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Abstract In this work, we used time-resolved imaging to
study the dynamics of the laser-induced forward transfer
(LIFT) process of a silver nanoparticle (NP) ink (NP size:
30-50 nm). LIFT is a versatile direct write technique in
which a variety of functional materials can be transferred
from a donor substrate to a receiving substrate with high
spatial resolution. Two different LIFT configurations were
employed: (a) dynamic release layer (DRL)-assisted LIFT,
in which direct expose of the silver NP ink to laser irra-
diation is prevented, and (b) DRL-free LIFT, in which the
silver NP ink is exposed to laser irradiation. Jetting
dynamic behavior, initiated by a cavitation bubble gener-
ation and expansion, was observed in both LIFT configu-
rations. However, jetting dynamics were significantly
milder in the case of DRL-assisted LIFT, resulting in a
wide laser fluence processing window (100-230 mJ/cm?)
for high uniformity and reproducibility printing of silver
NP ink droplets. On the contrary, DRL-free LIFT resulted
in smooth jetting dynamics only for a narrow laser fluence
window (30-40 mJ/cm?). The explanation of the different
dynamics is based on the different mechanisms that govern
the conversion of the laser pulse energy to a dynamic
cavitation bubble for each LIFT configuration, i.e., (a) heat
diffusion, mediated by the DRL layer, in DRL-assisted
LIFT and (b) microcavitation around the silver NPs due to
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near field enhancement when no DRL is used. In addition,
the mechanism of formation of undesirable satellite drop-
lets around the main deposited droplets was studied by
using a flexible polymeric receiving substrate. The
importance of the smooth jetting behavior, achieved by
DRL-assisted LIFT, was highlighted for high-resolution
printing of silver NP ink as well as for ensuring enhanced
LIFT processing stability.
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1 Introduction

In recent years, the demand for smaller, lighter, and more
affordable electronic devices has driven manufacturers
toward new designs that incorporate organic electronics in
commercial products such as solar and lighting panels. The
use of metallic nanoparticle (NP) inks provides an excel-
lent non-lithographic alternative for the fabrication of
conductive interconnects for organic electronic devices
since (a) it is compatible with rapid prototyping digital
printing technologies (i.e., ink-jet printing (Cummins and
Desmulliez 2012), laser direct write (Arnold et al. 2007))
and (b) it requires a relative low temperature post-printing
curing step to ensure sufficient NPs’ sintering, providing
therefore a suitable patterning method when temperature-
sensitive materials are used.

Despite its simplicity and broad appeal, the leading ink-
jet printing technology presents several limitations when
dealing with complex solutions such as metallic NP inks. In
particular, the rheological properties of the silver NP ink
suspensions should be carefully selected to avoid clogging
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of the print head nozzles (Cummins and Desmulliez 2012).
Agglomeration of the suspended NPs can also lead to print
head damage (Cummins and Desmulliez 2012). On the
other hand, laser-induced forward transfer (LIFT) of
complex solutions is receiving growing interest due to its
unique application in printing cells (Schiele et al. 2010),
biopolymers for chemical (Tsouti et al. 2010), and bio-
logical sensors (Boutopoulos et al. 2011; Chatzipetrou
et al. 2013; Palla-Papavlu et al. 2010) as well as silver NP
inks for organic electronics (Kim et al. 2009; Rapp et al.
2011). Printing of complex three-dimensional patterns has
also been demonstrated by employing LIFT of high vis-
cosity silver NP pastes (Wang et al. 2010).

A lot of research effort has been directed toward the
optimization of the LIFT process of liquid solutions in the
last years, including both experimental (Duocastella et al.
2012) and modeling studies (Brown et al. 2012). In addi-
tion, time-resolved imaging of the printing process has
been employed by several research groups since it provides
an advanced tool to study fast LIFT dynamics (Brown et al.
2011; Duocastella et al. 2010; Duocastella et al. 2009;
Unger et al. 2010; Yan et al. 2012). Most of these studies
deal with model glycerol-based solutions and employ a
dynamic release layer (DRL)-assisted LIFT configuration.
Researchers conclude that under the optimum laser fluence,
the ejection of the liquid takes place through the formation
of a long and stable jet. It has also been shown that drop-
let’s growth on the receiving substrate starts when the jet
impinges on the receptor substrate (Duocastella et al. 2010;
Unger et al. 2010). Following the jet impingement on the
receptor substrate, the liquid starts accumulating gently on
the impact position forming a sessile drop, which relaxes in
its final shape in a microsecond time scale (Duocastella
et al. 2010). Those studies on model glycerol-based solu-
tions have provided valuable information for improving the
performance of the technique. However, when LIFT is
applied to complex solutions (i.e., silver NP inks), several
aspects concerning the printing process require further
investigation to optimize the capabilities of technique in
terms of resolution and reproducibility. These include
(a) the formation of undesirable satellite droplets around
the main deposited droplet and (b) the existence of a nar-
row laser process window for uniform printing when DRL
is not used (Duocastella et al. 2012; Rapp et al. 2011).

In this study, we focused on the LIFT dynamics of a
commercially available silver NP ink, aiming to inter-
connect printing optimization. Time-resolved imaging was
used to investigate the dynamics of both DRL-assisted
and DRL-free LIFT of the silver NP ink. Jetting behavior
was observed during the ejection of the ink for both LIFT
configurations. In particular, smooth high-aspect-ratio
silver NP ink jets were generated under optimum laser
conditions. However, jetting dynamics and jets’
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morphology were found to depend strongly on the LIFT
configuration. The explanation for the different dynamics
was based on different mechanisms that govern the con-
version of the laser pulse energy to a dynamic cavitation
bubble. The jetting dynamics of the silver NP ink was
correlated with the deposition quality on polymer sub-
strate [polyethylene naphthalate (PEN)], a commonly used
substrate on organic electronics. Emphasis was given to
the mechanism that causes the deposition of undesirable
satellite droplets.

2 Experimental
2.1 LIFT setup

The experimental setup used in this study is depicted in
Fig. 1. Laser printing of the silver NP ink was achieved by
using a pulsed Nd:YAG (yttrium aluminum garnet) laser
(266-nm wavelength, 10-ns pulse duration) and a mask
projection optical setup composed of a beam expander, a
variable circular mask, an attenuator, and a converging
lens. The imaging system was adjusted to a demagnifica-
tion factor of 5 (1/M), resulting in a 50-pm spot size at the
imaging plane.

2.2 Donor substrate preparation

Two different types of supports were used for the donor
substrate preparation (Fig. 2). The first type consists of
1-mm-thick quartz plates (25 mm in diameter) purchased
from UQG Optics. The second type of supports was pre-
pared by using the same type of quartz plates coated with a
40-nm titanium laser-absorbing layer. A thin liquid film of
silver NP ink (U5603, SunChemicals, 20 wt% silver con-
tent, solvent: mixture of ethylene glycol, glycerol, and
ethanol, viscosity: 12 mPa s, NP size: 30-50 nm) was
applied to both types of donor substrates by using spin
coating (2900 rpm, 30 s). Spin coating ensured reproduc-
ibility and high uniformity of the film thickness (~ 5.5 pm)
across the donor target surface. No additional treatment
was applied at the donors, which were used for a maximum
period of 30 min after their preparation to avoid silver NP
ink film drying (Boutopoulos et al. 2013a). The reflectivity
of the titanium DRL/silver NP ink/quartz donors at 266 nm
was experimentally defined to be around 25 %, while in the
case of the silver NP/quartz donors, the reflectivity was
negligible. The reflectivity of the donors is taken into
account at the discussion part, where a comparison between
the different jetting dynamics is presented. In particular, we
compare results at a certain absorbed laser fluence (i.e.,
(1-R) x 1), where R and I, represent the reflectivity of
the donors and the incident laser fluence, respectively.
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Fig. 2 Schematic illustration representing the two donor configura-
tions used in our study: a quartz support/titanium layer/silver NP ink
layer, b quartz support/silver NP ink layer. Not to scale

2.3 Time-resolved imaging setup

In the first part of this work, the donor substrates were
placed in “face up” LIFT configuration without receiving
substrate for the side-view imaging of the printing process
(Fig. 2). Pump—probe experiments were then applied for
high-speed shadowgraphic imaging of the process using
both types of donor substrates as described below. A sec-
ond Nd:YAG laser (532-nm wavelength, 10-ns pulse
duration) was used to pump a fluorescence dye (rhodamine
solution) in transparent container placed on the camera
axis. The technique allows for high-quality imaging due to
the emission of incoherent light from the dye (Fardel et al.
2009). Capturing of shadowgraphic images was achieved
by a CCD camera (Unibrain Fire-i 810) equipped with a
50X long working distance objective lens placed perpen-
dicular to the laser printing axis. The trigger of the CCD
camera as well as the pump and probe laser synchroniza-
tion was initiated by a pulse delay generator (DG535,
Stanford Research Systems), which allowed setting the
delay between the printing and illuminating laser pulses.
The exact delay between the two pulses was measured
using two photodiodes connected to an oscilloscope.

In the second part of this work, time-resolved analysis of
the silver ink droplets formation was performed by using
the same configuration and PEN-receiving substrates.
Copper spacers were used to fix the donor and receiving
substrates at a separation distance ranging from 180 to
250 pm. The series of images were taken by moving the
donor-receiving substrate assembly in the x or y direction
so as an unused region was irradiated for each image
frame.

Three to five images were taken for each delay time to
ensure reproducibility. The analysis of the images was
carried out by using the ImageJ software to extract the front
distance of the ejected material as a function of the time.
The morphological characterization of the deposited
droplets was performed by optical microscopy.

3 Results and discussion

3.1 Jetting dynamics during LIFT of silver NP ink
using titanium as dynamic release layer

Figure 3 depicts a series of shadowgraphic time-resolved
images of silver NP ink ejection for various laser fluences
using titanium as DRL on quartz donor substrates. It is a
common observation for the entire laser fluence range that
the ejection of the silver NP ink material is initiated by the
formation of a conical liquid protrusion (first frame in
Fig. 3a—e). Its dynamic growth and expansion is strongly
depended on the laser fluence conditions as it is discussed
below. The driving force for the formation of the initial
liquid protrusion comes from the generation of high-pres-
sure cavitation bubble at the titanium layer/silver NP ink
interface following the laser irradiation. In particular, the
absorption of the incident laser pulse by the 40-nm-thick
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Fig. 3 Series of time-resolved images of the silver NP ink ejection by
using Ti/quartz donor substrates and various laser fluences: a 100 mJ/
cm?, b 140 mJ/cm?, ¢ 170 mJ/cm?, d 230 mJ/cm? and e 330 mJ/cm”.
Each series of pictures was taken by varying the time delay between
the pump and probe laser pulses

titanium layer results in a temperature rise, which causes
localized evaporation of the silver NP ink’s solvents.
In accordance with the absorption coefficient (o
~5.96 x 10° cm™") of the Ti layer at 266 nm (Lynch
et al. 1975), the incident laser radiation will not exceed a
penetration depth of about 17 nm (1/a). Therefore, for the
first series of our experiments, we consider negligible
direct exposure of the silver NP ink to the laser pulse, since
the penetration depth is much shorter than the titanium
DRL thickness (40 nm).

In our experiments, the initial conversion of the laser
pulse energy to heat and vapor pressure is followed by a
complex hydrodynamic process that governs the silver NP
ink ejection. The expanding cavitation bubble, generated in
between the donor substrate and the silver NP ink-free
surface, propels forward the overlying silver NP ink layer.
When the interior driving force overcomes the viscous and
surface forces, a conical protrusion starts growing at the
free surface of the thin liquid film as it can be seen in
Fig. 3. This process, depending on the laser fluence, lasts a
time period that is ranged from about 0.5 to 2 ps. Analo-
gous, but much slower processes (millisecond time scale)
have been thoroughly studied in the literature, when mil-
limeter-sized cavitation bubbles were generated near a free
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liquid surface using either electrical discharge (Robinson
et al. 2001) or focused laser beams (Blake and Gibson
1981).

At 100 mJ/cm? (Fig. 3a), the kinetic energy of the initial
conical protrusion is sufficient to overcome the pull-off
forces. This critical condition leads to the formation of a
thin and directional silver NP ink jet that gently detaches
the liquid film. Further increment in the laser fluence
beyond the jetting threshold results in the formation of
higher velocity detaching jets (Fig. 3b, c¢). In this laser
fluence range (140-170 mJ/cm?), the jets remain direc-
tional while presenting a more elongated shape. The typical
diameter of the jets at their narrower point is about 4 pum,
and their longitudinal dimension exceeds the frame height
(~400 pm). Depending on the laser fluence, the smooth
and continuous shape of the jets brakes over a certain time
period. This can be clearly seen in some late frames of
Fig. 3, where the gently growing jets present several small
perturbations and finally brake up in multiple satellite
droplets and/or secondary thin liquid threads detached from
the initial jet. This is the result of the so-called Plateau—
Rayleigh instability that is common for liquid streams
(Eggers 1997), where the surface tension-dominated phe-
nomena induce a geometry that ensures a minimal energy
state.

Further increment of the laser fluence results in the
generation of less uniform silver NP ink jets as it can be
seen in Fig. 3d (230 mJ/cmz). However, the jetting
behavior remains directional with a faster evolution
dynamics (i.e., the jet is completely detached within
25 ps). The materials’ ejection becomes turbulent at a laser
fluence of 330 mJ/cm? (Fig. 3e). In particular, 0.9 us after
the pump laser pulse, the ejected silver NP ink material
reserves a plume-like shape. Beyond the 1.25 ps, a conical
liquid formation appears due to the convergence of the
outer part of the plume-like formation. A turbulent jet flow
is then initiated, which finally decays in several satellite
droplets in a time period of about 20 ps. Notice that the
faster jetting dynamics at high laser fluence (230-300 ml/
cm?) resulted in jet breaking at significantly shorter times
compared to relative low laser fluence experiments
(100-170 mJ/cm?).

The corresponding jet velocity for the various laser
fluences can be found in Table 1. Each velocity value was
calculated by a linear fit of the jet front distance depen-
dence on the time. The calculated velocities vary from 9 to
77 m/s for laser fluences ranging from 100 mJ/cm? (jetting
threshold) to 230 mJ/cm? (turbulence threshold), respec-
tively. At the high turbulent jetting regime (330 mJ/cm?),
the velocity of the jet reaches the 96 m/s. However, this
velocity range is well below the supersonic ejection regime
and therefore justifies the absence of shock-wave formation
in Fig. 3.
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Table 1 The
configurations

calculated jet velocities for the two donor

Donor substrate : Ti layer/quartz Donor substrate : Quartz

Laser fluence Velocity® Laser fluence Velocity®
(mJ/em?) (m/s) (mJ/cm?) (m/s)

100 9+2° 20 27 +2°
140 42 +3 30 80 £3
170 45+ 5 40 105 £ 8
230 77+£5 50 171 + 14
330 96 + 13 70 237 £ 14

% The velocity was calculated by a liner fit of the jet front distance
dependence on time

" The velocity error corresponds to the standard error of the linear fit
slope

Similar dynamic behaviour has been reported by Duo-
castella et al. (2009) where LIFT of model glycerol-based
solution was studied using similar experimental conditions
to our study (i.e., ns UV pulses, 50-nm-thick titanium DRL
layer). However, in our study, the emergence of the dif-
ferent ejection regimes is shifted to significantly lower
laser fluences. This is attributed to the reduced thickness of
the silver NP ink film (~5.5 pm) compared with the
thickness of the glycerol-based ink film (~20 pm) used in
Duocastella’s study. On the contrary, our recent time-
resolved imaging study on DRL-assisted LIFT of silver NP
inks did not disclose jetting dynamics (Boutopoulos et al.
2013a). Indeed, the selection of relative large laser spot
size (220 um) compared with the silver NP ink layer
thickness (~5.5 um) resulted in materials’ ejection that
clearly reproduced the size and the shape of the laser spot.

3.2 Jetting dynamics during LIFT of silver NP ink
without using dynamic release layer

In the second series of experiments, time-resolved shad-
owgraphic imaging was employed to investigate the jetting
dynamics of the LIFT process without using DRL. Figure 4
depicts a series of images of silver NP ink ejection for
various laser fluences using quartz donor substrates. The
mechanism of the silver NP ink ejection is considered
similar to the one described in the previous section (i.e.,
cavitation bubble generation, initial ink protrusion forma-
tion, and expansion); however, significantly faster dynamic
behavior is observed.

In particular, smooth jetting behavior is observed only
for a laser fluence of 20 mJ/cm? that corresponds to the
ejection threshold (Fig. 4a). A slight increase in the laser
fluence over the ejection threshold results in turbulent jet-
ting behavior as it can be seen in Fig. 4b. For higher laser
fluences, over the 30 mJ/cm?, the high internal pressure of

Time (ps)

Laser fluence (mJ/cm2)

Fig. 4 Series of time-resolved images of the silver NP ink ejection by
using quartz donor substrates and various laser fluences: a 20 mJ/cm?,
b 30 mJ/em?, ¢ 40 mJ/em?, d 50 mJ/cm?, and e 70 mJ/cm®. Each
series of pictures was taken by varying the time delay between the
pump and probe laser pulses

the initial plume-like protrusion (second frame in Fig. 4c—
e) overcomes the coherent forces of the liquid resulting in a
violent expansion within a 0.5-us time period. Past the
rapid pressure release, the coherent forces of the liquid
cause a convergence of outer part of the plume. This pro-
cess takes place within a time period of about 1 ps (third
frame in Fig. 4c—e). The resulted turbulent conical ejection
of the silver NP ink material (late frames in Fig. 4c—e) is
similar to the one observed in the previous section for
significantly higher laser fluence (Fig. 3e).

The corresponding jet velocity for the various laser
fluences can be found in Table 1. As in the case of the
DRL-assisted LIFT experiments, the ejection velocities
were derived from a linear fit of jet front distance depen-
dence on time. The ejection velocities vary from 27 to
237 mV/s for a laser fluence range from 20 mJ/cm? (ejection
threshold) to 70 mJ/cm? respectively. A comparison
between the two velocity columns of Table | reveals sig-
nificantly faster ejection in the case of silver NP ink LIFT
without using DRL. In particular, a careful look at a certain
laser fluence range (i.e., 70~75 mJ/cm?) after deducting the
reflected part of the beam (i.e., LIFT with DRL: (1—Rp;) x
100 mJ/cm®> ~75 mJ/em?, LIFT without DRL: (1—
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Rin) X 70 mJ/cm? ~70 mJ/cm?) proves about 20 times
faster jets in the case of LIFT without using DRL. How-
ever, the maximum ejection velocity is again well below
the supersonic threshold, and therefore, no shock-wave
propagation is observed.

Further information regarding the considerable faster
dynamics for DRL-free LIFT can be derived by comparing
the different jetting regimes in Figs. 3 and 4. When no
DRL is used (Fig. 4a), the ejection threshold (20 mJ/cmZ)
is almost 4 times lower compared to the one observed in
the case of titanium DRL-assisted LIFT (Fig. 3a) after
deducting the reflected part of the beam [(1—Rrpy) X
100 mJ/cm® ~75 mJ/cm’]. In addition, when no DRL is
used, the laser processing window for smooth jetting
behavior is defined less than 0.5 times the laser fluence
threshold (Fig. 4a, b), while in the case of DRL-assisted
LIFT is extended to 1.3 times the laser fluence threshold
(Fig. 3a—d).

The observed dependence of the jetting dynamics on the
laser fluence provides an explanation for the existence of a
narrow laser processing window for LIFT printing of uni-
form Ag NP ink patterns when no DRL is used (Duocas-
tella et al. 2012; Rapp et al. 2011). In those studies, the
morphological characterization of the LIFT printed Ag ink
droplets revealed that a slight increase in the laser fluence
over the optimum conditions resulted in droplets’ non-
uniformity and satellite droplets formation. This is attrib-
uted to the observed fast and turbulent ejection dynamics
(Fig. 4), and it will be more thoroughly discussed in the
next section. Both phenomena are undesirable when con-
sidering a potential commercialization of the process.
Indeed, slight laser fluence variation would be reflected to
significant process instability. A relative observation has
been reported by Lewis et al. (2006), where the authors
mentioned an “inconsistent” ejection of the ink jet beyond
the threshold fluence without providing any further
analysis.

The presence of significantly faster dynamics when
LIFT of silver NP ink was performed without using DRL is
mainly attributed to the direct exposure of a significant part
of the silver NP ink layer to laser irradiation. When LIFT
was performed without using DRL, the laser irradiation
penetrated within the first ~1.6 um [experimentally
defined in (Boutopoulos et al. 2013a)] of the silver NP ink
layer (~5.5 um total thickness). The laser-induced heating
of the off-resonance 30-50 silver NPs, as well as the strong
near-field enhancement around the vicinity of the NPs
[nanolens effect (Nedyalkov et al. 2010)], contributed to
the generation of several nanobubbles within the laser
penetration depth. The dynamics of the nanobubble gen-
eration around metallic NPs has been reported to be
extremely fast (nanosecond time scale) (Brujan 2011;
Lapotko 2009). It has also been shown that the maximum
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diameter of the nanobubbles scales with the square root of
the laser fluence (Brujan 2011). The synergetic action of
the bubbles, which were generated immediately after the
laser irradiation, results in the formation of a larger cavi-
tation bubble that expands as observed in Fig. 4. This
mechanism of the cavitation bubble formation is consid-
ered as the dominant factor for the observed accelerated
dynamics compared to DRL-assisted LIFT, where the
cavitation bubble formation is mainly induced by the
temperature rise on the titanium layer/silver NP ink
interface.

3.3 Deposition process and satellite droplets’ formation

In the third series of experiments, we selected the DRL-
assisted LIFT to study the dynamics the droplet deposition
in order to understand the mechanism of the satellite
droplets formation. Our selection to focus in DRL-assisted
LIFT is in accordance with previous sections finding,
where the use of the titanium DRL has been proved ideal
for achieving controllable jetting dynamics. PEN-receiving
substrates were placed at distances between 180 and
250 um opposite to the donor substrate by using appro-
priate spacers.

Figure 5a, ¢ and e shows a series of time-resolved
images that correspond to various jetting regimes described
in Sect. 3.1. Optical microcopy images of corresponding
droplets, deposited under identical printing conditions, are
shown in Fig. 5b, d and f, respectively. At a laser fluence of
100 mJ/cm? (Fig. 5a, jetting threshold), optimum printing
conditions were observed. The low-velocity (9 m/s) jet
impingement on the receiving substrate is followed by a
gentle liquid accumulation at the initial point of impact.
This results in the formation of a uniform silver NP ink
drop (Fig. 5b) on the PEN substrate. The droplets’ feeding
with ink last about 100 ps and then jets’ breakup take
place. Similar, but quite faster dynamics were observed
when the laser fluence was increased to 200 mJ/cm?
(Fig. 5¢). The impact velocity of the jet is about 50 m/s,
and its shape and evolution remain smooth. Breakup takes
place within less than 20 ps, while the deposited droplets
preserve a uniform shape (Fig. 5d).

A careful observation on Fig. 5b and d reveals that
despite the smoothness of the droplets formation process,
there is a possibility for satellites droplet formation around
the main deposited droplet. These satellite droplets are
shown as small debris in Figs. 5b and 4c. Their formation
is attributed to the generation of small droplets during jets
breakup as it can be seen in Figs. 5a and 4c. Those droplets
are mainly incorporated into the main droplet’s body;
however, they may be deposited as satellite droplets due to
a divergence of their travel. This effect can be eliminated
by improving the vibration isolation of the experimental
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Fig. 5 Titanium DRL-assisted LIFT of silver NP ink. Time-resolved
imaging of LIFT process for various laser fluences showing jets
impingement on PEN-receiving substrates. Optical microscopy
images of the corresponding deposited droplets are also presented:
a, b 100 mJ/cm? (ejection threshold), ¢, d 200 mJ/cm? (smooth jetting
regime), e, £ 230 mJ/cm? (turbulent jetting regime). The scale bar
corresponds to 50 microns

setup as well as by reducing the distance between the donor
and the receiving substrate.

The droplet formation process is dramatically affected
when the laser fluence is increased to generate a higher
velocity jet (77 m/s). Figure Se shows the impingement of
a high-velocity turbulent jet, generated by a laser fluence of
230 mJ/cm?, on the PEN-receiving substrate. Following
the initial jet impact to the receiving substrate, recoil of the
ink is observed. The recoiled ink strongly interfering with
the evolution of the initial ejected jet, resulting in a tur-
bulent morphology that is mainly detected close (around
100 pm) to the receiving substrates’ surface (second and
third frame in Fig. Se). Figure 5f shows the optical
microscopy images of the corresponding deposited drop-
lets, where several satellite droplets can be found. Their
formation is a result of the violent jets breakup close to
PEN surface. In particular, main jets breakup generated
several smaller sub-jets randomly directed in the space
around the main drop. Subsequently, their impingement on
the PEN surface and/or their breakup caused the satellite
droplets deposition.

The observed jet recoil based mechanism of satellites
droplets formation is rather depended on the properties of
the ink (i.e., surface tension, viscoelasticity, impinge

velocity) than jet morphology itself. Another factor that
significantly affects the jet recoil process is the wetting
properties of the receiving substrate. Indeed, jet recoil may
be caused when smooth, low-velocity jets impinge hydro-
phobic surfaces as we have recently shown in a relative
study (Boutopoulos et al. 2013b). In the recent LIFT bib-
liography on glycerol-based model solutions printing, the
satellite droplets generation has been mainly linked to the
so-called plume ejection regime (i.e., high turbulent non-
jetting liquid ejection) (Duocastella et al. 2009) and/or to
the jet breakup due to Plateau—Rayleigh instability (Duo-
castella et al. 2010), depending on the laser fluence. Unger
et al. (2010) have mentioned the creation of satellite
droplets due to main droplets’ splashing when LIFT of a
hydrogel was performed at high-velocity jetting conditions.
Slight splashing behavior can also be observed in our
experiments (i.e., ink material laterally detached from the
main drops’ body, Fig. Se and other not shown), but it is
not considered as the main mechanism for satellite droplets
deposition for the studied laser fluence range. Indeed, the
main mechanism is considered the recoil of the ink due to
the relative high-velocity jet impingement on PEN surface.
However, the low-velocity ejection achieved by the DRL-
assisted LIFT prevents the generation of the satellite
droplets due to jet recoil for a sufficient laser fluence range
(100-200 mJ/cm?).

4 Conclusion

Time-resolved imaging of LIFT of a silver NP (NP size:
30-50 nm) ink revealed jetting ejection dynamics for two
different donor configurations; (a) a ~ 5.5-um-thick NP
ink layer spread on a titanium covered (40-nm thick) quartz
plate (i.e., DRL-assisted LIFT) (b) a ~ 5.5-um-thick NP
ink layer spread on quartz plate (i.e., DRL-free or con-
ventional LIFT). In both donor configurations, jetting
behavior was initiated by an expanding cavitation bubble
generated in between the donor surface and the ink-free
surface. When titanium DRL was used, the conversion of
the laser pulse energy to impulse pressure was governed by
the heat diffusion to the ink layer, mediated by the titanium
layer. On the contrary, LIFT without using DRL involves
direct exposure of the silver NP ink to laser irradiation,
resulting in NPs heating and near field enhancement around
the NPs vicinity. Both phenomena contribute to the instant
generation of several nanobubbles within the ink medium,
providing therefore the impulse force for materials’ ejec-
tion. The different mechanisms involved in the generation
of the cavitation bubble caused significantly variation to
the observed jetting dynamics. In particular, titanium DRL-
assisted LIFT resulted in smooth and low-velocity (9-77
m/s) jetting behavior, for a wide laser process window
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(100 mJ/cm*-230 mJ/cm?), indicating therefore a great
potential for a high-quality direct-printing process. On the
other hand, when LIFT was performed without using DRL,
a narrow laser process window (20-30 mJ/cmz) was
observed for reliable jetting behavior (27-80 m/s).

The last part of our work discloses importance of the
smooth, low-velocity jetting dynamics for the deposition of
debris-free silver NP ink droplets on PEN substrates. On
the contrary, high-velocity jetting dynamics resulted in the
generation of undesirable satellite drops around the main
deposited ink drop. The main mechanism for the satellite
depositions was found to be the interference of the ink,
recoiled from a receiving substrate, with the initial jet. The
laser fluence threshold for this behavior was 230 mJ/cmz,
and the corresponding jet velocity is 77 m/s for DRL-
assisted LIFT. Low-velocity impingement of the jet to the
receiving surface is therefore proposed to eliminate satel-
lite drops deposition. The use of the titanium DRL sig-
nificantly expands the laser process window that optimum
laser deposition conditions can meet.

Therefore, its use for conductive interconnect printing
optimizes the capabilities of the LIFT technique in terms
of resolution and process stability. Many applications can
be benefit by the technique including the integration of
conductive electrodes during the fabrication of microflu-
idic devices, where LIFT printing offers a great alterna-
tive to conventional sputtering and ink-jet printing
technologies. More advanced applications can be trig-
gered in transparent microfluidic devices, where laser
pulses may be used to control microflows by generating
cavitation bubbles and microjets in the microfluidic
channels.
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