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ABSTRACT: Liquid metal-based applications are limited by the
wetting nature of polymers toward surface-oxidized gallium-based
liquid metals. This work demonstrates that a 120 s CF4/O2 plasma
treatment of polymer surfacessuch as poly(dimethylsiloxane)
(PDMS), SU8, S1813, and polyimideconverts these previously
wetting surfaces to nonwetting surfaces for gallium-based liquid
metals. Static and advancing contact angles of all plasma-treated
surfaces are >150°, and receding contact angles are >140°, with
contact angle hysteresis in the range of 8.2−10.7°, collectively
indicating lyophobic behavior. This lyophobic behavior is
attributed to the plasma simultaneously fluorinating the surface
while creating sub-micron scale roughness. X-ray photoelectron spectroscopy (XPS) results show a large presence of fluorine at the
surface, indicating fluorination of surface methyl groups, while atomic force microscopy (AFM) results show that plasma-treated
surfaces have an order of magnitude greater surface roughness than pristine surfaces, indicating a Cassie−Baxter state, which suggests
that surface roughness is the primary cause of the nonwetting property, with surface chemistry making a smaller contribution. Solid
surface free energy values for all plasma-treated surfaces were found to be generally lower than the pristine surfaces, indicating that
this process can be used to make similar classes of polymers nonwetting to gallium-based liquid metals.

■ INTRODUCTION
Eutectic alloys such as eGaIn (75% Ga, 25% In) and galinstan
(68.5% Ga, 21.5% In, 10% Sn) have been receiving growing
attention in a variety of applications due to their relatively high
electrical and thermal conductivity, nontoxicity, and low vapor
pressure when compared with other room-temperature liquid
metals, such as mercury.1 Compared with solid conductive
substrates, such as copper, liquid metals allow the fabrication
of conductive structures, at milli,2 micron,3 and sub-micron4

scales, that can be flexible, stretchable, and deformable while
retaining its conductivity. Recent research shows that gallium-
based liquid metals have been used to develop soft flexible and
stretchable electronics,5,6 radio-frequency (RF) antennas,7−11

switches,12−16 rotating liquid drops,17,18 frequency selective
surfaces,19−22 three-dimensional (3D)-printed structures,23−28

and composites.29−31

A common feature of these liquid metal devices listed above
is that the liquid metal is not mobile in air. Instead, the liquid
metal slug is either embedded within the entire volume of the
channel or encapsulated in an insulating liquid, with the
insulating liquid typically filling the entire volume of the
channel.20 The reason for this is because gallium-based liquid
metals are wetting to a variety of materials, and once it fills a
channel, it is quite difficult to remove.32 The cause of this
wetting property comes from the liquid metal’s nature to
spontaneously oxidize in ambient air, forming a few nanome-
ters of a thin oxide shell consisting of Ga2O and Ga2O3,

33 and

it is this oxide shell that has the property of being strongly
adhesive to a variety of materials.32,34 This wetting property
applies to a wide variety of surfaces and likely has hindered
progress in applications that require the liquid metal to be
nonwetting, such as droplet microfluidics, soft matter
computing for soft robotics,35 or triboelectric nanogenerators
(TENGs).36 Thus, developing a quick process that can be
applied to a variety of surfaces to make these permanently
ubiquitously nonwetting to gallium-based liquid metals should
help promote the development of applications that take
advantage of the nonwetting property.
Several methods have been developed to counter the wetting

nature of surface-oxidized gallium-based liquid metals
(oxLMs). One method involves removing the oxide layer
using caustic agents, such as hydrochloric acid (HCl).37,38

While this method is highly effective, allowing electrochemical
actuation methods,39,40 using such caustic agents will restrict
material options, impose extra safety measures, and, due to its
reactive and evaporative properties, will need to be replenished

Received: March 11, 2021
Revised: June 10, 2021
Published: June 28, 2021

Articlepubs.acs.org/Langmuir

© 2021 American Chemical Society
8139

https://doi.org/10.1021/acs.langmuir.1c00689
Langmuir 2021, 37, 8139−8147

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
T

E
X

A
S 

A
T

 D
A

L
L

A
S 

on
 S

ep
te

m
be

r 
1,

 2
02

1 
at

 1
7:

36
:1

2 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sachin+Babu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Behnoush+Dousti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gil+Sik+Lee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jeong-Bong+Lee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.langmuir.1c00689&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c00689?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c00689?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c00689?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c00689?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c00689?fig=abs1&ref=pdf
https://pubs.acs.org/toc/langd5/37/27?ref=pdf
https://pubs.acs.org/toc/langd5/37/27?ref=pdf
https://pubs.acs.org/toc/langd5/37/27?ref=pdf
https://pubs.acs.org/toc/langd5/37/27?ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.langmuir.1c00689?rel=cite-as&ref=PDF&jav=VoR
https://pubs.acs.org/Langmuir?ref=pdf
https://pubs.acs.org/Langmuir?ref=pdf


over time. Another method involves introducing foreign thin
films such as Neverwet,41 gallium thin films,42 or fumed silica
nanoparticles43 as a coating on elastomeric substrates.
Neverwet is suitable for milli-scale patterns, having a reported
lowest thickness limit of about 750 μm,41 which limits the
feature size of microstructures; additionally, experience has
shown that the coating tends to peel from substrates over time.
The method of gallium thin-film coating allows for ubiquitous
nonwetting surfaces; however, the coating is opaque and
conductive. This conductive layer may not be compatible with
certain electronic and RF applications that require a non-
conductive substrate. The method for fumed silica nanoparticle
coating requires an organic solvent to create a dispersed
mixture which can be applied to a surface or injected into a
closed microfluidic channel. However, the authors report that
the method does not work well on heavily cross-linked
polymers (such as SU8) or polymers that have a low glass
transition temperature.43 Multistep fabrication of hierarchical
micro/nanoscale structures is another method that has been
shown to create nonwetting surfaces with high contact angles
(CA) after a C4F8 Teflon-like coating is applied on pillar
arrays.44 However, there is no clear way to apply a similar
fabrication method to create such structures on sidewalls for
microchannels.45

Two methods have been reported on making a nonwetting
surface for oxLMs through the creation of sub-micron scale
roughness of the polymer surface. The first method involves
the casting of poly(dimethylsiloxane) (PDMS) in black
silicon,46 and the second involves exposure of PDMS surface
to sulfuric acid.47 The method of casting PDMS in black
silicon to create sub-micron surface roughness is promising;
however, the process is significantly long (several hours) with
no study on whether it can be applied to sidewall features.46

The method of sulfuric acid exposure by Li et al. can be used
to create sub-micron surface roughness by injecting the acid
into premade PDMS microfluidic channels and flushing it out
with water followed by drying.47 However, it is unclear if the
method would create similar nonwetting surface roughness for
other polymer classes; additionally, this method would require
high pumping pressures to inject the liquid into smaller
microscale channels, which would risk delamination or
bursting of the microfluidic device.
This work shows that exposure to a 3:1 CF4/O2 plasma

treatment for 120 s converts polymeric surfaces into visibly
smooth, permanent intrinsically nonwetting surfaces for
surface-oxidized gallium-based liquid metals. In contrast with
other methods, this single-step process utilizes no caustic
agents or coatings and can be used on a variety of polymers.
Four standard polymers, before and after plasma treatment, are
studied by conducting contact angle goniometry along with
chemical and physical surface characterizations to determine
the underlying cause of the nonwetting property.

■ EXPERIMENTAL SECTION
Materials and Fabrication. The four polymer materials prepared

for plasma treatment are SYLGARD 184 PDMS (Dow Chemical
Company, Midland, MI), MicroChem SU8-2010 (Kayaku Advanced
Materials, Inc., Westborough, MA), MicroChem S1813, and Kapton
tape (3 mils, adhesive on one side) (DuPont, Wilmington, DE). Each
material was chosen as a representative of a class of polymers for
which the plasma treatment could produce similar nonwetting
property. PDMS represents the class of silicone polymers, SU8-
2010 represents the class of negative photosensitive resists, S1813

represents the class of positive photosensitive resists, and Kapton tape
represents polyimides.

To create pristine samples, each liquid polymer was spun on a bare
3″ <100> silicon wafer at 3000 rpm for 75 s. The PDMS polymer was
prepared by mixing the prepolymer and polymerizing agent from the
silicone elastomer kit using the standard 10:1 ratio by weight of
prepolymer to polymerizing agent, which was degassed in a vacuum
chamber for 1 h; the mixture was used within 10 min after vacuum
desiccation. The other liquid polymers (SU8, S1813) required no
prior preparation. After spinning, the PDMS on wafer was baked in a
95 °C oven for 10 min. The SU8-2010 on wafer was baked on a 115
°C hotplate for 1 min and subsequently exposed to i-line (365 nm)
UV light (900 W) for 2 min to ensure crosslinking. The S1813 on
wafer was baked on a 115 °C hotplate for 1 min. S1813 was left
unexposed. Sections of the polyimide tape were cut and affixed onto a
bare silicon wafer.

Half of the pristine samples were treated to 120 s of a 3:1 ratio
CF4/O2 plasma (250 W, 100 mTorr, 3 sccm O2, 9 sccm CF4) using a
Trion Sirius-T2 RIE Etcher (Trion Technology, Tempe, AZ) to
create plasma-treated samples. Enough pristine and plasma-treated
samples were created to allow for a single measurement of a sample
surface. No sample subjected to a measurement was reused.

Contact Angle Measurements. The Drop Shape Analysis
System DSA30B (KRÜSS GmbH, Hamburg, Germany) was used
to make contact angle measurements using their DSA4 image analysis
software. The liquid metal used is galinstan (Ga 68.5%, In 21.5%, Sn
10%) (Changsha Rich Nonferrous Metals Co., Ltd., Hunan, China).
The liquid metal was loaded into a SY3601 syringe (4.706 mm
diameter, 1.0 mL, Henke Sass Wolf GmbH, Tuttlingen, Germany)
with a KRÜSS NE47 needle (0.7 mm OD, 38 mm long, blunt
polypropylene needle). Static and dynamic contact angles of each
surface were characterized by dropping ∼8 μL liquid metal droplets,
naturally oxidized in ambient air, onto each surface, which lay on the
horizontally leveled stage of the DSA30B system. The capillary length
k g( / )1 γ ρ=− for liquid metal is 2.8 mm (galinstan surface tension,
γ, and density, ρ, of 510 mN/m and 6440 kg/m3, respectively, from
Liu et al.,1 with g = 9.8 m/s2), which requires liquid metal droplets to
have a radius less than 2.8 mm to avoid the effects of gravity. An 8 μL
drop has roughly a 0.9 mm radius, which meets the requirement.
Picture or video recordings were made of each droplet, and the DSA4
software’s image processing algorithm was used to automatically
detect the left and right contact angles and take an average; this
average is treated as the contact angle measurement.

Apparent surface free energy measurements of both the pristine
and plasma-treated polymer surfaces were determined from static
contact angle (SCA) measurements using two standard liquids,
deionized water (DIW) (Item #R-950-1, CAS #7732-18-5, PTI
Process Chemicals, Ringwood, IL) and diiodomethane (DIO) (CAS
#75-11-6, Sigma, Saint Louis, MO). The static contact angles for 4 μL
of deionized water droplets for 4 μL of diiodomethane droplets on the
polymer surfaces were measured using the rame-́hart manual
goniometer (Model #50-00-115, rame-́hart, Mountain Lakes, NJ).
The capillary length is 2.7 for deionized water and 2.3 for
diiodomethane. A 4 μL drop has roughly a 0.7 radius, which meets
the requirement for avoiding the effects of gravity when measuring
contact angles.

Contact angle (CA) measurements were performed on all four
materials, for both pristine and plasma-treated samples, by recording a
set of five independent measurements for static, advancing, and
receding contact angles (RCAs). The average and standard deviation
of these five measurements were used to estimate the mean contact
angle value and the error on it, respectively. No sample surfaces were
reused after a single-contact measurement. Only center sections of Si
wafers (away from edges), which have the most uniform thickness and
uniform plasma exposure, were used. These protocols were followed
to ensure that each data point represented the same experimental
setup as much as possible.

Although contact angle measurements can be used to estimate the
work spent to create new interfaces, for example, as described by the

Langmuir pubs.acs.org/Langmuir Article

https://doi.org/10.1021/acs.langmuir.1c00689
Langmuir 2021, 37, 8139−8147

8140

pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.1c00689?rel=cite-as&ref=PDF&jav=VoR


works of Makkonen et al.,48 there seems to be a debate on whether
these can be used to determine work of adhesion.34,49 Furthermore,
for the special case of liquid metals, the viscoelastic and adhesive
nature of the oxide skin may affect the behavior of the advancing and
receding contact lines to act otherwise than what would be expected
from a true liquid. Thus, measuring the work of adhesion using
contact angles may not produce expected results for surface-oxidized
liquid metals. However, there have been recent reports of new
measurement techniques that rely on the separation of the liquid
droplet from the solid surface, such as the centrifugal adhesion
balance,34,50 or the speaker cone system,51 and these may prove to be
more useful methods for accurately measuring the work of adhesion of
surface-oxidized liquid metals than contact angle measurements.
Surface Characterization. Chemical characterization of the

surface was done using X-ray photoelectron spectroscopy (XPS),
which uses the photoelectric effect to identify elements that exist at
the surface of a material. The characterization was performed using
the PHI VersaProbe II XPS system (Chigasaki, Japan) that has a
monochromatic aluminum K Alpha X-ray radiation source (1486.6
eV, 50.2 W) with beam diameter 200 μm at 45° angle in FAT mode.
The pass energy for survey spectra was 187.85 eV, while the pass
energy for high-resolution spectra was 23.50 eV. Since the sample
surfaces are nonconducting polymers, automated neutralization was
used (2 V, 22.0 μA). MultiPak v9 software was used to perform the
peak shift-correction on a sample’s spectrum to the reference C 1s
binding energy (BE) of 284.8 eV; the software was also used for
deconvolution analysis of high-resolution C 1s peaks. Physical
characterization was performed using atomic force microscopy
(AFM) by the Jupiter XF Atomic Force Microscope system (Asylum
Research, Santa Barbara, CA), with an AC160-TS cantilever tip, in
tapping mode. A 5 μm × 5 μm section was scanned to create images
with 256 × 256 pixels for plasma-treated materials, which has sub-
micron features, and images with 512 × 512 pixels for pristine
materials, which has nanometer features. From each 5 μm × 5 μm
section, an artifact-free 3 μm × 3 μm region was selected.

■ RESULTS AND DISCUSSION

Contact Angle Measurements. Static contact angle
(SCA) results of 8 μL of sessile surface-oxidized galinstan
droplets are shown in Figure 1. For pristine materials, the CAs

range from 123.9 ± 4.5 to 130.1 ± 3.0°, a total range of 13.7°
(Figure 1, bottom). The wide range of angles indicates the
different surface chemistry of each material in determining a
contact angle. The high contact angles (>90°, typically
considered lyophobic) are due to the high surface tension of
the liquid metal encased in the oxide skin. For plasma-treated
materials, the CAs range from 154.1 ± 1.0 to 156.7 ± 0.5°, a
range of 4.0° (Figure 1, top), demonstrating that all of the
surfaces are superlyophobic to oxLM.
Dynamic contact angle results are shown in Figure 2. Each

measurement had the needle 2 mm from the surface, infusing
5−8 μL of Galinstan to form an advancing contact angle
(ACA) line, and withdrawing an excess of 8−15 μL to form a
receding contact angle to break contact with the surface to test
for the nonwetting property. For pristine samples (Figure 2a),
advancing contact angles (ACAs) range from 140.8 ± 2.0 to
150.6 ± 0.7°, a total range of 12.5°; the receding contact angles
(RCAs) range from 17.7 ± 0.5 to 24.0 ± 2.1°, a total range of
8.9°; the contact angle hysteresis (CAH) ranges from 121.5 to
130.8°, which indicates a highly wetting surface, as
demonstrated by the liquid metal residue left on the surface
(Figure 2a, “wetting” inset). For plasma-treated samples
(Figure 2b), advancing contact angles (ACAs) range from
152.2 ± 0.9 to 154.7 ± 0.4°, a total range of 3.8°; receding
contact angles (RCAs) range from 141.4 ± 1.9 to 147.6 ± 2.4°,
a total range of 10.5°; the contact angle hysteresis (CAH)
ranges from 6.4 to 10.7°, which indicates a highly nonwetting
surface, as indicated by the lack of liquid metal residue on the
surface (Figure 2b, “nonwetting” inset).

Surface Chemistry. XPS measurements were conducted
on all samples to determine the changes in surface chemistry
that results from CF4/O2 plasma treatment. Figure 3a,b, shows
the survey for PDMS and SU8, respectively; XPS surveys for
S1813 and Kapton are provided in Figure S1 in the Supporting
Information section and show similar results. For all surveys,
the C 1s, O 1s, F 1s, peaks, if present, are identified; the O
KLL and F KLL Auger lines are also identified for clarity. Si 2s
and Si 2p peaks are identified for the silicone polymer.
In the pristine PDMS survey, labeled “PDMS-PR” in Figure

3a, the C 1s peak corresponds to C−H and C−Si bonds (284.8
eV); there are no C−C bonds in PDMS. The key feature to
observe in the survey is the lack of fluorine (F 1s and F KLL)
peaks. The plasma-treated PDMS survey, labeled “PDMS-PL”
in Figure 3a, has the fluorine F 1s and F KLL peaks, indicative
of fluorination of methyl groups in PDMS.
The fluorination of methyl groups in PDMS has been

reported by Manca et al.,52 which studied the effect of CF4
plasma on the chemistry and topology of PDMS. Comparing
the C 1s XPS spectrum of PDMS-PR (Figure 4a) to the C 1s
spectra of PDMS-PL (Figure 4c), it is very likely that the
CF4:O2 plasma causes different degrees of fluorination (CH3 to
CFH2, CH3 to CF2H, and CH3 to CF3) of the surface methyl
groups of PDMS. For Figure 4c, the deconvolution of peaks
indicates that about 20% of the PDMS surface methyl groups
has some degree of fluorination, most of it likely CFH2 (blue
curve) and CF2H (green curve).
Figures 3b and 4b show that the survey spectra for pristine

SU8 (labeled “SU8-PR”) already have the fluorine F 1s and F
KLL peaks. This is due to the triarylsulfonium hexafluor-
oantimonate component in SU8, which is the UV-sensitive
crosslinking initiator mixed in with the SU8 epoxy resin, and a
significant amount remains even after UV exposure.53 Plasma
treatment of SU8 (“SU8-PL”) introduces fluorination of the

Figure 1. Static contact angle measurements of plasma-treated (top)
and pristine (bottom) polymer films on a silicon wafer using surface-
oxidized galinstan droplets. Eight microliters of liquid metal droplets
were used; all droplet radii are ∼2 mm. Each data point has an
associated inset figure that shows a close up of the left contact angle of
the liquid metal droplet taken from the DSA4 goniometer camera, and
a further inset showing the whole droplet to show the vertical axis
symmetry, droplet shape, and visually observable difference in contact
angles.
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large number of methylated carbons in SU8. This can be seen
in the larger intensity of the F 1s peak when compared with the
C 1s peak (Figure 3b, SU8-PL survey), and in observing that
the C 1s XPS spectra of SU8-PL (Figure 4d) show that the C−
F peak has near equal intensity to the C−C peak.
These results indicate that the plasma treatment is a

chemical modification of the surface which alters the surface
energy, and that the amount of modification is unique to each
material. Manca et al.52 clearly demonstrated that a pure CF4
plasma does indeed lower surface energy of PDMS through
chemical modification of methyl groups by fluorination, and

each material has a unique number of methyl groups leading to
different amounts of fluorination. However, plasma treatment
also creates surface roughness, which reduces the role of
chemical modification by reducing the contact area of the
droplet and the material surface. This is especially the case if
the surface roughness produces a Cassie−Baxter wetting
interface against liquid metals.

Surface Roughness Investigation Using AFM. AFM
measurements can be used to determine the differences in
surface roughness between pristine and plasma-treated
materials. Figure 5 visually shows the significant increase in

Figure 2. Dynamic contact angle for (a) pristine and (b) plasma-treated materials. The blue arrow indicates infusion, the orange arrow indicates
withdrawal, and LM stands for “liquid metal”.

Figure 3. XPS survey of (a) plasma-treated (PDMS-PL curve) and pristine (PDMS-PR curve) PDMS; (b) plasma-treated (SU8-PL curve) and
pristine (SU8-PR curve) SU8-2010.
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surface roughness caused by plasma treatment of PDMS
(Figures S2−S4 in the Supporting Information show the 3D
surface plots of SU8, S1813, and Kapton, respectively). The
areal surface roughness parameters Sa, Sq, and Sm were

calculated for each material and presented in Table 1. Sa is
the arithmetic mean of the peak heights of a surface and is
typically used as a measure of surface roughness; Sq is the
standard deviation of the peak heights; Sm is the mean

Figure 4. C 1s XPS spectra for (a) pristine PDMS (PDMS-PR), the inset is the molecular structure of PDMS (redrawn from Seethapathy et al.54);
(b) pristine SU8 (SU8-PR), the inset is the molecular structure of SU8 (redrawn from del Campo et al.55); (c) plasma-treated PDMS (PDMS-PL);
and (d) plasma-treated SU8 (SU8-PL). The binding energies were obtained from Bratt, et al.56 and Cordeiro et al.57

Figure 5. (a) 3D surface plot of plasma-treated PDMS and its (b) height profile; (c) 3D surface plot of pristine PDMS and its (d) height profile.
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separation between peaks; rAFM is the ratio of the total surface
area of a rough surface to its projected surface area, which
corresponds to an estimate of the Wenzel fraction.
Comparisons of these values can give insight into how much

the contact area is reduced. Comparing Sa and Sq show that
there is at least an order of magnitude increase in surface
roughness in a plasma-treated material compared to a pristine
material. Sm values of plasma-treated materials are roughly 3
times greater than that of pristine materials. Finally,
comparisons of height:width aspect ratios of empty regions,
estimated by Sa:Sm, of plasma-treated surfaces are roughly 2
orders of magnitude greater than pristine surfaces. These
comparisons collectively indicate that a significant amount of
material contact area has been replaced with air and strongly
indicates that liquid metal droplets on plasma-treated materials
are in the Cassie−Baxter state, and that this drop in material
contact area is likely a significant contributing factor to the
nonwetting property created to the plasma-treatment process.
Estimating Apparent Surface Free Energy. For rough

surfaces, one typically calculates the apparent surface free
energy to understand its wetting behavior.58−61 Calculation of
apparent surface free energy is typically done using the two
probe liquid method developed by Girifalco and Good62,63 for
two liquid systems, and was later used by Fowkes64,65 to
determine the surface free energy of a variety of surfaces. The
method uses a polar and nonpolar liquid to determine the
surface free energy using the following equation66

1
2

(1 cos )LV SV
d

LV
d

SV
p

LV
pγ θ γ γ γ γ+ = +

(1)

where γLV is the surface tension of the liquid and θ is the
contact angle. γLV

d and γLV
p are the dispersive and polar

components, respectively, of the liquid’s surface tension. γSV
d

and γSV
p are the dispersive and polar components, respectively,

of the solid’s surface free energy. Note that the sum of the
dispersive and polar components will give the total surface free
energy.
Two standard liquids with well-known dispersive and polar

components are used: deionized water and diiodomethane.
The dispersive and polar components of deionized water
(DIW) are 21.8 and 51.0 mN/m, respectively, for a total
surface tension of 72.8 mN/m.67 The dispersive and polar
components of diiodomethane (DIO) are 50.8 and 0 mN/m,
respectively, for a total surface tension of 50.8 mN/m.
Table 2 provides the calculated values for the apparent

surface free energy for each surface. The value for pristine
PDMS shows a dispersive and polar component that closely
matches the value reported in the literature by Owen and
Wendt68 (γSV,PDMS

d = 21.7 mN/m and γSV,PDMS
p = 1.1 mN/m).

After plasma treatment, the dispersive component of the
apparent surface free energy reduces and the polar component

increases, resulting in a negligible change in the total surface
energy. The nonwetting property of plasma-treated PDMS is
likely due to the lowering of dispersive forces. Fowkes64

distinguishes between dispersive forces (purely attractive) from
polar forces and metallic bond forces, which can be both
attractive and repulsive. A reduction in the purely attractive
dispersive forces may be sufficient to prevent the wetting of the
liquid metal. This is supported by the drastic reduction in the
dispersive forces in the other three plasma-treated materials
while the polar forces remain relatively low.

Generalizing the Process to Other Polymers. When
considering the results that the same plasma treatment is able
to convert four different classes of polymers from wetting to
nonwetting surfaces, one seeks a common feature responsible
for similar results. One common feature among the four
polymers due to the plasma treatment is the surface roughness,
which reduces the contact area with the liquid. As previously
suggested, the high surface tension of the liquid metal on such
a rough surface would naturally create a Cassie−Baxter
interface. This suggests that the CF4/O2 plasma treatment
causes a physical change and can be treated as a general
method to convert any polymer surface into a nonwetting
surface for gallium-based liquid metals by creating a sub-
micron rough surface, allowing a larger number of materials as
potential substrates for nonwetting liquid metal applications.

■ CONCLUSIONS
A brief literature survey indicated that the wetting nature of the
oxide skin of gallium-based liquid metals limits the develop-
ment of liquid metal droplet microfluidics. A simple CF4/O2
plasma treatment for 120 s was shown to convert previously
wetting polymers to the nonwetting surface for surface-
oxidized gallium-based liquid metal droplets. Static contact
angle measurements for all plasma-treated polymer surfaces
were above 150°. Dynamic contact angle measurements
showed that the plasma-treated surface yielded low contact
angle hysteresis. XPS analyses indicated that the surface

Table 1. Areal Surface Roughness Parameters Obtained from AFM Software

process material Sa (nm) Sq (nm) Sm (nm) rAFM Sa:Sm

pristine PDMS 0.353 0.443 175.0 1.001 0.002
SU8 0.190 0.238 115.4 1.000 0.002
S1813 0.222 0.277 135.3 1.000 0.002
KAPTON 0.639 0.809 99.7 1.002 0.006

plasma treated PDMS 136.900 156.900 542.5 2.948 0.252
SU8 32.220 39.750 385.1 1.390 0.084
S1813 43.380 54.640 425.9 1.336 0.102
KAPTON 39.990 50.560 390.6 1.373 0.102

Table 2. Apparent Surface Free Energy of Pristine and
Plasma-Treated Polymeric Surfaces

process material

dispersive
component
(mN/m)

polar
component
(mN/m)

apparent surface
free energy
(mN/m)

pristine PDMS 25.65 ± 0.38 1.61 ± 0.32 27.26 ± 0.71
SU8 49.11 ± 0.25 0.07 ± 1.71 49.17 ± 1.96
S1813 37.54 ± 0.50 1.17 ± 1.60 38.71 ± 2.10
KAPTON 34.16 ± 0.49 0.07 ± 1.11 34.23 ± 1.60

plasma
treated

PDMS 20.93 ± 0.27 4.78 ± 1.36 25.71 ± 1.63
SU8 6.73 ± 0.26 2.43 ± 0.39 9.15 ± 0.65
S1813 7.04 ± 0.25 1.57 ± 0.36 8.61 ± 0.60
KAPTON 20.72 ± 0.27 0.00 ± 0.60 20.72 ± 0.87
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undergoes partial fluorination of methyl groups, helping to
lower the surface energy. AFM analyses showed an order of
magnitude increase in surface roughness, creating a Cassie−
Baxter state for the high surface tension liquid metal. Apparent
surface free energy calculations show an overall reduction in
dispersive forces indicating that the reduction in effective
surface area due to Cassie−Baxter state is the cause of
nonwetting. Since this plasma treatment created nonwetting
surfaces from wetting through a physical change of the surface,
it is reasonable that this plasma treatment may be generally
used to convert other wetting organic polymers to nonwetting
surfaces, which would be useful to explore new liquid metal
applications that require nonwetting surfaces.
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