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ABSTRACT: Liquid metal has garnered significant interest as a potential [SEIEICHEETEEEE] N Sﬁrésdgg HQuid‘métarfo )

stretchable wiring material for next-generation stretchable electronics. The
operation of substrates within these electronics necessitates adherence to
three primary criteria for the wiring of electronic substrates to facilitate
the integration of stretchable circuits in society. First, the wiring’s top nd

. . uCl treated substrate
surface must remain exposed to allow for the straightforward attachment [y
of electronic components following the wiring fabrication. Second, the = ———
design of the wiring pattern should not be subject to significant
constraints. Third, the substrate’s top surface needs to be clean and
devoid of excess conductive material to mitigate the risk of unintended
short-circuits. Previous studies have not introduced a liquid metal patterning method that meets all of these criteria. Physical vapor
deposition (PVD) is commonly employed for depositing hard metals on nonstretchable substrates such as silicon and glass.
However, when subjected to direct PVD, liquid metal forms independent nanoparticles, losing conductivity due to its exceptionally
high surface tension and the presence of surface oxide films. Consequently, the direct deposition of liquid metals without subsequent
physical stimulation, such as the application of pressure, has been deemed challenging. In our study, we enhanced the substrate
surface’s wettability by treating it with copper chloride, thereby facilitating the direct deposition of liquid metals onto the substrate
surface. The oxide film on the liquid metal’s surface is disrupted upon contact with the copper chloride-treated substrate, enabling
the nanoparticles to coalesce and establish electrical connectivity, thereby preserving conductivity even when stretched. The
resultant stretchable wiring exhibited a fine line width of approximately 50 ym and a thin film thickness of approximately 1 pm,
ensuring a robust bond with the substrate surface. Consequently, this wiring technique supports diverse patterning designs when
combined with processing methods such as photolithography.

Galinstan CuCl Cu
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B INTRODUCTION such as limitations in pattern shapes and line widths, the
The surge in research focused on stretchable electronic devices requirement for maintaining substrate surface cleanliness, and
is largely fueled by the proliferation of wearable devices,"” challenges in opening the top surface of the wiring.

electronic skin,*” and soft robotics. "' Traditional electronic Other methods have been proposed for patterning liquid
devices and wiring materials, primarily crafted from solid metal on substrate surfaces by enhancing wetting through
metals such as copper on rigid substrates such as silicon, face a changes in the physical properties of the surface, such as
significant drawback: susceptibility to breakage under strain. optimizing roughness and creating micropillars.”” " In these
To mitigate this problem, gallium-based liquid metal alloys are studies, a physical structure is preconstructed on the substrate
increasingly utilized as stretchable conductive materials."”~"° surface, which prevents the liquid metal from forming

These liquid metals, due to their inherent elasticity and higher
conductivity compared with other stretchable materials such as
conductive polymer composites, present a compelling
alternative for crafting highly stretchable substrates and
electronic systems.

The application of liquid metal as electronic wiring
necessitates its patterning in diverse shapes on the substrate Received: November 22, 2024
and direct connection to electronic elements. Various method- Revised:  March 21, 2025
ologies have been explored for this purpose, including the Accepted: March 21, 2025
channel method,"” ™" stencil printing method,**™%* dispensing
method,***° laser sintering method,”®*” and imprinting
method.”® However, these approaches often encounter issues

particulates, thus achieving uniform wetting and spreading.
However, as these methods form microstructures on the
substrate, the patterning accuracy of the liquid metal depends
on the structure. While these methods are effective for forming
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stable liquid metal films over large areas, they face challenges in
patterning fine lines on the order of tens of micrometers.

Additionally, studies have focused on selectively improving
the wettability of liquid metal and substrates by prepatterning
gold**** or tin®* These methods exploit the good wettability
between solid metal and liquid metal by patterning the solid
metal at the location where the liquid metal film is to be
applied. The liquid metal is then directly applied from the top
surface, with excess material removed using a roller or
squeegee. This approach offers higher patterning accuracy
than the microstructure method described above. However, it
requires physical rubbing of the substrate surface to remove
excess liquid metal, which may damage the substrate. Thus, a
need for a wiring processing technique that supports an open
top surface, allows for varied patterning shapes, and maintains
clean substrate surfaces is evident.

To meet the requirements for fabricating wiring on hard
substrates, the physical vapor deposition (PVD) method has
emerged as a technique due to its ability to precisely control
film thickness and create diverse patterning shapes when
integrated with lithography technology. PVD is widely used in
batteries,”> ™" semiconductor electronics®®*’ and sensors,"’
and it is believed that the technology for creating liquid metal
patterns via vapor deposition will be key in the future. A
significant advantage of this patterning method is its
elimination of the need to seal the wiring’s top surface,
leveraging the strong adhesion between the metal and the
substrate surface.”' This characteristic is particularly beneficial
for the subsequent application of electronic elements onto the
patterned wiring. In a previous study, a method for producing
liquid thin films through vapor deposition of single gallium
metal was proposed.”” However, metallic gallium has a melting
point of approximately 30 °C, rendering it solid at standard
room temperature and posing challenges for temperature
control in general mechanical applications. To address this
issue, alloying gallium with other metals to lower the melting
point has been suggested. For instance, Ga—In alloys and Ga—
In—Sn alloys exhibit melting points of approximately 15 and
—19 °C, respectively, remaining liquid at room temperature.
Nonetheless, PVD of these alloyed liquid metals introduces
additional challenges owing to their unique properties: they are
composed of multiple metals, exhibit high surface tension, and
their surfaces are prone to oxidation.””"~* Gallium-based
liquid metals, typically comprising two or three different
metals, demonstrate separation and volatilization of each
component during heating and evaporation, leading to
realloying on the substrate surface’ and resulting in
nonuniform alloy growth. Furthermore, the formation of
isolated microscopic particles, which are not electrically
connected due to the high surface tension of liquid metals
and the rapid formation of oxide films on their surfaces,*
complicates the direct heat deposition of liquid metal on
substrate surfaces. To overcome these obstacles and fulfill the
specified requirements, a novel approach was developed to
inhibit the formation of microparticles and ensure the
adherence of deposited liquid metal to the substrate surface
without the need for postphysical stimulation, such as applying
pressure. This was achieved through the direct deposition of
liquid metals on copper substrates that had been treated with
copper chloride. The process involves a simple immersion of
the vapor-deposited copper substrate into a CuCl, water
solution, transforming the surface copper into CuCl. When
chlorine ions come into contact with the oxide film on the

liquid metal, the oxide film is transformed into a gallium
chloride film. Gallium chloride is highly deliquescent,
absorbing moisture from the air and turning it into an acidic
solution.”” In this study, this reaction occurs only with the
substrate and liquid metal droplets through the direct
generation of chlorides on the substrate surface. Therefore,
this reaction is independent of the ambient air environment
The CuCl film effectively disrupts the oxide film on the
surface of the liquid metal, preventing nanoparticle formation
and enabling the liquid metal to uniformly spread and
electrically connect across the substrate surface. The method
used in this study does not require the fabrication of structures
on the substrate surface in advance, nor does it require physical
stimulation after the liquid metal film is formed. Therefore,
liquid metal patterning can be performed with high accuracy
while keeping the substrate surface clean. This is an advantage
over conventional methods and is expected to be applicable in
the future, for example, to liquid metal patterning on ultrathin
films, biomaterials, and other materials vulnerable to physical
stimulation, as well as to three-dimensional multilayer
patterning of high-resolution liquid metal interconnections.

B EXPERIMENTAL SECTION

Materials. CuCl,-2H,0 (AR grade) was acquired from FUJIFILM
Wako Pure Chemical Corporation. Galinstan, the liquid metal, was
procured from Zairyo-ya.com. Copper and Chromium grains were
sourced from Nilaco Corporation.

Copper Substrate Preparation. A controlled PVD technique
was employed for the deposition of chromium and copper onto the
substrate. Within the vacuum chamber, Cr and Cu grains were placed
on a tungsten boat, respectively. The evaporator (EBX-6D, ULVAC)
chamber’s vacuum level was maintained below 2.0 X 1072 Pa. Initially,
a layer of chromium measuring 100 A was deposited at a rate of 1 A
per second, followed by the deposition of 3 kA of copper at a rate of
50 A per second. The thickness of the deposited film was monitored
using a film thickness gauge (CRTM-6000G, ULVAC).

Surface Treatment. A CuCl, solution was prepared by dissolving
0.05 g of CuCl,-2H,0 in 60 mL of deionized water. The substrate,
coated with Cr and Cu layers, was immersed in this solution for 90 s
and thereafter rinsed with water. Subsequently, water droplets were
removed using a nitrogen blower.

Liquid Metal Deposition. Galinstan was deposited onto the
treated substrate using a PVD technique. 0.2 mL of Galinstan was
placed on the tungsten boat within the vacuum chamber, which was
subsequently evacuated to under 2.0 X 107> Pa. A current of 150 A
was applied for S min to evaporate all the liquid metal present on the
boat.

OCP Measurement. A 10 nm adhesive layer of Cr and 300 nm
copper were deposited on a silicon substrate, and copper tape (3 M
Conductive Single Coated Copper Tape) was applied to the copper
film, which was then fixed inside the container. A counter electrode
and a reference electrode were also fixed in the container. These
electrodes and the copper tape were connected to a potential
measuring device (Meiden Hokuto HZ-7000). Copper chloride
solution was added to the container, and OCP data were obtained by
measuring the change in the potential of the copper tape immediately
after the solution was added.

Electrical Resistance Measurement. A substrate on which
copper and liquid metal were deposited was fixed to a one-axis
horizontal moving motorized stage (Sigma Koki OSMS26-50), and an
electrical resistance measuring instrument (Sanwa Electric Instrument
Co. Digital Multimeter PC773) was connected to the substrate. The
electrical resistance in the extended state was measured by extending
it with a motorized stage controller (Sigma Koki Three-Axis Stage
Controller HSC-103) and reading the value from the digital
multimeter.
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Photolithography. Photoresist (Merck, AZ-1500) was spin-
coated onto a substrate. The substrate was then heated at 90 °C
for 1 min. A photomask was placed on the top surface of the substrate
and irradiated with ultraviolet light for 30 s. The photoresist pattern
was then developed in a developing solution (Tokyo Ohka Kogyo,
NMD-3) for S min to obtain the photoresist pattern.

Characterization. The surface morphology of the sample was
examined via a field-emission SEM (SU 8010, HITACHI). XPS
(Quantera-SXM, ULVAC-PHI) was conducted to analyze the surface
compositions and the chemical valence of surface elements. The
reaction state of the substrate surface was assessed with a surface
potential meter (HZ-7000, MEIDEN HOKUTO).

B RESULTS AND DISCUSSION

In this study, we developed a method for fabricating electrically
connected, gallium-based liquid metal (Gallinstan) thin layers
through direct PVD. Gallinstan is an alloy of Ga:In:Sn =
68.5:21.52:10. This metal maintains its liquid state at room
temperature by lowering the melting point of Ga through the
addition of In and Sn.

This process involves the formation of a CuCl film on the
substrate’s surface (Figure 1a) that interacts with the oxide film
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Figure 1. Concept of direct physical deposition of liquid metal on
CuCl-treated substrates. (a) Schematic of the wetting and spreading
of liquid metal deposited on copper chloride. The liquid metal film
fabricated by this method can be used for various applications,
including stretchable substrates and integration with lithography
technologies. (b) Substrate surface image acquired during CuCl
treatment and liquid metal deposition.

on the liquid metal surface, disrupting the oxide layer and
allowing gallium to alloy with the copper on the substrate. This
reaction proceeds continuously, leading to the gradual wetting
of the liquid metal on the substrate, thereby causing the
previously isolated nanoparticles to spread and become
electrically connected. The resulting liquid metal film can be
directly applied to stretchable substrates, offering a novel
approach to fabricating wiring patterns by integrating various
pattern fabrication technologies, such as photolithography.
First, chromium and copper film were deposited on the
substrate surface by vapor deposition (Figure 1b(i)). The
chromium improves adhesion between the substrate and the
copper. Second, the substrate was immersed in a copper(II)
chloride water solution (Figure 1b(ii)). Subsequently, a liquid
metal vapor deposition film is formed on the substrate through
physical vapor deposition (PVD) of the liquid metal (Figure
1b(iii)).

Figure 2a illustrates the surface of the Si substrate and
scanning electron microscopy (SEM) images of the liquid
metal deposited directly without a copper chloride film. The
interactions between atoms in liquid metals are stronger than
those between atoms and substrates due to the high surface
energy of liquid metals, which leads to ﬁlm formation
according to the Volmer—Weber mechanism.*® Furthermore,
since the liquid metal used in this study is an alloy of several
metals with different melting points, alloy separation and
realloying occur during deposition. During realloying, liquid
metal nuclei are generated on the substrate surface, and liquid
metal particles grow from these nuclei. In this film formation
mechanism, film growth is nonuniform, and localized film
formation occurs across the substrate, resulting in the absence
of electrical connectivity between the particles. Consequently,
the substrate’s surface remains nonconductive. The generation
of particles by liquid metal has been extensively researched,
demonstrating that similar microparticles are produced when
EGaln (a gallium—indium alloy) is deposited.*” Both Galinstan
and EGaln, being alloys comprising various metals with
differing melting points, undergo individual metal evaporation
and subsequent reformation of alloy nuclei on the substrate
during resistance heating evaporation. Subsequent adhesion
and growth of additional liquid metal on the nucleus surface
occur. Given the exceedingly high surface energy of liquid
metal, the formation of individual isolated particles follows the
Volmer—Weber mechanism.*® According to this theory, a film
of liquid metal gradually grows and coalesces on the substrate
surface. When it reaches a certain size, the metals stop
interacting with each other and grow as independent particles.
Therefore, microparticles of liquid metals are generated even in
high vacuum deposition environments.

Figure S1 shows a more detailed SEM image of the liquid
metal particles formed on a copper film without copper
chloride treatment. The liquid metal forms spherical particles
and does not exhibit the spreading observed in Figure 2b.
These particles grow according to the Volmer—Weber
mechanism®® in a vacuum and lose their surface conductivity
due to the oxide film when exposed to air. Therefore, it is
necessary to remove the microparticles generated on the
substrate.

Film formation in the Volmer—Weber mode is a mechanism
that occurs when the interaction among the deposited atoms
exceeds the interaction between the adsorbed atoms and the
substrate surface. In this mechanism, film formation becomes
random, and independent islands are formed when the film
thickness exceeds a specific threshold. Therefore, it is necessary
to ensure sufficient interaction between the liquid metal and
the substrate surface to enhance the wettability of the liquid
metal and form a conductive path.

To address this issue, previous research proposed increasing
the contact area between the liquid metal and the substrate by
fabricating micropillars to enhance the interaction of the
substrate with the liquid metal.”* In this study, the formation
of particles is suppressed by the interaction between the
micropillars and the liquid metal; however, this is not
applicable to substrates that do not readily support the
formation of micropillars. Conversely, the methodology
proposed in this study does not require any substrate material,
and direct deposition of liquid metal is possible without prior
mechanical treatment on suitable substrates.

Moreover, the propensity of liquid metal to form an oxide
film on its surface leads to each particle being encapsulated by

https://doi.org/10.1021/acsaelm.4c02096
ACS Appl. Electron. Mater. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acsaelm.4c02096/suppl_file/el4c02096_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsaelm.4c02096?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.4c02096?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.4c02096?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.4c02096?fig=fig1&ref=pdf
pubs.acs.org/acsaelm?ref=pdf
https://doi.org/10.1021/acsaelm.4c02096?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Electronic Materials

pubs.acs.org/acsaelm

a

Deposited liquid metal

Non treated substrate
10 mm

Galinstan Cu

Deposited liquid metal

/,/
CuCl treated substrate
10 mm

Galinstan CuCl Cu

s C
0.025 03
002 4025
.2. 02
$50.023
& 4015 §
= =
o | Y]
S 0.022 01 gg
0.021 CuCl concentration - 0082

©0.001M A0.3M

2

0 50 100 150 200 250 300 350

d Time [s]
Ga 2p3 O1s Sn3d5 Si 2p
@ % In 3p3 = /
8 Ga2p1 In3p3 - .
2 4 Ga3s |Ga3d
£ Si2s / [Ind4d
& I In3d3  “Cils-, |
£ T
1200 1000 800 600 400 200 0
e Binding Energy [eV]

Ga(lll)3d /

Vi lass
-In 4d

Intensity [cps]
g
=]

'
'
'
'
'
2000 '
'
'
'
'
'

100l Sn4d‘3;s/
R

0 fpe————
28 26 24 22 20 18 16
Binding Energy [eV]

Figure 2. Surface properties of copper chloride treatments and liquid metal deposition. (a) Surface of the Si substrate with SEM images illustrating
liquid metal deposited directly without a copper chloride film, where electrical connections are disrupted due to the presence of independent liquid
metal nanoparticles. (b) SEM and EDS images of liquid metal deposited on a substrate treated with CuCl, illustrating how the liquid metal spreads
and interconnects. (c) Results from OCP analysis indicating the Cu surface reacts with CuCl, water solution in two distinct steps. (d,e) XPS
analysis results of the liquid metal-deposited substrate surface, revealing the presence of gallium in oxide, chloride, and metallic states.

an insulating oxide film, thereby preventing electrical
connectivity even upon contact between particles. The
extremely high surface tension of liquid metal hinders the
simple coalescence of the particles upon contact. An activation
process is necessary to sufficiently press the particles together,
either by magnetic force,* heating with a laser,”® or pressure
with a stylus.”® However, activation by magnetic force limits
the size and shape of the liquid metal wiring that can be
formed. Additionally, the laser and needle methods require a
mechanical activation process after film formation, which often
damages the substrate surface and limits the substrate materials
that can be used. By contrast, this research does not require
any physical activation process on the substrate surface, thus
maintaining a clean substrate surface and offering a wide
choice of substrates.

Figure 2b presents an image of a substrate with liquid metal
deposited atop a copper chloride film, accompanied by SEM
images and EDS analysis results. The SEM images indicate that
the liquid metal particles are disrupted by their interaction with
the copper chloride film, resulting in their spread across the
surface in a liquid state, which facilitates electrical connectivity
and conduction by the liquid metal. EDS analysis reveals a
widespread distribution of chloride on the surface, with Ga also
exhibiting widespread wetting and spreading. The removal of
oxide films from liquid metals is known to employ hydro-
chloric acid and hydrogen chloride gas, as chloride ions from
hydrg)lgen chloride transform the oxide film into a chloride
film.

This study constructs a bilayer structure of copper and
copper chloride on the substrate surface, enabling the liquid
metal to contact the copper chloride surface, thereby
simultaneously removing the oxide film and spreading in a
liquid state. The copper chloride film on the substrate surface
facilitates the wetting and spreading process of the liquid metal
by alloying with the copper substrate and inhibiting the
formation of an oxide film. A study examining the exposure of
Gallinstan to hydrogen chloride gas’' reported that chlorine
ions degrade the oxide film on the surface of the liquid metal
by replacing it with a chloride film. Owing to its high tidal
solubility,”” the chlorine film absorbs moisture from the air and
converts it into an aqueous solution, thereby losing its function
as a film. In this study, copper chloride was formed on the
substrate surface as a source of chloride ions instead of gaseous
chloride.

Additionally, Galinstan does not readily alloy with copper,
and previous studies that tested the mixing of these two metals
after removing their oxide films>* have not confirmed reactive
wetting due to the surface tension of the liquid metal. In
addition to the removal of the surface oxide film, a small
amount of acidic water containing chlorine ions is required’
for the liquid metal to alloy with the copper surface. Alloying of
copper and liquid metal does not occur in a vacuum deposition
environment.

Therefore, to fully alloy Gallinstan and copper and generate
reactive wetting, it is necessary to remove the oxide film on the
surface of the Gallinstan by introducing chlorine ions in an
atmosphere containing moisture, and bringing the copper into
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contact with liquid metal. This study’s film formation
mechanism is as follows: The liquid metal grown under
vacuum conditions has a particle shape, and when exposed to
air, an oxide film rapidly grows to cover the surface.
Subsequently, the oxide film is disrupted by moisture in the
air and chlorine ions on the substrate surface, allowing the
liquid metal to further alloy with copper through the action of
an acidic solution.

In a previous study that measured the decrease in contact
angle due to the reaction between liquid metal and copper
chloride film,>® a decrease in contact angle was observed in
both cases within the range of 13 to 65% humidity. The study
reported that the contact angle decreased to about 20° within
approximately S min at humidity levels of 20% or higher. In
this study, no special environmental humidity control was
implemented, but the humidity in the test environment was
maintained above about 50%, which was assumed to have no
effect on wettability.

The interactions occurring upon copper chloride contact
with Ga have been previously reported™ (eq 1).

Ga + 3CuCl - GaCly + 3Cu (1)

The gradual absorption of moisture from the air by GaCl,
results in the formation of a thin film of aqueous copper
chloride solution on the liquid metal surface.”® This solution’s
acidity, stemming from the hydrolysis reaction of GaCls,
facilitates the removal of the oxide film on the gallium surface
and dissolves CuCl through subsequent reactions (eq 2).

CuCl + 2CI” - [CuCL]*~ )

In addition, gallium reduces copper ions to form elemental
copper by the following reaction (eq 3).

Ga + 3[CuCL]*”™ - Ga’* + 3Cu + 9CI” ()

The copper deposited through this process undergoes
intermittent alloying by gallium phagocytosis,55 facilitating
the spreading of liquid metal over the substrate surface and
preventing the formation of nanoparticles.

A previous report’” demonstrated that chloride ions and a
small amount of acidic solution are required on the liquid
metal surface to destroy microparticles and promote alloying
with the substrate surface. Chloride ions are generated when
the oxide film on the liquid metal surface reacts with copper
chloride. In other words, the oxide film reacts with CuCl and
not the liquid metal itself. Acidic solutions are formed when
the chloride film absorbs moisture from the air. The particles
are destroyed and spread on the substrate surface when both
chloride ions and acidic solutions act on the microparticles.
Therefore, to destroy the microparticles formed by the process
used in this study and improve wettability, it is necessary to
first form an oxide film on the surface by exposure to air, then
react this film with chloride ions, and finally absorb moisture
from the air. In this study, this series of processes is
accomplished by using copper chloride coated on the substrate
surface. A chloride film must be formed once and then exposed
to moisture in the air to ensure sufficient wettability, and it is
considered that enough wettability is not achieved under
vacuum conditions during the deposition process.

In the study by Wan% et al,, a CuGa, shell was formed by
mixing Cu and GaInSn.”® In this study, NaOH was added to
remove the oxide film. Both chloride and hydroxide ions are

known to destroy the oxide film on the surface of liquid
metals,”” which may play the same role as CuCl in this study.

Additionally, regarding the wettability between liquid metal
and the substrate surface, there are reports that substrate
surface roughness improves wettability.’' Previous studies have
shown that treatment of copper surfaces with copper chloride
results in the formation of a rough film on the surface.”
According to this study, protrusions formed on the substrate
surface by the reaction of copper chloride with copper are
approximately 0.5—2 um in size. The liquid metal particles
formed in this study are approximately 0.2—1 pm in diameter,
which is nearly the same size as the protrusions on the
substrate surface. The diameter ratio of the protrusions on the
substrate surface to the diameter of the liquid metal was
approximately 1000 in research,”’ which improved the
wettability of liquid metal by roughening the substrate surface.
In research,”” which improved wettability by forming a three-
dimensional structure on the substrate surface, the diameter
ratio was approximately 40. In comparison to these studies, the
diameter ratio of the droplet to the substrate surface structure
in this study is smaller, suggesting that chemical reactions are
more dominant than surface roughness.

Figure 2c presents the open circuit potential (OCP)
measurement results during the formation of the copper
chloride film. In this experiment, a copper(I) chloride film was
generated on the surface of a thin copper film by immersion in
a copper(I) chloride aqueous solution, as depicted below (eq
4).

Cu + CuCl, — 2CuCl (4)

Excessive immersion of this substrate in the solution leads to
a reaction with water, resulting in the redeposition of
copper(II) chloride® (eq 5).

12CuCl + 6H,0 + 30, — 4Cu,(OH),Cl + 4CuCl,
(%)

For this measurement, two different concentrations of
copper chloride solutions (0.001 M, 0.3 M) were employed
to observe changes in surface potential. The results, as
illustrated in the graphs, indicate a two-phase potential change
in both instances. Initially, copper is converted to copper(I)
chloride. Subsequently, an equilibrium state is reached
between reactions 4 and S. Ultimately, the reaction described
in reaction S predominates, converting the entire surface to
copper(II) chloride. The reaction concludes when the entire
accessible area is covered with copper(II) chloride and the
potential stabilizes. Steps on the copper and copper chloride
surfaces were measured with a stylus-type film thickness meter
for 30, 60, 120, 180, and 300 s immersion times. The results
are shown in Figure S2. Notably, the increase in film thickness
decreases after approximately 120 s. It is beyond this point that
the reaction in which copper chloride I is converted to copper
chloride II is considered to have occurred, with the film
thickness reaching equilibrium.

Thus, to adequately form a copper(I) chloride film on the
surface, optimizing the concentration and immersion time of
the copper(I) chloride solution is imperative. Given this
context, a sufficiently thick copper chloride I film was required;
thus, the immersion time was set to 90 s before the formation
of the copper chloride II film.

Figure S3 illustrates the temporal progression of a copper
substrate immersed in a 0.001 M copper chloride solution.
Initially, the substrate reacts with the solution to form a brown
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copper chloride(I) film on its surface. Prolonged immersion
eventually leads to the formation of a green copper
chloride(II) film. Given the differential reactivity of copper
chloride(I) and copper chloride(II) with liquid metal surfaces,
preparing a surface with exclusively copper chloride(I) is
crucial. Figure S4a displays the contact angle of a Galinstan
droplet on a copper chloride(I) film, demonstrating a gradual
decrease in the contact angle to approximately 1° after 120 s.
Conversely, Figure S4b shows similar observation results when
a droplet was placed on a CuCl, film, revealing that the CuCl,
film does not interact with the liquid metal surface, resulting in
the persistence of the droplet form and lack of spreading.
Figure 2d presents the findings from X-ray photoelectron
spectroscopy (XPS) analysis of the substrate surface, with
visible Ga 2p and Ga 3p peaks around 1200 eV, indicating
oxidation of the liquid metal on the substrate surface.”’ Peaks
corresponding to Si 2s, Si 2p, and C s, attributable to the
silicone resin of the substrate material, alongside the Cu 2 peak
from copper on its surface, were also observed. Figure 2e offers
a detailed view around 20 eV, enabling estimation of the
chemical bonding state of gallium within the liquid metal.>
The peak around 18 eV correlates with elemental gallium, and
the peak around 20.3 eV is presumed to represent Ga*". These
findings suggest the coexistence of gallium ions in oxide film
form and single-metal gallium on the substrate surface. Peaks
around 16—17 eV are ascribed to In and Cl, indicating their
distribution on the surface due to Cl's presence on the copper
chloride surface and In’s role as a component of Gallinstan.
Additionally, two peaks around 23 eV, attributed to O and Sn,
were observed, with Sn constituting approximately 10% of
Galinstan and O likely forming an oxide film on the surface.
Subsequently, liquid metal deposition was employed to a
stretchable substrate. Figure 3a presents both a photograph
and the SEM observation results of a polydimethylsiloxane
(PDMS) substrate with gallinstan deposited onto a copper and
copper chloride film. The SEM imagery elucidates how
gallinstan serves as a conduit across the copper film, effectively

Strain [-]
C  Ecoflex 00-30

il 30 % Strain '1
1 °
NR
B ,
-

Figure 3. Characteristics of liquid metal films deposited directly on
stretchable and flexible substrates. (a) Photographs and SEM images
presenting liquid metal deposited on a PDMS substrate, where the
wet-spread liquid metal cross-links the cracks within the copper
substrate. (b) Changes in electrical resistance under strain, with
measurements acquired for varying amounts of liquid metal subjected
to strains up to 30%. (c) Application of liquid metal deposition on
various substrate materials, demonstrating the adherence of vapor-
deposited liquid metal to multiple types of substrates. (d)
Demonstration of LED lighting, showing an LED powered and
illuminated even when the liquid metal wiring is stretched by
approximately 30%.

. ‘
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bridging the gaps through its spread. This particular substrate
has been engineered to endure an extension of up to
approximately 30%. Figure SS shows SEM images of a copper
chloride film and deposited liquid metal on a PDMS substrate
before stretching. Notably, the liquid metal is wetted and
spread on the substrate without strain, forming a connection
with the adjacent particles. Conversely, the liquid metal film
deposited on PDMS retains more droplets than on the silicon
substrate surface. This phenomenon can be due to the
roughness of the PDMS surface, which has many nanometer-
order ruggedness. This affects the contact area between the
liquid metal and the substrate, potentially resulting in
additional droplet formation.

Figure 3b delineates the electrical resistance measurements
of the substrate when subjected to strain. This evaluation was
conducted by modulating the volume of liquid metal
deposited, with variations including the absence of liquid
metal, 0.05, 0.2, and 0.5 mL, respectively. During the
measurements, both substrates were connected in parallel to
a fixed 10 MQ resistor. Given the nonconductive nature of
copper chloride (referenced in Figure S6), electrical con-
ductivity remains undetected at minimal liquid metal volumes.
Conversely, a deposition of liquid metal (>0.2 mL) on the
surface ensures the maintenance of electrical conductivity, even
after 30% elongation. Notably, the electrical resistance
decreases as the amount of liquid metal increases, indicative
of enhanced electrical conductivity. Nonetheless, a limitation
arises with an overly thin copper chloride film, necessitating an
optimized thickness to accommodate increased volumes of
liquid metal.

A previous study™ reported the use of thicker copper foil
and a high concentration of copper chloride solution (0.5 mol
L™"). In this method, liquid metal film formation is achieved by
direct drop deposition rather than vapor deposition. The size
of the droplets in this study was about 1 mm in diameter, and
the film thickness was several tens of micrometers, which is
much thicker than the liquid metal film produced in this study
(approximately 1.3 ym). Therefore, the thickness of the liquid
metal film can be controlled by the copper film on the
substrate, the concentration of the copper chloride solution,
and the size of the liquid metal particles. Additionally, studies
on the formation of liquid metal particles*® through
evaporation have reported that the size of the liquid metal
particles varies with the evaporation rate. Based on these
results, it is believed that the reaction between the liquid metal
particles and the copper chloride film can be controlled by
optimizing the deposition rate of the liquid metal, in addition
to adjusting the copper film and copper chloride concentration,
thereby altering the thickness of the film.

To verify the effect of copper chloride, a similar tensile test
was conducted by depositing liquid metal on copper without
copper chloride treatment (Figure S7). The resistance of the
substrate without copper chloride treatment increased rapidly
when the tensile strength exceeded 0.3%, reaching 10 M£2, the
same as the fixed resistance of the parallel-connected substrate.
This is considered to be due to the copper film being only
conductive, with slight elongation causing the copper film to
crack, resulting in the loss of electrical conductivity.

Figure S8 illustrates the variance in electrical resistance
following 30 cycles of 30% strain, where a progressive increase
in electrical resistance is observed, culminating in a loss of
conductivity after 30 stretching cycles. This phenomenon is
attributed to the formation of cracks within the copper film
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Figure 4. Various pattern fabrication and applications of top surface electric components. (a) Liquid metal patterned via the photolithography
technique, demonstrating the capability to form various shapes, including distinct areas. (b) Measurement of liquid metal line thickness via laser
microscopy, with a thickness of approximately 1.3 ym; areas outside of the wiring remain flat. (c) Demonstration of an LED on the patterned and

deposited liquid metal.

upon each deformation, eventually surpassing the liquid
metal’s capability to bridge these gaps. Enhancing the stability
of repeatability may be achievable through the fine-tuning of
both the liquid metal volume and the copper layer’s thickness.

Figure 3c exhibits substrates subjected to liquid metal vapor
deposition across various materials. Materials deposited via
PVD exhibit superior adhesion to substrate surfaces.
Consequently, a broad spectrum of substrate®® materials is
viable for deposition. Gallinstan was deposited using PVD on
Ecoflex 00-30 and natural rubber (NR) sheet as stretchable
substrates, and on polyethylene naphthalate (PEN) film and
polyimide (PI) film as flexible substrates. Ecoflex is widely used
for substrates that undergo significant deformation because of
its high elasticity and low Young’s modulus. Natural rubber is
also widely used for devices that require hermetic sealing
owing to its high availability and low gas permeability. The
fabrication of stretchable interconnections in these materials is
crucial for developing a wide range of stretchable devices.
However, the electrical resistance of the liquid metal on
Ecoflex 00-30 and NR is higher than that deposited on PDMS,
and the elongation ratio is low, at approximately 5% for Ecoflex
and approximately 20% for NR (Figure S9a). This is thought
to be primarily due to modification of the substrate surface by
the heat of deposition. In particular, Ecoflex is known to have
low heat resistance and is prone to thermal expansion. When
the deposition source and substrate are close, the surface
expands due to the temperature of resistance heating, making it
difficult to form a uniform metal film. To address this
challenge, a large evaporator with a long distance between the
evaporation source and the substrate, or an evaporator
equipped with a substrate cooling system, can be used.
Additionally, a more stable liquid metal film can be formed by
thickening the first-layer copper film to minimize the effects of
thermal deformation.

Additionally, among flexible substrates, PEN film with high
transparency, and PI film with high heat and chemical
resistance, are widely used as materials for flexible devices.
Electrical conductivity was also measured on PEN and PI
(Figure S9b). Conductivity was stable on both PEN and PI
surfaces. This is because the substrates were not stretched and

conducted not only to the liquid metal but also to the copper
film on the bottom layer. These substrates are often combined
with stretchable materials when rigid electronic components
are mounted on stretchable substrates. Therefore, the ability to
form liquid metal films with high adhesion on these substrates
is essential for wiring technologies in stretchable devices.

These stretchable substrates demonstrated an elasticity of
approximately 30% without detachment from the substrate,
while the flexible substrates could be bent to a radius of 3 mm
without any observed delamination (as depicted in Figure
S10).

Figure 3d illustrates the outcomes of an LED lighting
experiment conducted as a demonstrative application. A blue
LED connected to a power supply via liquid metal wiring was
illuminated upon voltage application. Remarkably, the LED
continued to illuminate even when the substrate was stretched
by approximately 30%, signifying that the circuit preserved
adequate electrical conductivity even under strain. Torsional
and bending deformations were applied in addition to the
elongation test (Figure S11). The liquid metal film on PDMS
adhered strongly to the substrate, preventing delamination
during the deformations. In both cases, the LEDs remained
functional under deformation.

A test was conducted to evaluate the efficacy of PVD for
patterning liquid metal on a substrate surface. PVD offers
superior control over film thickness compared with other liquid
metal layer fabrication techniques and facilitates patterning
through various methods, including photolithography. Figure
4a illustrates a substrate surface patterned using both
photolithography and PVD, demonstrating the feasibility of
creating patterns of arbitrary shapes through the combination
of these techniques.

A previous study” proposed a method to achieve liquid-
metal film formation and patterning by directly applying liquid
metal after CuCl treatment. Compared to vapor deposition,
the total number of steps in this method is fewer than that of
the simple coating process. However, the copper film on the
substrate in the study must be several hundred pm thick, and
the thickness of the liquid metal was several tens of ym. The
total film thickness, from the substrate surface to the top of the
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liquid metal film, was in the hundreds of um. Since
photoresists for photolithography are generally in the range
of pm to tens of um thick, it is difficult to pattern the liquid
metal film formed with this thickness by photolithography.
When patterning with liquid metal film by direct application, a
wiring pattern is created on the substrate using adhesive tape in
advance. Subsequently, CuCl-treated copper particles are
sprayed onto the adhesive tape, and liquid metal is deposited
from the top surface. Since this method requires patterning
with adhesive tape, achieving fine and complex patterns is
challenging; however, it can be achieved by photolithography.
The liquid metal deposition process proposed in this study has
the advantage of being easily combined with thin-film fine
patterning techniques because it can form thinner films than
coating.

The results of laser film thickness measurements for the
patterned lines, presented in Figure 4b, indicate a film
thickness of approximately 1 ym, with the top surface of the
film remaining uniformly flat at the microscale. Furthermore,
the areas of the substrate surface not covered by wiring
remained clean, with negligible excess material observed.

Various techniques for patterning liquid metal have been
proposed, such as direct flow into microchannels,"’ ™" stencil
printin imprinting,28 direct deposition using a dis-
penser, 2% and nanoparticle sintering printing by a laser.”*’
The characteristics of each method are summarized in Table 1.

Table 1. Comparison of Processing Methods

top pattern surface
surface  thickness design cleanness
microchannels'™*°  not- 10—50 limited sealed surface
opened  pum
stencil printing”' ~>*  opened  3—10 limited clean
pm
imprinting”® not- ~1 pm unlimited  contact with
opened another
substrate
dispensing”*** opened  100— unlimited  clean
500
pum
laser sintering”®”’ opened  10-20 unlimited  excess particles
pm on the surface
this study opened  ~1 um unlimited  clean

The microfluidic method poses challenges for placing
electronic elements on the substrate, as the microfluidic
channels are completely sealed by the substrate material.
Moreover, creating independent wiring areas is problematic,
necessitating the fabrication of liquid metal inlets and outlets
for all wiring. Stencil printing requires precise alignment of
multiple masks to create independent wiring areas, presenting
technical difficulties. Imprinting involves transferring liquid
metal from another substrate, which compromises the
cleanliness of the substrate surface, as the entire top surface
comes into contact with another substrate during the process.
Dispensing printing struggles to achieve fine lines due to the
difficulty in producing thin layers, and the precision of the
pattern edges is compromised by the liquid metal’s high
surface tension. Laser sintering necessitates spraying the entire
surface with a liquid metal nanoparticle solution, increasing the
risk of unintended conduction and compromising the
cleanliness of the surface. The direct PVD technique addressed
in this study mitigates these issues, offering several advantages
including an open top surface for direct mounting of electronic

elements, the capability to employ a broad spectrum of
patterning techniques such as lithography for achieving
arbitrary shapes, and the maintenance of a clean substrate
surface postwiring.

Figure 4c depicts the direct attachment of an electronic
component, specifically an LED, onto a line pattern engineered
on a substrate that has been stretched, utilizing the film stencil
technique. The wiring pattern, deposited via vapor deposition,
is characterized by its flatness and openness at the top surface,
which simplifies the process of directly mounting small
components. For the connection between the wiring and the
component, a conductive mixture containing gallinstan and
nickel powder is utilized to ensure conductivity even when the
substrate is under strain. This particular substrate can be
extended by approximately 30%. The LED remained
illuminated upon the application of voltage, despite the
substrate’s elongation. The fabricated thin films of liquid
metal in this study can be used with various patterning
techniques, such as photolithography and stencil printing, to
create wiring patterns with a wide range of shapes. This ability
may enable the construction of various wiring structures on
stretchable substrates, which are currently fabricated by vapor
deposition processes. Additionally, the use of specific substrate
materials to mount rigid electronic elements on a stretchable
substrate’”® will enable the fabrication of various high-
functional stretchable devices such as stretchable display
devices and wearable electrocardiographs.

B CONCLUSIONS

In this study, the wettability between liquid metal and the
substrate was significantly enhanced by treating the substrate
surface with copper chloride, facilitating the successful
fabrication of wiring through the direct PVD of liquid metal.
The presence of copper chloride on the substrate surface
effectively disrupted the oxide film on the liquid metal,
promoting interconnectivity between liquid metal particles and
thereby preserving conductivity even when subjected to 30%
strain. This advancement enabled powering LED elements
under strain through the wiring. The methodology employed
can be integrated with various wiring patterning techniques,
including patterning achieved through photolithography.
Moreover, electronic components can be directly mounted
on the thus fabricated wiring and operated under strain,
attributed to the wiring’s open top surface. However, the
repeatability of this process poses a challenge, which could be
improved by optimizing the surface treatment conditions and
deposition parameters. Given the fine and thin nature of the
stretchable wiring produced by this method, its application is
anticipated in higher-density devices employing more
advanced integration methods, such as 3-dimensional multi-
layer wiring. Furthermore, the potential exists to create
stretchable devices of heightened functionality by combining
this technique with technologies that enable the mounting of
rigid electronic elements on stretchable substrates.
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