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ABSTRACT: Soft, flexible, and stretchable electronics are
needed to transmit power and information, and track dynamic
poses in next-generation wearables, soft robots, and
biocompatible devices. Liquid metal has emerged as a
promising material for these applications due to its high
conductivity and liquid phase state at room temperature;
however, surface oxidation of liquid metal gives it unique
behaviors that are often incompatible with scalable
manufacturing techniques. This paper reports a rapid and
scalable approach to fabricate soft and flexible electronics
composed of liquid metal. Compared to other liquid metal
patterning approaches, this approach has the advantages of
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compatibility with a variety of substrates, ease of scalability, and efficiency through automated processes. Nonconductive liquid
metal nanoparticle films are sintered into electrically conductive patterns by use of a focused laser beam to rupture and ablate
particle oxide shells, and allow their liquid metal cores to escape and coalesce. The laser sintering phenomenon is investigated
through comparison with focused ion beam sintering and by studying the effects of thermal propagation in sintered films. The
effects of laser fluence, nanoparticle size, film thickness, and substrate material on resistance of the sintered films are evaluated.
Several devices are fabricated to demonstrate the electrical stability of laser-patterned liquid metal traces under flexing,
multilayer circuits, and intricately patterned circuits. This work merges the precision, consistency, and speed of laser
manufacturing with the material benefits of liquid conductors on elastic substrates to demonstrate decisive progress toward

commercial-scale manufacturing of soft electronics.
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1. INTRODUCTION

Soft electronics have been demonstrated in applications
requiring low elastic modulus, such as in biomedical devices,"”
soft robotics,> ¢ and wearable technologies.7’8 A limitation in
the current state-of-the-art is a lack of scalable manufacturing
methods for soft electronics. A promising approach to create
soft electronics is to use liquid metals as a conductive medium.
Liquid metals are intrinsically soft, and eutectic gallium—
indium alloys (eGaln) in particular have high conductivity (3.4
x 10° S'm™; copper 5.96 X 107 S:m™").” Several approaches
for processing gallium-based liquid metals have been
demonstrated, including injection into microchannels, '’
vacuum-filling microchannels,'’ extrusion-based direct writ-
ing,12 hand writing,13 masked deposition,“’15 three-dimen-
sional (3D) printing,'® embedding microscopic inclusions in
an elastomer matrix,'’ and subtractive laser-based fabrication.'®
However, the proposed processing techniques can be
challenging to automate, often requiring manual intervention.
Furthermore, because gallium-based liquid metals sponta-
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neously form a thin oxide skin when exposed to air (~1—3 nm
thick in ambient environment),'” the resulting high surface
tension makes bulk liquid metal incompatible with common
scalable manufacturing techniques, such as inkjet print-
ing.”'”*° To overcome the limitations posed by high surface
tension, we have previously demonstrated the creation of
liquid metal nanoparticle inks, by sonicating bulk eGaln in a
carrier solvent, and deposition of the particle-filled inks, by
. . 1221 )

inkjet printing and spray-printing.

Sintering is an essential postdeposition process to treat the
surface oxide surrounding each nanoparticle so as to form a
conductive pathway, enabling functionality in printed
electronic devices.”>”> Sintering methods for ordinary solid

. . . L 26 .
metallic particles include thermal sintering,” microwave
. . 27 . . . 28 . - 29
sintering,” photonic sintering,” and plasma sintering.
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Figure 1. Laser-sintered eGaln nanoparticle film, with sintered regions appearing as a lighter gray. (A) Image of a laser-sintered Faboratory gear.
Scale bar is 2 mm in length. Faboratory logo reprinted with permission. (B) SEM image of a sintered-to-unsintered transition region across the
edge of the pattern. Scale bar is 10 ym in length. (C, D) Detailed views of (C) uncoalesced eGaln nanoparticles and (D) coalesced eGaln
nanoparticle film after laser sintering. Scale bars are 1 ym in length. The nanoparticles have an average diameter of 58 nm, and the nanoparticle film

was sintered at a laser fluence of 2.86 J/ cm?.

EGaln nanoparticles can be sintered mechanically at room
temperature, wherein mechanical pressure is applied to rupture
the oxide shells that electrically insulate the nanoparticles,
releasing their liquid metal cores to coalesce into electrical
paths. Mechanical sintering, however, is limited to substrates
that are stiff enough to ensure that sufficient force is transferred
to the nanoparticles to cause the oxide layers to rupture.””
Additionally, when liquid metal nanoparticle sizes are smaller
than 70 nm, the particles’ cores are solid because they become
indium-enriched, preventing coalescence through liquid flow at
room temperature by mechanical sintering.*’

Recently, laser sintering has emerged as an attractive
technique for sintering metal nanoparticles such as Cu,*!
Zn,** or Ag,32_34 due to advantages including direct
patterning, rapid processing, multisubstrate compatibility, and
ease of scalability through automated processes. Although the
feasibility of laser sintering eGaln nanoparticles has been
mentioned,**° sintering principles and parameters have yet to
be fully investigated and harnessed to produce functional
devices.

In this paper, we introduce an automated approach to
rapidly fabricate flexible electronics made of eGaln nano-
particles by combining spray-printing with direct laser-sintering
processing. By using a pulsed laser beam as a localized heat
source, sintered eGaln nanoparticle films with high con-
ductivity (from 3.625 X 10° to 3 X 10° S'm™") are achieved;
resistance values are easily tuned with laser parameters. This
approach is compatible with a variety of substrates without
causing any thermal damage. Moreover, laser sinterin§ enables
coalescence of smaller solid-core eGaln nanoparticles,” paving
the way for higher-resolution deposition techniques. Finally,
flexible and wearable electronic devices with intricate patterns
and soft, multilayer circuits are demonstrated.

2. RESULTS AND DISCUSSION

2.1. Fabrication and Surface Morphology of Laser-
Sintered Liquid Metal Films. Using the methods presented
by Boley et al,”" we created liquid metal nanoparticle inks by
sonicating bulk eutectic gallium—indium alloy (eGaln, 75.5%
Ga/24.5% In) in ethanol for times ranging from 120 to 720
min, resulting in average particle diameters ranging from 220
to 58 nm as characterized by Lear et al.”” We spray-printed the

inks onto various substrates, as shown by Mohammed and
Kramer.”” The spray-printing simultaneously aerosolized and
deposited the ink by blowing compressed air through an ink
droplet fed by a syringe pump at a constant rate down onto the
substrate, resulting in a nanoparticle film on the substrate.
Three milliliters of nanoparticle ink, infused into the spray
nozzle at a rate of 0.7 mL/min and printed over an area of
approximately 13 cm X 10 cm, resulted in a 10 gm thick film
(details in Experimental Section). While bulk eGaln is highly
conductive, eGaln nanoparticles are electrically insulated by
their oxide skins, rendering the film as-deposited to be
ultimately nonconductive. Spontaneous particle coalescence
is prevented by the stability of the oxide layer residing on the
surface of each particle. We used an ytterbium pulsed fiber
laser with a wavelength of 1065 nm, a pulse duration of 400 ns,
and a repetition rate of 2 kHz, operated in ambient
environment, as a localized laser source to selectively rupture
and ablate the oxide skins, and coalesce the eGaln nano-
particles into conductive films. The estimated focused laser
spot size was 180 um, as seen from the calculation in the
Experimental Section. The scanning speed of the laser beam
was 125 mm/s. We selected a pulsed laser rather than a
continuous-wave laser to reduce the average temperature of the
patterned material during laser sintering, thus avoiding thermal
damage to the substrate and suppressing unfavorable
oxidation.”” The fabrication process is described in further
detail in the Experimental Section and in Figure S1. A
schematic of the laser sintering system is included in Figure S2.

Conductive patterns of arbitrary shape can be created via
laser sintering of eGaln nanoparticles. Figure 1A demonstrates
a laser-patterned Faboratory lab logo on a soft elastomer
substrate. The film is composed of liquid metal nanoparticles
with an average diameter of 58 nm. The laser-sintered pattern
consists of a raster-processed region achieved by scanning a
pulsed laser spot over the area and a more intricate vector-
based region achieved by sintering conductive lines. The laser-
sintered area (light gray) becomes conductive, whereas the
unsintered region (dark gray) remains insulating. A compar-
ison of the surface morphology of the unsintered and sintered
regions of the nanoparticle film is presented in Figure 1B. Prior
to sintering, the particles remain intact (Figure 1C); after
sintering, the particles coalesce into a connected film network,
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Figure 2. Investigation of laser sintering phenomenon through comparison with focused ion beam sintering and studying the effects of thermal
propagation in sintered films. (A) EGaln nanoparticles coalescing due to oxide ablation via focused ion beam (FIB). Scale bars are S ym in length.
(B) Fabrication steps for measuring conductivity of uncoalesced particles at the bottom of the film through copper electrodes: (i) copper electrodes
are etched into a copper-clad polyimide film (Pyralux), (ii) eGaln nanoparticle inks (~10 or ~20 ym) are deposited on the film, and (iii) a laser is
used to coalesce the nanoparticles from the top. The two SEM images on the right are cross-section views of as-printed and laser-treated films. Scale
bars are S ym in length. Insets show a more zoomed-in view; scale bars are 1 ym in length. (C) Top view of thermally sintered film (550 °C, 0.5 h).
Scale bar is S ym in length. (D) Resistance values of as-printed, laser-treated (film thickness ~10 or ~20 ym) and thermally sintered film over the
same area (S0 X S mm). (E) Survey spectra from XPS analysis of as-printed, sintered, and unsintered (adjacent to sintered region) nanoparticle
films. (F) High-resolution spectrum over the Ga 3d/In 4d region, highlighting the presence of gallium oxide and gallium metal.

forming electrically conductive paths (Figure 1D). We further
note the small size of the laser-sintered particles in Figure 1,
where previous work has indicated that small (<70 nm)
particles cannot be mechanically sintered.”® We attribute this
result to laser-induced temperature rise, which is high enough
to initiate melting of small, solid-core particles while
simultaneously rupturing and ablating their oxide shells,
allowing the melted metal to flow and form conductive
patterns.

2.2. Laser Sintering Mechanism. To gain a better
understanding of the laser sintering phenomenon, we isolated
the oxide ablation and thermal effects by studying focused ion
beam (FIB) sintering and the effects of thermal propagation in
sintered films, respectively. For typical metals, the thermal-
ization time 7 (the time it takes for excited electronic states to
reach equilibrium during laser light interaction with the
matter) is on the order of 1 ps to hundreds of picoseconds.*®
When metals are laser-processed at a pulse width of 400 ns >
7, the laser-induced excitation rate is not high enough to cause
photochemical reactions, such as electron repulsion and bond-
breaking, etc., and laser sintering instead typically manifests as
a photothermal process (i.e, the absorbed laser energy is

28234

instantly transformed into heat).***” In our case, the gallium
oxide shell is transparent to light at wavelengths greater than
300 nm because of its wide band gap (~5 eV),* ™ but the
gallium—indium core will heat up due to the photothermal
effect. We therefore hypothesize that the observed coalescing
phenomenon can be attributed to ablation (i.e., vaporization)
of the metal oxide shell, induced by the heated liquid metal
core, and to the rupture of the metal oxide shell due to thermal
expansion of the liquid metal core relative to the shell.”~*
When excessive laser energy is applied, the nanoparticles are
completely ablated from the surface by vaporization rather
than coalescing into a conductive film. The morphology
observed in Figure 1D suggests that (1) the surface of the
escaped liquid metal core stays unoxidized for long enough to
allow the liquid metal to flow and coalesce and (2) despite the
overall coalescence of the particles, some particles are still
vaporized during sintering, which is likely a consequence of the
Gaussian profile of the laser beam®® and results in a network
structure instead of a continuous film. In addition to oxide
ablation, further thermal diffusion causes a temperature rise in
the film and results in particle densification and changes to the

DOI: 10.1021/acsami.8b08722
ACS Appl. Mater. Interfaces 2018, 10, 28232—28241


http://dx.doi.org/10.1021/acsami.8b08722
http://pubs.acs.org/action/showImage?doi=10.1021/acsami.8b08722&iName=master.img-002.jpg&w=319&h=339

ACS Applied Materials & Interfaces

Research Article

properties of gallium oxide, inducing conductive films
underneath the coalesced region.

The success of particle coalescence by mechanical sintering
methods has proven that the oxide skins of liquid metal
nanoparticles can be ruptured at room temperature without
any thermal contribution to allow the liquid cores inside flow
out and merge.”"*>* As a comparison to laser and mechanical
sintering, FIB was used to demonstrate nanometer-scale
particle coalescence under high vacuum at room temperature.
As shown in Figure 2A, we precisely coalesced particles over a
small area (10 X 10 ym) using a focused ion beam with a
gallium ion source (Ga*) at various system settings. The oxide
shells of eGaln nanoparticles were sputtered away physically by
the bombardment of incident ions, and their liquid metal cores
merged spontaneously.”® FIB produces a visually similar effect
to laser sintering with the exception that the images in Figure
2A and Figure S3A appear smoother because oxide regrowth
cannot occur in the vacuum of the FIB system. When the
energy of the FIB beam was too high, the eGaln nanoparticles
were ablated off the substrate rather than coalescing into
connected films, as shown in Figure 2A. The incident beam
energy parameters used to remove the oxide skin were
consistent with values reported in the literature.”” Local
temperature rise induced by ion bombardment can be
estimated to be less than 40 °C by existing methods, and the
FIB sintering process can be considered nonthermal.**** While
this method is slower for sintering particles over a large area
and is far from applicable to scalable manufacturing, it
demonstrates that oxide ablation in a highly focused region
without extensive heating is an effective method for sintering
liquid metal nanoparticles. Additional FIB images of high-
resolution (~1 pm) sintered patterns are included in Figure
S3B. A time lapse presentation of eGaln nanoparticles
coalescing via FIB is included in Figure S4 and Movie SI.

Following melting and coalescence of particles on the top
surface of the film, further thermal propagation raises
temperatures in the film to the point where the underlying
uncoalesced particles become conductive up to an effective
sintering depth (t.). The particles underneath the coalesced
patterns become electrically conductive because (1) gallium
oxide shows prominent semiconducting behavior at temper-
atures higher than 500 °C>*' and (2) particles display
coarsening and fusing effects at elevated temperature, as
commonly seen from sintering ordinary solid metal nano-
particles.””>® We examined the effective sintering depth by
measuring conductivity of the uncoalesced particles at the
bottom of the film through copper electrodes in three steps. As
shown in Figure 2B, (i) copper electrodes were patterned by
etching into a copper-clad polyimide film, (ii) we deposited
~10 and ~20 pm thick eGaln nanoparticle films (d =~ 220 nm)
by spray-printing while masking the ends of the copper
electrodes, and (iii) we used the laser to sinter a pattern (50 X
S mm) over the top of the film across the electrodes with a
laser fluence of 2.86 J/cm? and measured the resistance values
between the copper electrodes. For a ~10 ym thick film, the
electrical resistance across the copper electrodes was only 9 Q.
For a ~20 um thick film, the resistance increased to 870 kQ,
indicating that the particles near the bottom of the film were
barely conductive because much less heat was transferred to
the bottom of the film from the top surface. The results reveal
that the uncoalesced particles became conductive due to
exposure to high temperature, and the effective sintering depth,
at a laser fluence of 2.86 ]/cmz, was between 10 and 20 ym.

Photographs of the experimental specimens and setup can be
seen in Figure SS5. In Figure 2B, the two scanning electron
microscopic (SEM) images on the right show representative
cross-section views of as-printed and laser-sintered eGaln
nanoparticle films corresponding to panels ii and iii. The films
were encapsulated with a poly(dimethylsiloxane) (PDMS)
layer on the top and cleaved after freezing in liquid nitrogen.
The laser-sintered film has a distinct coalesced region on top
with a thickness of approximately 800 nm. As shown in more
detail in the insets, the as-printed particles are easily
distinguished from one another, whereas the uncoalesced
particles underneath the sintered region display much more
blurred boundaries between each other, indicating that high
temperature from the laser beam fuses particles together and
builds electrical connections.

As a comparison to laser sintering, an eGaln nanoparticle
film was spray-deposited onto a ceramic substrate, thermally
sintered in a furnace at 550 °C for 0.5 h, and then cooled in an
ambient environment.”""*> The resistance value over the same
area (50 X 5 mm) was measured to be 167 Q. As shown in
Figure 2C, the thermally sintered film shows densification and
coarsening rather than particle coalescence. Resistance values
in the different cases are summarized in Figure 2D. The higher
resistance obtained from thermal sintering with respect to laser
sintering is likely due to more severe oxidation and contact
resistance among the particles.

We performed an X-ray photoelectron spectroscopic (XPS)
analysis to characterize the surface composition of as-printed,
laser-sintered, and unsintered (adjacent to the sintered region)
eGaln nanoparticle films. Since XPS is a highly sensitive
surface technique, all the detected signals are typically from the
top 10 nm of the film (within a single particle diameter).”*
Survey spectra for the three different conditions are shown in
Figure 2E. In every case, the spectrum shows gallium peaks
(Ga 2p, Ga 3d) and indium peaks (In 3p, In 3d). The distinct
oxygen peaks indicate that the nanoparticle films are oxidized
in all cases. Figure 2F shows high-resolution spectra over the
Ga 3d/In 4d region (shaded yellow box in Figure 2E).
Notably, the laser-sintered nanoparticle film shows a higher Ga
3d (Ga,0;)/Ga 3d (metal) ratio in comparison to the other
two cases (black line). Additionally, the as-printed nanoparticle
film exhibits a slightly lower Ga 3d (Ga,0;)/Ga 3d (metal)
ratio than the unsintered film. These results indicate that the
laser-induced high-temperature environment leads to a high
degree of oxidation.”* For ordinary metal nanoparticles such as
copper or zinc, sintering in ambient environment often
requires additional synthetic processes to minimize oxidation
issues.””>> For eGaln nanoparticles, due to the near-
instantaneous ablation of gallium oxide and particle
coalescence during laser sintering, high conductivity is still
achieved despite the oxide growth at high temperatures.
Furthermore, the XPS results in Figure 2F show that the ratios
between the pure gallium and indium peaks do not
substantially differ between sintered and unsintered regions,
indicating that the oxide growth negligibly changes the
composition of the film.

2.3. Characterization of Laser-Sintered Liquid Metal
Films. To characterize the laser sintering manufacturing
method, we investigated the effects of various processing
parameters on the resistance of laser-sintered eGaln films
(statistical analysis results in Tables S1 and S2). Resistance
values were measured via four-terminal resistance sensing on
laser-sintered dogbone patterns (7 X 1.4 mm), as shown in the
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inset of Figure 3A. To avoid disrupting and puncturing the film
with rigid measurement probes, we used bulk eGaln droplets
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Figure 3. Electrical properties of laser-sintered eGaln nanoparticle
films. (A, B) Effects of nanoparticle size and laser fluence on the
resistance of laser-sintered eGaln nanoparticle films on (A) glass and
(B) PDMS substrates. The y-axes are log scales. Error bars represent 1
standard deviation. All the particles were spray-printed at 0.7 mL/
min. (Inset) Four-terminal resistance sensing on laser-sintered
dogbone patterns. The designed dimensions of the dogbone patterns
are 7.5 X 1.5 mm. (C) Variation in single-scan (vector) line widths by
adjusting laser fluences on nanoparticle films deposited onto glass and
PDMS substrates. (Insets) Corresponding optical images of single
lines sintered at 2.86 to 9.55 J/cm? (left to right). Scale bar is 500 um
in length. (D) Effect of infusion rate of eGaln nanoparticle inks on the
resistance of laser-sintered ~58 nm nanoparticle films. Error bars
represent 1 standard deviation. The y-axis is log scale. (E) Two-
dimensional (2D) surface profile images (Leica DCM8 and SEM) and
values of surface roughness parameters (average arithmetic mean
height S, and root-mean-square height S;) of nanoparticle films
deposited at two different infusion rates, 0.7 and 0.34 mL/min, on
PDMS substrate. The color bar of the 2D surface profiles represents
the scale for the z-range. Scale bars are 500 ym in length.

to bridge the contact between the probe tips and the laser-
patterned dispersion.”® We varied the nanoparticle size
(average diameter + standard deviation S8 + 7.0, 75 + 5.8,
90 + 6.4, or 220 + 10.0 nm) and laser fluence (energy per unit
area 2.86, 3.82, 4.77, 5.73, 6.68, 7.64, 8.60, or 9.55 J/cm?).
Figure 3A,B presents the measured resistance of sintered films
as a function of laser fluence for liquid metal nanoparticles with
various average sizes deposited on glass and PDMS substrates.
Across different particle sizes, the resistance of the sintered
films decreases with increasing laser fluence. As more energy is
delivered during sintering, more particles are coalesced laterally
across the film, resulting in a more conductive film. To verify
this statement, we measured the line widths achieved by
scanning a single line at different laser fluences on the particle

films (d &~ 220 nm) deposited on glass and PDMS substrates,
as plotted in Figure 3C. The sintered line width increases from
~200 to ~330 um as laser fluence increases from to 2.86 to
9.55J/cm® The inset in Figure 3C shows optical images of the
laser-sintered lines corresponding to data points in the plot.
The minimum line width here is limited by the laser beam
itself; finer patterns can be achieved by a laser system with a
smaller spot size. The measured resistance of the sintered films
is typically between 2 and 20 Q. From the approximate
sintered thickness from the cross-section images (~800 nm,
Figure 2B) and measured dimension of the dogbone pattern
(length/width), the volumetric conductivity of the sintered
eGaln film is calculated to be in the range from 3.625 X 10° to
3 X 10° S'm™". In comparison to the conductivity of bulk
eGaln (3.4 X 10° S:m™), we find that, despite oxide growth
from laser-induced high temperatures, the electrical properties
are negligibly compromised because particle coalescence yields
well-connected electrical paths.

In general, particle size has a minimal effect on resistance of
the sintered films (Figure 3A,B). However, the sintered films
composed of ~58 nm particles on PDMS substrate (green
symbols) are notably not as conductive as the liquid core
particle films and the films on glass substrates, as seen in Figure
3B. We reduced the infusion rate of the ink from 0.7 to 0.34
mL/min while maintaining the same total deposited ink
volume when spray-printing onto a PDMS substrate, and we
evaluated the resistance values after laser sintering. As shown in
Figure 3D, the resistance of the sintered film printed at a
reduced infusion rate is much lower. We suspect that surface
roughness of the deposited film is critical for nanoparticles with
a diameter of ~58 nm. When the film is not smooth enough,
the volume of liquid metal contained in the coalesced particles
is too small to bridge the different heights of the film, resulting
in discontinuous regions within a sintered pattern, an effect
that is magnified as particle size decreases. Figure 3E reveals
the surface roughness and morphology of nanoparticle films
deposited at two different infusion rates on PDMS substrates.
Average arithmetical mean height (S,) and root-mean-square
height (Sq) values, listed in Figure 3E, show that the surface
roughness of the films is reduced with a slower infusion rate.
This result suggests that, to achieve better sintering results for
films composed of small particles (d ~ 58 nm) on PDMS
substrates, the surface roughness of the spray-printed nano-
particle film needs to be controlled.

Furthermore, we studied the change in resistance of sintered
films composed of particles with an average diameter of 220
nm on PDMS substrates by varying film thickness (~10—40
um). As shown in Figure 4A, we observed that, at laser
fluences ranging from 2.86 to 10.5 J/cm? the effect of film
thickness on resistance is negligible, indicating that the
contribution from heated but uncoalesced particles beyond a
depth of 10 pm is minimal. The same study on glass substrates
and films composed of particles with d &~ 58 nm indicate the
same result, as shown in Figure S6. Because the effect of film
thickness on resistance is negligible, the amount of ink used
may be minimized to a known degree with no effect on the
conductivity of the film, allowing more efficient material use
without sacrificing electrical properties.

With the mechanical sintering approach, substrate softness
has a detrimental effect on the efficacy of particle sintering.””
Laser sintering is a noncontact method that is less affected by
substrate properties, particularly when larger particles (d ~ 220
nm) are sintered. We spray-printed eGaln nanoparticle inks
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Figure 4. Effects of film thickness and substrate materials on laser-sintered eGaln nanoparticle films. (A) Effect of film thickness on resistance of
laser-sintered eGaln nanoparticle films printed on PDMS. Error bars represent 1 standard deviation. (B) Resistance of liquid metal eGaln films
printed on various substrates and sintered at various laser fluences. Error bars represent 1 standard deviation. The y-axes are log scale. (C) SEM
images of both laser-sintered and unsintered regions of eGaln nanoparticle inks printed onto epoxy (laser fluence 3.82 J/cm?). Scale bars are 4 um
in length. (D) SEM image of a laser-sintered region of eGaln nanoparticle inks printed onto PDMS (laser fluence 4.77 J/cm?). Scale bar is 10 ym in

length.

(~20 pum thick) with an average particle diameter of 220 nm
on various substrates: PDMS, epoxy, glass, and ceramic
(alumina), with Young’s modulus ranging from ~2 MPa to
~300 GPa.”” The plot in Figure 4B shows that resistance of
the sintered films on different substrates is indistinguishable.
Meanwhile, a surface morphology comparison of nanoparticle
films on representative substrates is shown in Figure 4C,D.
The SEM images of the nanoparticle film printed on epoxy
(Figure 4C) display a relatively uniform surface with a smooth
transition from the sintered to unsintered region, and no cracks
are observed across the entire surface. The inset images show
that sintered and unsintered regions are significantly different
in morphology. In contrast, the laser-sintered eGaln film on
PDMS shows a more porous appearance with distributed
cracking, although electrical conductivity was still achieved by
coalesced particles bridging across cracks throughout the film
(Figure 4D). Surface profiles and roughness parameters of the
as-printed films on various substrates are presented in Figure
S7. The film printed on PDMS substrate has the roughest
surface, with cracks observed, while no cracks are observed on
other substrates. We attribute the differences in surface
roughness of the spray-printed films to differences in wetting
between the inks and the various substrates. The eGaln inks
fully wet on glass, ceramic, and epoxy, as indicated by a contact
angle <5° whereas the contact angle on PDMS is
approximately 30° (see Experimental Section for details).
Crack formation is related to film compaction, particle size,
and thermal properties of the substrate, etc., during both film
drying and laser sintering.’*"®" The results indicate that
electrical properties of the sintered films composed of larger
particles are less dependent on substrate properties, but further
investigation of crack morphology and film roughness are
important in creating uniform nanoparticle films with high
performance.®’!

2.4. Applications toward Flexible Electronics. Toward
applications in flexible electronics, we fabricated a flexible
circuit using the laser sintering approach and conducted
bending tests to evaluate the electrical stability. As shown in
Figure SA, the circuit was bent upward and downward with
bending radii from 8 to 180 mm, and the relative resistance
only changed slightly in the most extreme case (0.2%). After
cyclic bending tests up to 1000 cycles at a bending radius of 8
mm (sample size 3 X 3 cm), the resistance increased relative to
the original value (R, ~ 272.2 Q) by less than 3%, as displayed
in Figure SB. Laser sintering also provides an efficient means of
fabricating multilayer soft circuits. As illustrated in Figure SC,
we first spray-printed a ~10 pm thick film (d & 220 nm) onto
a PDMS substrate (2 X 3 in.) and then sintered a serpentine
pattern (shown in blue) at a laser fluence of 2.86 J/cm?*. Given
the previous investigation about sintering effective depth, we
spray-printed another ~20 ym film over the bottom pattern to
obtain electrical insulation between the two layers. Then we
sintered another serpentine pattern (shown in pink) at the
same laser fluence onto the top layer of dispersion,
perpendicular to the bottom one, while masking the contact
pads of the sintered pattern with paper. Finally, we placed
drops of bulk eGaln onto the contact pads to interface with
copper wires and then poured a thin layer of liquid PDMS over
the top of the dispersion for encapsulation. As demonstrated in
Figure SD, we connected light-emitting diodes (LEDs) and
sintered patterns in series in a circuit and applied a power
source (2 V). The top and bottom patterns are both
conductive; however, the two patterns are electrically isolated
from each other. This proof-of-concept can be further
expanded to create multilayer soft circuits with more than
two layers. The laser sintering approach is also easily adopted
for fabricating wearable electronics. As shown in Figure SE, a
soft electronic device can be fabricated by directly laser-
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reprinted with permission.

sintering intricate circuit patterns onto elastomer substrates
and adhering onto a biocompatible silicone-based adhesive for
application onto a human wrist. These applications represent
the potential of using laser sintering as a scalable, fully
automated process for production of soft electronics.

3. CONCLUSIONS

In summary, we have demonstrated laser sintering as a method
to selectively coalesce liquid metal nanoparticle films into
conductive patterns with high intricacy and high repeatability
for soft and flexible electronics. To better understand the
underlying process, we compared laser sintering with oxide
ablation by performing FIB sintering and studied the depth of
thermal effects in laser-sintered films. We also performed a
parametric study investigating the effects of laser fluence,
nanoparticle size, and film thickness on the resistance of the
sintered films. Additionally, we compared electrical perform-
ance and surface morphology of the particle film on various
substrates. Finally, we demonstrated that this method can
produce soft multilayer devices that are difficult to manufacture

by previously reported approaches and liquid metal circuits for
application in flexible and wearable electronics. Possible
improvements include employing a laser system with a small
spot size to make high-resolution patterns. Further enhance-
ment of film uniformity and integrity would be beneficial for
manufacturing highly deformable electronic devices. This
process can be easily extended to a large area, with no need
for premade masks, and integrated into scalable manufacturing
processes.

4. EXPERIMENTAL SECTION

4.1. Preparation of eGaln Dispersion. The eGaln dispersion
was made by depositing 362 + S mg of eutectic gallium—indium alloy
(495425, Sigma—Aldrich) into the bottom of a 3-dram glass vial (03-
339-10C, Fisher Scientific). Ethanol (4 mL; V1001, Koptec) was then
added to the vial by a micropipette (BPP1000, Lagnet BioPette Plus).
The top of the vial was covered with Parafilm (52858-076, VWR) to
prevent entry of foreign particles into the sample. The tip of the
sonicator probe (Q700 with !/g-in. microtip probe, QSonica) was
then punched through the Parafilm and positioned approximately 1
mm from the bottom of the glass vial. A water bath held at 6 °C was
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raised to immerse the vial for keeping the sample cool. The sample
was sonicated at an amplitude of 36 ym (30% setting) for the desired
amount of time to control the nanoparticle size distribution.
Following sonication, the vial was capped and stored at room
temperature. Just prior to spray-printing, each sample was mixed
vigorously with a vortex mixer (VortexGenie) for 3 min to ensure
uniform dispersion.

4.2. Preparation of Substrates. All the substrates had
dimensions of 3 X 2 in. Glass (48382-180, VWR) and ceramic
(nonporous alumina, 8462K25, McMaster-Carr) substrates were
cleaned by rinsing with ethanol, 2-propanol, and distilled water.
PDMS [poly(dimethylsiloxane), Sylgard 184, Dow Corning]
substrates were made by mixing and then defoaming the elastomer
base and the curing agent in a 10:1 ratio by use of a planetary
centrifugal mixer (ARE-310, Thinky) for 30 s each. These were spin-
coated onto a glass slide at 200 rpm for 60 s by use of a spin coater
(G3-8, SCS) and cured in an incubator at 60 °C for 3 h. Epoxy
(Gorilla Epoxy) substrates were made by mixing and defoaming the
resin and the hardener in a 1:1 ratio by use of the mixer for 30 s each.
These were spin-coated onto a glass slide at 500 rpm for 60 s, and
cured at room temperature for 1 h.

4.3. Spray-Printing of eGaln Dispersion. The spray-printing
setup consisted of three micropositioning stages for x-, y-, and z-axis
motion (PhysikInstrumente, two M-531.DD linear stages and an M-
501.1PD precision vertical stage controlled by a DC servo-motor
controller C-843.41), the spraying assembly, and the enclosure. The
spraying assembly consisted of the ink delivery nozzle attached to a
syringe pump (883015, Harvard Apparatus) and the compressed air
delivery nozzle, and this assembly was fixed in position to the top of
the enclosure. The ink nozzle was located 3 mm below the opening
for the air nozzle. The syringe pump was positioned vertically such
that the tubing connecting the syringe containing the ink to the ink
delivery nozzle was minimal in length. The infusion rate of the syringe
pump was set at 0.7 mL/min. The air pressure was regulated to 3 psi.
The substrate was positioned 10 cm below the air nozzle by use of the
z-stage. The ink was injected into the nozzle through the syringe
pump, and pressurized air was blown perpendicular to the nozzle to
spray the ink on the substrate. The enclosure consisted of a cage
constructed from aluminum extrusion to bound the full width and
depth of the x- and y-stages and was of sufficient height to hold the
spraying apparatus above the stages. Poly(vinyl chloride) (PVC) film
was affixed to the cage to contain the sprayed material. The ink from a
single vial was drawn into a 3 mL syringe and installed into the syringe
pump. The air flow was opened, and the infusion of the ink was
started. Once the ink began to spray onto the printing surface, the
stages began to move at 7 mm/s in a serpentine pattern to ensure an
even coat of the dispersion across the entire substrate. The serpentine
pattern was repeated a total of three times for the infusion of 3 mL of
ink at a rate of 0.7 mL/min, resulting in a ~10 ym thick film over an
area of approximately 13 cm X 10 cm. The thickness of the film was
estimated from the cross-section image of the film (Figure 2B). All the
substrates were 2 X 3 in. and placed in the middle of the print stage.
The overspray was to ensure that the spray over the substrate was
uniform. Thicker films were printed by cleaning the ink nozzle and
tubing with ethanol, installing a new 3 mL syringe of ink, and
repeating the printing process. For the additional low-infusion-rate
tests on elastomer substrate, the rate of the syringe pump was reduced
to 0.34 mL/min and the same serpentine pattern was repeated 6 times
to print a film ~10 pm thick.

4.4. Focused lon Beam Manipulation Procedure. For the FIB
images shown in Figure 2A and Figure S3A, eGaln nanoparticle
deposits were produced by pipetting ~50 L of 1 mM thiolated
eGaln nanoparticle inks (d &~ 180 + 32 nm), which were created by
the method described by Boley et al,*' onto a Si wafer (0.0035—
0.0038 Q-cm, Silicon Sense, Inc.). The four images from left to right
in Figure 2A are eGaln nanoparticle deposits sintered at various
currents, voltage settings, and cut depths as follows: (1) 10 kV, 1.1
nA, 50 nm; (2) 10 kV, 1.1 nA, 500 nm; (3) 30 kV, 1.0 nA, 50 nm; and
(4) 30 kV, 1.0 nA, 500 nm. Cut depth in nanometers is predefined in
the system by selecting specific material type. For the FIB images

shown in Figure S3B, eGaln nanoparticle monolayer deposits were
produced b(y a hybrid self-assembly drop-casting process described by
Boley et al.”* EGaln nanoparticles (d & 103 + 29 nm) were dispersed
into a cosolvent system of ethanol and water (~1:3 ratio of ethanol to
water by volume) at a concentration of ~4 mg/L. A drop of ~1 uL
was then deposited onto a Si substrate [0.01—0.02 Q-cm Si wafers
(Silicon Quest International, Inc.)] where a monolayer deposit was
formed upon drying. All the deposits were etched by use of a focused
ion beam (FEI Nova 200 dual-beam TM-SEM/FIB) with a gallium
ion source.

4.5. Resistance Measurements. Resistance measurements were
made by laser-sintering a pattern with multiple connection points for
performing four-terminal resistance measurements with a digital
multimeter (5492B, BK Precision). The designed patterns had an
aspect ratio (length/width) of S:1 (7.5 X 1.5 mm). Drops of eGaln
were used to interface between the measurement probes and the
surface of the sintered pattern. This method enabled good electrical
contact with the film without physically contacting or disturbing the
surface. Because of the textured surface of the sintered film, eGaln did
not wet nor adhere to the sintered film, allowing the droplets to be
lifted and moved to a new sample. The values reported in this paper
were calculated from triplicate measurements.

4.6. Laser Sintering Parameters. The samples were sintered
with an ytterbium pulsed fiber laser (YLP-HP-10-400-20-200, IPG
Photonics Corp.) with a wavelength of 4 = 1065 nm. The output
beam diameter (1/e?) was D = 6 mm, the beam quality factor was M>
= 8, and the focal length was f = 100 nm. The estimated focused laser
spot size was 180 um, calculated by spot size = 1.27f AM*/D. The scan
speed of the laser head was fixed at 125 mm/s, and the laser output
power was set between 1.8 and 6.6 W (9—30% of the total 20 W).
The calculated laser fluence was between 2.86 and 9.55 J/ cm?.
Patterns were drawn in CorelDraw and exported as an HPGL Plotter
file. The pulse repetition rate of the laser was 2 kHz, with a pulse
duration of 400 ns. No further processing was done to the samples
before resistance measurements were taken.

4.7. Contact-Angle Measurements. An ink droplet of 8 uL (d
~ 220 nm) was placed on the substrate with a micropipette. Droplet
profiles were captured from the side by a camera lens (InfiniProbe
TS-160), and the contact angle was measured from the images by use
of Image]. Values were averaged from five measurements.

4.8. XPS and Sample Preparation. XPS spectra were collected
by use of a monochromatic 1486.7 eV Al Ka X-ray source on PHI
VersaProbe II X-ray photoelectron spectrometer with 0.47 eV system
resolution. The energy scale has been calibrated by use of Cu 2p;),
(932.67 eV) and Au 4f,, (84.00 eV) peaks on a clean copper plate
and a clean gold foil. Survey spectra were collected at a constant pass
energy of 187.85 eV. The peak positions were corrected with carbon
peak C 1s at 284.8 eV. The high-resolution spectra C 1s, O 1s, Ga 3d,
Ga 2p,,3, and In 3d, /5 were collected at a constant pass energy of 23.5
eV. Samples for XPS measurements sat in a desiccator under vacuum
overnight and then were blown with dry nitrogen before being loaded
into the XPS chamber.

4.9. Flexible Circuit Fabrication. The flexible circuit for bending
tests was fabricated by first spraying 6 mL of eGaln nanoparticle inks
(d ~ 220 nm) on a PDMS substrate. After laser sintering of the
serpentine pattern that was drawn in CorelDraw, drops of bulk eGaln
were placed onto the contact pads to interface with copper wires.
Finally, the circuit was encapsulated by pouring liquid PDMS over the
top surface. The bending test was conducted by bending the circuit at
various radii and measuring resistance values from a multi-
meter (5492B, BK Precision).

4.10. Soft Circuit Board Fabrication. The soft circuit board
with the intricate pattern was fabricated by first spraying 6 mL of
eGaln nanoparticle ink (d &~ 220 nm) on a PDMS substrate. After
laser sintering of the pattern that was drawn in CorelDraw, the circuit
board was encapsulated by spin-coating liquid PDMS over the top
surface. After this layer of PDMS cured, Silbione skin adhesive (RT
Gel 4717, Bluestar Silicones) was prepared by mixing and defoaming
the two components in a 1:1 ratio by use of a Thinky Mixer for 3 Os
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each, and these were spin-coated onto the back surface of the soft
circuit. The sample was then cured in an incubator at 60 °C for 3 h.
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