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Abstract
Networks of silver nanowires (Ag-NWs) can be electrically conductive and optically
transparent at the same time. Thus, Ag-NWs are promising candidates for substituting
transparent and conductive oxides like indium-tin-oxide. Direct-write methods for
printing patterns are suitable in order to reduce the amount of material used with
respect to actual deposition methods on large areas that require post-processing steps.
In this work, we study the laser-induced forward transfer of Ag-NWs with the aim of
printing conductive patterns that appear invisible at naked eye. A Nd:YAG laser system
delivering 150 ns pulses at 1064 nm wavelength was coupled with a scan head for
printing the Ag-NWs at different pulse energies (0.20-0.45 m]).
It has been found that the area coverage of Ag-NWs, which is directly related with the
optical an electrical properties of the patterns, increases as the laser pulse energy
increases. A sheet resistance of 140 2/sq is reached when printing at the highest pulse

energy tested. As a proof-of-concept, we printed simple circuits with a pair of invisible



electrodes connecting an LED on glass with a transmittance of 98.8 %, a haze of 0.5 %, a
reflectance below 0.1 % and a sheet resistance of 340 2/sq.
Keywords: Laser-induced forward transfer; silver nanowires; transparent electrodes,

printed electronics

1. Introduction

Transparent and conductive materials are required for the operation of modern devices
such as touch-screens, LCD panels, OLEDs, solar cells or transparent heaters [1]. Up to
the present, most of these materials are transparent conductive oxides (TCOs), with
indium tin oxide (ITO) being the most widely used. However, TCOs are ceramic
materials that are brittle and need to be deposited with methods requiring high-vacuum
[1]. For this reason, new materials such as graphene, metallic nanowires or carbon
nanotubes are being explored as an alternative to TCOs for the fabrication of
transparent electrodes [2].

In the case of metallic nanowires materials, the strategy for reaching conductivity and
transparency at the same time stands in the formation of a 2D connected network
allowing the conduction of electrons and the transmission of light [1, 3]. The top
conductive property of silver makes silver nanowires (Ag-NWs) networks to become
one of the best future options for substituting ITO in transparent and conductive
electrodes [2, 4]. One of the advantages of Ag-NWs in front of TCO is their flexibility,
which allows their use on curved surfaces and on flexible substrates that are becoming
more and more usual in the electronics industry [5]. Moreover, they are compatible
with roll-to-roll [5-7], low-cost and large area deposition methods [1-3, 8, 9].

The usual strategy for producing transparent electrodes of Ag-NWs consists on

depositing a layer of Ag-NWs on a whole area and then defining the geometry of the
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electrodes by a posterior processing of the deposited material [10]. In this way, no
contrast is visible, since all the surface is covered by Ag-NWs and the electrodes remain
invisible. However, this strategy implies a waste of material in the areas where no
electrical conduction is needed. Thus, digital printing strategies for directly depositing
Ag-NWs only where required would save material and time. This has been tried with
ink-jet printers [11]. However, a previous sonication of the ink is necessary before
printing in order to reduce the length of the Ag-NWs and avoid clogging of the nozzle.
This length reduction is detrimental for the properties of the Ag-NWs networks [12],
since higher densities are required for getting equivalent conductive properties, what
results in reducing the optical transmittance of the network.

Lasers are being used for processing already deposited Ag-NWs. Their most common
application is for removing already deposited material and delimiting the electrodes
geometry by directly focusing the laser beam in the Ag-NWs layer [10, 13-16]. Lasers
have been also used for selectively sintering previously deposited Ag-NWs [17-19]. In
this case, the laser is used for welding the already deposited Ag-NWs between them,
promoting a significant reduction of the contact resistance between wires and
consequently the resistance of the irradiated area. However, this is a delicate process
where an excess of laser intensity can lead to the transformation of the Ag-NWs into
nanoparticles that would cause the destruction of the conductive paths and a sudden
increase of the resistance [20]. In a more sophisticated application, a two-laser beam
technique combining ultrashort and CW lasers has been used for directly fabricating
single Ag-NWs [21, 22]. Now, we propose to use lasers for selectively printing Ag-NWs
by using the laser-induced forward transfer (LIFT) technique [23]. For this, typically a
pulsed laser is focused in the interface between a thin layer of the material to be printed

(donor layer) and the substrate supporting it (donor substrate). The absorption of the
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laser pulse energy promotes the formation of a vapor bubble near the interface that
expands and pushes the material in front of it. For liquid layers, this promotes the
ejection of part of the donor layer in the form of jets that propagate forward to the
acceptor substrate where the liquid is deposited [24].

The possibility of LIFT for printing inks digitally in a large range of viscosities (1 - 1000
mPa-s) [25] is one of its major advantages in front of other well-established printing
techniques like screen-printing, slot die or inkjet. LIFT allows to print inks with high
solid content that would clog the printing heads of other direct-write printing
techniques. The low restrictions in the ink formulation allows the use of cheaper inks
and avoid the use of toxic or contaminant solvents, which, in addition to the above
commented material saving as a direct-write technique, has environmental and
economical benefits [26]. With resolutions of 300 dpi and 600 dpi, similar to other
existing printing methods [27], estimated costs of printing [26] approaches the cost of
mass production techniques like rotogravure, keeping the costs independent of the
number of runs.

The absence of nozzle makes LIFT a very interesting approach for printing high-aspect
ratio nanostructures. Indeed, it has been already demonstrated useful for printing
carbon nanotubes [28-30] and carbon nanofibers [31, 32]. In a previous work, LIFT was
used for printing electrodes of Ag-NWs embedded in a protecting binder matrix on a
flexible substrate [33]. In that case, the Ag-NWs were transferred together with the
binder matrix through the approximation of LIFT from solid donor layers. The binder
matrix was required to prevent the Ag-NWs breaking during the transfer process.
Flexible and stretchable electrodes with conductive properties were printed. However,
the best transmittance of conductive patterns was 80%, which could be considered

transparent but are clearly visible when printed on transparent substrates such as glass.



Recently, pixels with AgNWs have been directly transferred by LIFT from a donor layer
that has been left dry before the printing process [34]. The transfer is performed with
the donor and receiving substrates in low vacuum contact. In this case the
transmittance achieved is near 90%.

In this work we explore the printing of Ag-NWs by LIFT from a liquid donor layer with
the challenge to produce invisible conductive patterns on transparent substrates. The
main objective of this research is to demonstrate the potential of LIFT for directly
printing Ag-NWs only where they are required without further scribbing or trimming
processes [10, 13], with the associated saving of material and time that is of interest
from the environmental and economical point of view. A commercial ink containing Ag-
NWs is used and directly applied as donor layer. The LIFT approximation with liquid
donor layers has been demonstrated soft enough to transfer even very delicate
biomolecules such as DNA or proteins [35-38]. Consequently, Ag-NWs should not suffer

any damage during the printing process.

2. Experimental

A Nd:YAG laser (Baasel Lasertech, LBI-6000) coupled to a scanner head of
galvanometric mirrors was used to perform LIFT. The laser was operated at the
fundamental wavelength (1064 nm), in pulsed mode, at a repetition rate of 1 kHz, in all
the experiments presented in this work. The pulse duration using these parameters was
around 150 ns. The energy of the pulses ranged between 0.10 and 0.45 m] by modifying
the current of the pumping lamp. The laser beam has a Gaussian intensity profile and it
was focused by an f-theta lens of 100 mm focal length. The beam diameter in the
focusing plane for LIFT configuration was measured as 80 um . The scanner head moved

the beam at a speed of 800 mm/s for printing isolated pixels and of 200 mm/s for
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printing continuous patterns such as lines and areas. Hence, as the laser was always
firing pulses at 1 kHz, the separation between consecutive pixels was 200 pum in printed
patterns.

The ink used as donor was the Ag-NWs suspension ClearOhm™ from Cambrios with a
viscosity in the range of 15-25 mPa-s. The donor substrates were borosilicate glass
slides (25x75x1 mm3) with a 50 nm thick film of Ti (Deposition Research Lab, Inc.)
acting as absorption layer for the laser radiation. The donor films were prepared by
spreading 40 pl of the ClearOhm™ ink on top of the Ti absorption layer by means of a
doctor blade coater obtaining a thickness of around 20 pm. The receiving substrates
were microscope glass slides placed in front of the receiving substrate surface at a
distance of 150 pm.

After deposition, the printed patterns were submitted to a bake process in an oven at
200 °C during 400 s in order to improve the contact between nanowires. Thus, the
electrical resistance of the networks was reduced. Although the process was not
optimized, the conditions used do not produce the spheroidization of the nanowires
that can be induced by too high temperatures or too long times [12]. The morphology of
the samples was observed by optical microscopy (Carl Zeiss AX10 Imager.A1) and
scanning electron microscopy (SEM, JEOL ]J-7100) equipped with an energy dispersive
detector for X-ray spectroscopy (EDS).

The resistance of the printed features was measured with a multimeter (Keithley 175A).
With this value and the planar dimensions of the lines, the sheet resistance was then
calculated in order to get a parameter independent of the size of the printed features

[39].



Optical characterization was performed by a UV/Vis Spectrometer (Perkin Elmer -
model Lambda 950) equipped with a 150 mm integrating sphere and reflectance

accessories.

3. Results and discussion

The first experiments were devoted to characterize the morphology of individual pixels
printed at different pulse energies. After printing, the pixels dry quickly (within 5
seconds) and can only be detected in the optical microscope with dark field illumination
(Fig. 1a). Ag-NWs were only printed on the acceptor substrate at pulse energies above
0.20 m]. Below this value, the donor material is not transferred to the acceptor
substrate. Pixels are round and without evidence of splash and satellite droplets (a
representative image is shown in Fig. 1a). The center of the pixels appear brighter with
intense spots that correspond to spherical particles when looking at higher
magnification. There is no sign of the coffee-ring effect in the dried pixels. It was shown
that large aspect-ratio particles, like Ag-NWs, produce strong capillary interactions that
reduce the effect of accumulating particles in the liquid-air contact line [40, 41]. These
interactions, together with a fast-drying rate lead to a uniform distribution of the Ag-
NWs along the whole pixel. The size of the pixels increases with pulse energy. The plot
of the radius of the pixels at different pulse energies (Fig. 1b) shows a quite linear trend,
from 130 pm at 0.20 m] to 330 pm at the highest explored energy, 0.45 m]. Similar
values and a similar linear trend was observed when printing a silver nanoparticle ink
with this laser system setup before [42]. The resolution could be improved by placing
coated acceptor substrates for increasing the contact angle, using shorter laser pulses

and smaller beam diameters [24].



The area coverage was evaluated from the optical microscope images at the highest
magnification (x100) and corrected by taking into account the ratio between the
apparent diameter of the Ag-NWs in the images and the real one. Its value increases
with pulse energy until saturation at energies higher than 0.35 m] (Fig. 1b). As the
energy increases, a higher volume is transferred from the donor film [42]. Due to the
linear ratio between the volume and the area of the base of a dome-shaped droplet, this
would imply an increase of the area coverage for larger droplets printed at higher
energies. However, on the basis of images of the transfer process taken with the same
laser system and an ink with similar viscosity [42], it seems that, when the pulse energy
is high enough, all the thickness of material in the donor film would be transferred and,
consequently, the printed material in the acceptor substrate is replicating the surface
coverage of the ink donor layer. Thus, at high pulse energies the area coverage cannot
continue growing and remains constant.

Rectangular areas of 1.5 x 2.0 cm2 were used for optical and electrical characterization
of the printed Ag-NWs networks. These areas were printed by overlapping lines
separated 200 pum, which is the same separation between consecutive printed pixels at
the given scan speed. With this separation, the overlap between adjacent pixels is about
13% for the minimum pulse energy. This should guarantee continuity of the network for
producing electrical conductive electrodes. Figure 2 shows a SEM image of the ink
printed on the acceptor substrate with a detail of the large particles observed at the
center of the pixels. It can be seen that Ag-NWs are randomly oriented, forming a
connected network that would allow electrical conduction. The EDS analysis reveals
that those large particles are titanium contamination coming from the donor absorbing

layer (Fig. 2). These particles would correspond to the bright spots observed in the



center of the individual pixels (Fig. 1a) and are the result of the ablation of the donor
absorbing layer.

The transmittance and sheet resistance values of the printed areas versus the laser
pulse energy are plotted in Figure 3. The transmittance of the Ag-NWs networks is
evaluated by comparing the transmittance spectrum of a printed sample with the
transmittance spectrum of a clean acceptor substrate. The sample printed at 0.2 m] has
the best transmittance of the series reaching a value of 98.8%. When the pulse energy
increases, the transmittance of the printed network decreases in an almost linear trend.
For the maximum pulse energy tested in this work the transmittance is above 93%,
which is more than acceptable for transparent electrodes. The sheet resistance
decreases as the pulse energy for printing increases. The best value, 140 Q/sq, is
reached for the maximum pulse energy of 0.45 m]. Transmittance and sheet resistance
values are commonly related with the diameter and length of the nanowires and the
areal density of the network [12]. In view that the morphology of the Ag-NWs is similar
in all the printed samples, differences in the areal density should account for the trends
observed for transmittance and sheet resistance. In one hand, higher areal densities
allow more interconnections between the nanowires, improving the conductivity of the
network, and consequently reducing the sheet resistance of the printed pattern. On the
other hand, a higher transmittance is associated with lower areal densities.

The area coverage of the printed networks was evaluated from the optical microscope
images with the same method used for individual pixels. The trend of the area coverage
when increasing the pulse energy is very similar to the trend observed for the size of the
pixels with the pulse energy (Fig.1b). The area coverage increases almost linearly with
the pulse energy, in spite of the constant value observed when printing individual

droplets (Fig. 1b). This fact is concomitant with the decrease in transmittance and sheet
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resistance as the samples are printed at higher pulse energies and confirms the
hypothesis that the trends observed are related with the areal density of the Ag-NWs
network. The fact that the trends for the area coverage and pixel radius are so similar
unveils some relationship between the density of the network and the size of the pixels
at the pulse energy used for printing, as it can be observed in Fig. 4. In spite of the
significant experimental error in the determination of the area coverage, the plotted
points follow a good linear relationship with the pixel diameter. Taking into account
that the area coverage found for single pixels is very similar, except when printing at the
lowest pulse energy (Fig. 1b), and that the diameter of the pixels is larger than the
separation distance between adjacent pixels, the increase in the area coverage must be
related with the contribution of overlapping pixels. The overlapped area between two
circles of radius r separated by a distance d can be calculated with the formula in eq. (1).
With this, the overlap factor can also be calculated by considering the contribution of all
the neighbor pixels that cover the same area. Fig. 4 shows how the overlap factor also
follows a linear trend, especially for pixels much larger than the separation distance.
Consequently, the increase in the area coverage with the pulse energy seems to be
directly related with the increase in the size of the printed pixels and the corresponding

overlap of successive printed pixels.

Overlapped area = 2r? - cos™! (i) S (10

2r 2

However, the area coverage measured when printing areas by overlapping pixels is
much lower than the area coverage resulting from multiplying the area coverage of
single pixels by the overlap factor. This clearly indicates that the donor layer is suffering
depletion of material. Taking into account that the diameter of the pixels is larger than

the separation distance between consecutive pixels, and assuming the hypothesis that
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almost all the material in the donor film is transferred, in every single pulse printing
event, part of the material transferred is coming from a distance larger than the
separation distance between consecutive pulses in the donor film. This material loss is
partially refilled by liquid flow coming from the contiguous donor layer before the next
pixel is printed.

In spite of the presence of contamination Ti particles coming from the absorbing donor
layer, patterns of Ag-NWs can be printed with very high transmittance (near 99%).
However, invisibility of individual tracks or patterns does not only depend on their
transmittance. The eye is capable of detecting very small changes in scattered light, and
also reflected light, especially in dark background conditions [43, 44]. That is why the
haze, that gives account of scattered light, and reflectance were also evaluated. Figure 5
shows plots of the haze and reflectance of the networks printed at different laser pulse
energies. In all cases the values are low, between 0.5 % and 3.5 % for the haze and
below 1.8 % for the reflectance. However, both of them grow when increasing the pulse
energy. This trend would be concomitant with the fact that higher areal densities are
printed at higher pulse energies. It is worth to state that at 0.2 m] the haze value is only
0.5 % and the reflectance 0.07%. These really small haze and reflectance values,
together with a transmittance of 98.8%, should lead to almost undetectable patterns.

A simple circuit with two Ag-NWs tracks was designed as a proof-of-concept for the
LIFT printing of invisible electrodes on glass (Fig. 6a). Each track connects two square
silver contacts that were also printed by LIFT from a Ag-ink donor layer [42]. These
contacts were used for preventing the Ag-NWs tracks from wear when testing with the
current probes. An LED (SMD) was soldered between the two tracks as a test of
continuity and electrical conductivity. The printing parameters leading to the best

optical properties (maximum transmittance, minimum haze and minimum reflectance)
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were selected, considering that maximum invisibility is pursued and that the sheet
resistance value is good enough for application in touch screens [3]. Hence, 0.2 m] of
pulse energy were used for printing the Ag-NWs tracks. A photograph of three samples
of the test circuit is presented in Fig. 6b. The four electrodes and the LED of each sample
are clearly visible, while the printed Ag-NWs cannot be seen at naked eye. When
injecting current (like in the right sample), the LED lights on, clearly indicating the
presence of the two conducting Ag-NWs tracks.

In spite of these encouraging results, the relationships between sheet resistance,
transmittance and haze for the ClearOhm® ink deposited by spin-coating or roll-to-roll
slot-die coating under optimized conditions [5] are better than those obtained in this
work. Therefore, there is still room for improving the performance of Ag-NWs printed
by LIFT. Probably, the detected contamination of Ti (a material with lower conductivity
than Ag) coming from the absorbing layer is negatively affecting the sheet resistance.
The Ti particles may act as high contact resistance points between Ag-NWs. Their
presence on the substrate can also difficult the planar connection between nanowires.
LIFT with laser wavelengths in the UV or with ultrashort laser pulses can be used for
printing without absorption layer and, thus, circumvent the contamination issue. The
bake process is also a delicate point that must be optimized in order to reach even

better results [12].

4. Conclusion

The results of this study demonstrate that conductive and transparent patterns of Ag-
NWs can be printed by LIFT using an ink as donor layer. Compared to other printing
techniques such as screen or inkjet printing, LIFT has proven feasible for depositing

those large Ag-NWs for producing transparent electrodes in a digital manner.

13



The areal density of Ag-NWs in individual pixels is almost independent of the laser pulse
energy used because all the thickness of the donor film is transferred to the printed
pixels. However, the areal density can be increased in printed patterns by increasing
the pulse energy. This has been directly related with a higher overlap between neighbor
pulses. Consequently, better sheet resistance values are obtained when printing at
higher pulse energies. On the contrary, higher transmittance, lower haze and lower
reflectance values can be reached by decreasing the laser pulse energy.

As a proof-of-concept conductive electrodes were printed on glass with a transmittance
of 98.8%, very low haze (0.5%) and low reflectance (0.07%). Owing to these excellent
optical properties, the electrodes printed by LIFT are invisible to the eye under normal

lighting conditions.
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Figure Captions

Figure 1. (a) Dark field image of a single pixel printed with a pulse energy of 0.2 m]. (b)
Plot of the average radius of printed pixels (black circles) versus the laser pulse energy.
The dashed line corresponds to the linear fit of the represented points. In the same plot,
the calculated area coverage with Ag-NWs of the single pixels (red squares) is also
represented.

Figure 2. SEM image of printed Ag-NWs on glass with detail of big particles. The EDS
elemental analysis unveils the contamination with Ti particles coming from the
absorbing layer.

Figure 3. Plot of the transmittance (black squares) and the sheet resistance (red circles)
versus the laser pulse energy. Note that the sheet resistance axis is reversed, so lower
sheet resistances values are on the top.

Figure 4. Plot of the area coverage (black squares) versus the single pixel diameter. The
solid line corresponds to a linear fit of the points. The overlap factor (red circles)
calculated from equation (1) is also represented in the plot in the right axis. A similar
trend is found in both cases.

Figure 5. Plot of the haze (black squares) and reflectance (red circles) versus the laser
pulse energy.

Figure 6. (a) Scheme of the circuit proposed to test the viability of LIFT for printing
invisible electrodes on glass substrates. All the contacts and electrodes were printed by
LIFT. The four Ag ink contacts were printed with an ink containing silver nanoparticles
[41]. Two invisible tracks of Ag-NWs are printed at 0.2 m] pulse energy between the Ag-
NP ink contacts. An LED (SMD) was soldered between the upper contacts for testing the
conductivity of the printed tracks. The lower contacts were used for injecting current.

(b) Image of printed circuits on glass. The Ag-NWs tracks are invisible to the naked eye.
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When injecting current (right circuit), the LED light is on confirming the conductivity

and continuity of the tracks.
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