable in the Auger spectra and
support the fact that silver must be in this case deeply oxidized at the
surface. In fact, a parameter values close to 726 eV are commonly
associated to metallic silver, while values close to 723-725 eV are
typical of oxidized silver [48]. According to this evaluation, silver is
practically metallic in sample S1, some oxidation already occurs from
sample S2 as revealed by the increase in the Auger parameter and the
broadening of the Ag 3d peak, and a more evident oxidation occurs in
sample S3 where silver oxide at the surface is likely to appear as a
mixture of AgO and Ag,0.

Therefore, the XPS analysis reveals that silver within the surface is

Ag 3d
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Table 1
Binding energy, Auger kinetic energy and Auger parameter measured in this
work.

Sample  Binding Auger kinetic Auger State of
energy (eV) energy (eV) parameter (eV) oxidation
s1 367.9 358 725.9 Ag®
S2 367.8 358 725.8 Ag'
S3 367.2 355.8 723 AgO
357.4 724.6 Ag,0

metallic in sample S1, but it becomes partially oxidized as the energy per
pulse is increased. This oxidation enhancement must contribute to in-
crease the electrical resistance of the Ag deposit, because the building of
an oxide layer at the surface hinders electron movement between silver
grains.

4.3. Microstructural characterization

Sample S1 has a transparent aspect that indicates that the silver
coating is rather thin and the amount of silver deposited on the glass is
very low (see Fig. Sup6). This explains the high electrical resistance
values measured in this sample. In order to complement XPS studies and
attempt to understand why the resistance decreases nearly five orders of
magnitude in the case of sample S2, while it increases for sample S3, a
more detailed morphological study of the cross-sections was carried out
for these two samples. FESEM images of the cross-sections of the coat-
ings above the glass surfaces in both samples are presented in Fig. 7. In
the case of sample S2 (Fig. 7a), the thickness of the coating ranges be-
tween 100 and 300 nm, and the size distribution of the Ag nano-
particulated grains is more uniform than in sample S3 (Fig. 7c).
Moreover, the inset of Fig. 7¢ provides additional information to account
for the higher electrical resistance of sample S3. Besides the higher de-
gree of oxidation of the surface of this sample (c.f., Fig. 6), the inset
shows that the Ag coating exhibits several grooves that reach the glass
surface and, in consequence, contribute to break the metal film conti-
nuity. As a result, an increase in film resistance should be expected.
Fig. 7a also shows that the adhesion of the Ag particles to the glass
substrate in sample S2 must be quite effective, because it is observed that
the nanoparticles that are close to the glass surface have partially
penetrated inside it. This microstructure also explains the results ob-
tained during the adhesion tests, discussed earlier.

To get a better insight about the sample in-depth microstructure, a
TEM analysis was carried out on lamellas prepared from each sample.
Results are presented in Fig. 7b, 7d, Sup7 and Sup8. In both cases, the Ag

Ag MVV

Count/s (a.u.)

Count/s (a.u.)

372 369 366

Binding Energy (eV)

378 375

363 346 348 350 352 354 356 358 360 362

Kinetic Energy (eV)

Fig. 6. (a) Normalized Ag 3d photoelectron, and (b) Ag MVV electron Auger spectra recorded for samples S1, S2 and S3.
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Fig. 7. FESEM and HAADF STEM images of the cross-sections of the coatings obtained in samples S2 (a and b, respectively) and S3 (c and d, respectively). The inset

shows a larger region of the coating in the case of sample S3.

coatings exhibit some common trends. Two distinct regions could be
identified above the glass surface. The Ag particles in contact with the
glass surface appear elongated, depicting one single type of morphology
in sample S2 and up to four in-depth layers in S3. It is convenient to
recall here that this morphology was also observed when the surface of
the final regions of the coatings were analysed by FESEM (Fig. 4). In
contrast, within the most external parts of the Ag coating there appear
more spherical nanoparticles. Their origin stems from the ejection of
molten droplets during the mixed ablation mechanism to which the
material has been subjected during sub-ns pulsed laser irradiation. It is
also remarkable to observe that when Epyse increases, the nanoparticle
agglomeration density also increases, generating larger variations in the
thickness of the coating, with values ranging between 330 and 830 nm.

In addition, TEM micrographs demonstrate that a fraction of Ag
nanoparticles has penetrated inside the glass. In the case of sample S2
(Fig. 7b and Sup?7) four different regions may be identified. Within the
first region, near the outermost surface of the glass, some particles with
diameters between 8 and 40 nm exhibit two grey contrasts. This could
mean that they have penetrated partially on the glass, as deduced from
Fig. 7a, improving the adhesion with the substrate. The second region,
just below and away from the glass surface, appears with a thickness
ranging between 170 and 310 nm. It appears to contain an accumulation
of spherical nanoparticles with sizes between 3 and 10 nm. Smaller
particles (1-3 nm) with higher kinetic energy, projected during the
ablation process, penetrate further inside the glass and yield a third
observable region with a thickness between 30 and 90 nm (Fig. 7c).
Finally, the innermost part of the coating contains a fourth region with
even smaller particles, observed with sizes smaller than 1 nm.

In the case of sample S3 (Figs. 7d and Sup8), it seems that the
observed dense layers of flattened particles, deposited on the glass sur-
face, block additional Ag particles from penetrating inside the glass. In
this sample, only two regions of nanoparticles are thus distinguished
inside the glass substrate. Their size is reduced to diameters ranging
between 0.8 and 2 nm.

Electron diffraction studies have also been performed in a number of
the particles from both of the above samples (Fig. Sup9). In both cases,
the reflections obtained correspond to metallic fcc Ag, indicating that
the amount of oxidation during the LIRT process is very limited or non-
detectable under these observation conditions. This correlates with EDS
measurements taken in the region with nanoparticles and inside the

glass, as can be observed in Fig. Supl0. In some cases, some traces of
silver oxide are also detected, as confirmed in the corresponding XPS
analysis presented in the previous section.

5. DBD demonstrator

The possibilities for applications offered by the silver deposits pre-
pared on glass by this laser technology have been proven in a demanding
application requiring a high conductivity and, simultaneously, high
stability under rather aggressive operational conditions. Namely, as a
proof-of-principle, the possibility of building surface interdigital elec-
trical connections for the development of a surface dielectric barrier
discharge (DBD) demonstrator was explored. The suitability of the
deposition methodology for large area applications is an additional
factor justifying this test.

A laboratory scale example is presented in Fig. 8. In this example, a
DBD plasma is generated at the surface of a glass plate acting as
dielectric material and decorated on one side with conductive silver
threads deposited by LIRT as reported in this work and, on the other, by
copper tape electrodes for simplicity. Typical dimensions, separation,
etc. of the finger electrodes are indicated in Fig. 8(a) and (b). A typical
surface DBD plasma actuator usually integrates two flat interdigitated
electrodes mounted on both sides of a dielectric plate (1 mm thick glass)
[49,50]. Plasma is generated on the dielectric areas among the elec-
trodes when a sufficiently high voltage is applied between the electrodes
to ionize the surrounding air (discharges typically occur in the range
from few kV to 50 kV, depending on the electrode layout and other
variables) [35]. Such an electrode configuration has been constructed by
different methods. For example, using mesh wire electrodes mounted on
an insulating plate with the second sheet electrode below the plate [41],
by printing structured metal films on the insulating plates or by selective
etching of circuit boards [40,42,51]. Fig. 8(c) and (d) show the aspect of
the demonstrator without applying the voltage and during operation.
Plasma generation is very uniform throughout the circuit, demon-
strating that its electrical characteristics exhibit a high degree of uni-
formity. The robust and long-term operation of the device, demonstrated
in this work for several hours under steady state conditions, proved the
feasibility of the processing method for the preparation of highly
conductive electrodes and its compatibility with large area applications
in aggressive media, as those existing in a plasma.
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Ag laser deposited
up electrode HV

1mm:
10 mm
b Copper tape
( ) down electrode

3mm

HV

'
+ 3mm

(c)

Without HV AC voltage

(d) Plasma generation applying
HV AC voltage

.

Fig. 8. (a) and (b) schematics of the up and down electrodes mounted between
the glass substrate (1 mm thick). The horizontal distance between upper and
lower electrodes is 1 mm. The Ag deposited electrode, coloured in grey in the
upper part, was not connected to HV AC voltage in this experiment. (c) Surface
dielectric barrier discharge (DBD) demonstrator in the absence of HV AC
voltage and (d) after having applied a HV AC voltage (20 kV, 16 kHz, 12 W).

6. Conclusions

The study of the LIRT generation of Ag coatings on a glass surface
using a 300 ps UV pulsed laser with high repetition rates has demon-
strated the importance of the laser irradiance values, as well as the
overlap between consecutive laser pulses, to obtain a metallic layer with
desired electrical resistance values for a number of foreseen applica-
tions. It has been observed that the electrical characteristics of the
coatings are very sensitive to the laser emission parameters, yielding
values of electrical resistivity that differ in nearly five orders of
magnitude.

Pulse to pulse overlap, intrinsic to this method, generates a combi-
nation of LIFT and LIRT phenomena that is responsible for the micro-
structures observed on the coatings. These result from the different kinds
of nanoparticles integrated within the coatings and their relation with
the different kinetic energies and nanoparticle sizes that are intrinsic to
the applied sub-ns ablation process. Two metal coating layers are formed
on the outermost surface of the glass substrate. A layer (Ag) with a
planar structure is observed inmediately adjacent and in contact to the
glass surface. Images show efficient Ag grain connectivity within this

Applied Surface Science 556 (2021) 149673

part of the coating. On the surface of this Ag coating, however, large
accumulations of larger size Ag nanoparticles appear. In contrast,
different layers of Ag nanoparticles are identified inside the glass sub-
strate in the vicinity of the coating. This suggests that smaller nano-
particles are ejected through the ablation plume at higher kinetic
energies when they are formed, and can penetrate further inside the
glass.

When low irradiance or Ejyise values are used, the amount of silver
deposited on top of the glass is too low to reach a minimum electrical
conductivity. On the contrary, when excessively high E,yse values are
used, the coating exhibits cracks, the extent of oxidation of the external
Ag particles is higher and the electrical resistance of the metallic deposit
increases. Under optimum laser conditions, the coating exhibits a rather
uniform structure and good adherence between particles, as well as with
the glass substrate surface. This was confirmed with scotch tape adhe-
sion tests, where electrical resistance values remain constant even after
six successive test runs. Only the Ag particles that are loosely deposited
on the external part of the coating are removed by the scotch tape and
they do not contribute to the electrical conductivity. The above laser
processing conditions have been chosen to build a DBD plasma
demonstrator, showing the practical potential of this simple, non-
expensive and environmentally advantageous technique.
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