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ABSTRACT: We explore the surface properties of Teflon AF1600 films treated
by oxygen plasma with various procedure parameters. Contact angle (CA)
measurements, scanning electron microscopy (SEM), atomic force microscopy
(AFM), and X-ray photoelectron microscopy (XPS) are employed to investigate
the wetting behavior, surface topography, and chemical composition, respectively.
While the etched thickness reveals a linear relationship to the applied plasma
energy, the surface presents various wetting properties and topographies
depending on the plasma energy: low advancing and zero receding CA (1 kJ),
super high advancing and zero receding CA (2−3 kJ), and super high advancing
and high receding CA (≥4.5 kJ) for the wetting behaviors; pillar-like (≤6 kJ) and
fiber-like (>6 kJ) nanoscaled structures for the topographies. The results of XPS
analysis reveal slight changes in the presence of O- and F-components (<4%) after oxygen plasma treatment. Furthermore, we
discuss the applicability of the Wenzel and Cassie−Baxter equations and employ the Friction-Adsorption (FA) model, where no
wetting state and structure-related parameters are needed, to describe the CAs on the plasma-treated surfaces. Additionally, we
conduct electrowetting experiments on the treated surfaces and find that the experimental results of the advancing CA are in good
agreement with the predictions of the FA model.

■ INTRODUCTION
Teflon AF1600 is a copolymer comprising tetrafluoroethylene
(TFE) and 4,5-difluor-2,2-bis(trifluoromethyl)-1,3-dioxol
(PDD) in a ratio of 35:65 mol %. It has exceptional properties,
such as high-temperature stability,1 excellent chemical resistance
and optical characteristics,2 along with a low surface energy.3

These properties make Teflon AF an ideal candidate for various
applications, including electrowetting (EW)-based applica-
tions.4−7

To modify the surface properties of polymers, such as
enhancing wettability for bonding or decreasing wettability for
self-cleaning purposes, plasma treatment stands as a widely
employed method, alongside other techniques like imprinting/
embossing or layer deposition.8−19 However, there are few
studies related to modifying the surface properties of Teflon
AF1600, and exploiting the full potential of this polymer.
Sabbatovskii et al. conducted low-pressure argon (Ar) plasma
treatment of Teflon AF materials and the results revealed a
hydrophilic surface.20 Cho et al. investigated the etching rate of
Teflon AF by Ar, O2, and CF4/O2 plasma. The resulting surface
exhibited an enhanced wettability.21

In addition to the limited comprehension of the altered
surface properties of Teflon AF, the investigation of the
wettability by contact angle (CA) measurements on rough
and structured surfaces by plasma treatment presents its own set
of challenges. In general, two equations are used for theoretical
predictions: the Wenzel equation22 and the Cassie−Baxter

equation.23 The Wenzel equation is used to describe the CA
when a droplet completely wets a rough solid surface, while the
Cassie−Baxter equation is applied for a solid surface partially
wetted by a droplet. However, these equations have specific
limitations and uncertainties. One issue is that both equations
require parameters derived from the microscopic surface
topography, which can be difficult to determine accurately.
Additionally, the validity of these equations is debated in the
literature, due to various misleading explanation attempts and
interpretations. Gao and McCarthy investigated the CAs on
partially structured solid surfaces for different triple line
locations with respect to the surface structures. The
experimental results showed that the CA depends on only the
surface structural properties at the triple line. As a consequence,
Gao and McCarthy argued that the contact triple line instead of
the contact area is important for the determination of CA.24 The
surface structures presented in their work exhibited inhomoge-
neity of the surface structures. This inhomogeneity, particularly
the difference between the area fraction at the triple line and that
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across the overall contact area, has sparked discussions regarding
the appropriate circumstances for using an area fraction
approach.25−29 According to Nosonovsky, the Wenzel and
Cassie equations are valid only for uniformly rough surfaces,25

while McHale suggested that local roughness and local area
fractions, instead of global quantities, should be considered.29

More discussion regarding the characterization of the CA on
rough surfaces can be found in a review paper by Parvate et al.30

In this work, we systematically studied the surface properties
of Teflon AF1600 after oxygen plasma treatment with different
parameters, including treatment time, plasma power, chamber
pressure, and gas flow rate, with a focus on the resulting surface
topographies and wetting properties. In addition, we applied our
previously proposed friction-adsorption (FA) model to describe
the CA on these surfaces, where no parameters are required to
quantify the structure-specific contact area. Furthermore, we
conducted and evaluated the electrowetting (EW) performance
of a plasma-treated Teflon AF1600 and verified the applicability
of the FA model.

■ EXPERIMENTAL DETAILS
Teflon AF1600 Thin Films. A silicon wafer serves as the substrate

for the Teflon AF1600 films. First, a titanium primer is applied by spin
coating at 4000 rpm for 1 min using a Süß MicroTech spin-coater, and
then annealed at 120 °C for 2 min to enhance the adhesion of the
Teflon AF1600 to the silicon substrate.3 Next, 4 wt % Teflon AF1600
(DuPont Co.) in fluorinert FC-40 solvent (3 M Company) is spun with
1000 rpm for 60 s and temperature-loaded at 175 °C for 10 min to
remove the solvent, subsequently baked at 165 °C for 5 min (glass
transition temperature of Teflon AF1600).3 The resulting pristine film
had a thickness of about 1.4 μm.
Reactive Ion Etching.A reactive ion etching instrument (STS 320)

using a radio frequency power supply at 13.56 MHz is applied in this
work to modify the surface properties . The plasma chamber is first
evacuated to a pressure of 12 mTorr and purged by nitrogen gas. The
treatment process is then conducted by varying the procedure
parameters. Next, the plasma chamber is purged again with nitrogen
to remove the residual gases for 1 min and pumped down to 12 mTorr
for 2 min. A standard treatment process is applied using a treatment
time of 30 s, 100 W for plasma power, 20 sccm for oxygen gas flow rate,
and 20 mTorr for chamber pressure. To investigate the impact of each
parameter on the surface properties, the treatment time, plasma power,
oxygen gas flow rate, and chamber pressure are varied from 10 to 120 s,
50 to 400 W, 20 to 30 sccm, and from 20 to 40 mTorr, respectively.
Surface Properties Characterization. The thickness of the thin

films was determined by measuring the step height using a surface
profilometer (Dektak).31 This involved selectively removing portions of
the film to create distinct steps. The surface topography is assessed by
scanning electron microscopy (SEM, Hitachi SU8030). The accelerat-
ing voltage used in this work ranges from 4 to 8 kV. The beam current is
set as 1 μA. A gold layer with a thickness of 10 nm is thermally deposited
on top of the surface to minimize charging effects.11,32,33 Along with
SEM, atomic force microscopy (Bruker Dimension Edge, cantilever:
NCHV-A) is employed to characterize the surface topography. In
addition, AFM images are taken for the analysis of root-mean-square
roughness (RRMS) and area ratio of the actual surface to the projected
surface by Gwyddion.34

To comprehensively understand the surface wettability of plasma-
treated surfaces, we employed the sessile drop method35,36 to measure
the advancing and receding CAs using a drop shape analyzer (DSA,
Krüss DSA30S). The DSA offers a resolution of 0.01° and an accuracy
of 0.1°. A deionized water droplet with a resistivity of 16−18 Mω·cm
and an initial droplet volume between 8 and 10 μL, is deposited on the
surface. The advancing CA is measured by increasing the droplet
volume through the dosing needle at a speed of 0.1 μL/s, while the
receding CA is obtained by the droplet evaporation process.3,37,38 The
CA measurement is also conducted at different temperatures. The

detailed setup can be reviewed in our previous work.3 In addition to the
advancing and receding CA, EW is performed on plasma-treated
surfaces, and the response CAs are also measured. More details can be
found in the authors’ previous publication.4 As the triple line moves
during CA measurements, the capillary number, Ca, is observed to
evaluate the influence of dynamic effects.35 Ca, is calculated by (μ·v)/
γ,39 where μ, γ, and v are dynamic viscosity, liquid surface tension, and
triple line velocity, respectively. The maximum value of the capillary
number in this work is 7 × 10−6, thus being considerably smaller than
the critical capillary number, 10−5. Therefore, dynamic effects during
CA measurement are negligible,35 and we obtain quasi-static CAs.

X-ray Photoelectron Spectroscopy (XPS) is applied to investigate
surface chemical changes after oxygen plasma treatment. The XPS
measurements are carried out on a PHI Versa Probe III-spectrometer
equipped with a monochromatic Al−Kα X-ray source and a
hemispherical analyzer (acceptance angle: ± 22°, angle between the
X-ray beam and analyzer: 45°). A combination of automatic electronic
and ionic charge compensation was used. Pass energies of 140 and 27
eV and step widths of 0.5 and 0.05 eV are used for survey and detail
spectra, respectively. The excitation energy is 1486.6 eV and the beam
power and diameter are 25 W and 100 μm, respectively. Data analysis
was performed using Multipak software (9.9.1), employing trans-
mission corrections, Shirley backgrounds, and sensitivity factors
provided by PHI. Deconvolution of spectra was carried out by using
Voigtian line shapes. XPS spectra, including C 1s, O 1s, and F 1s were
recorded by running multiple cycles of this sequence, where the average
recording time for C 1s is around 12 min.

■ RESULTS AND DISCUSSION
Material Removal. Within the measurement accuracy, the

oxygen gas flow rate and chamber pressure do not affect the
etched depth of the Teflon AF1600. The plasma power and
treatment time, however, have a significant impact. As illustrated
in Figure 1, the etched depth is proportional to the applied
plasma energy, which is the product of power and time (in kJ).

Topography Analysis and RMS Roughness. The surface
topography is mainly determined by the plasma energy and
remains unchanged with the gas flow rate and chamber pressure.
Typical SEM images for surfaces treated by different plasma
energies are shown in Figure 2. The results from AFM analyses
are illustrated in Figure 3. These results reveal that the oxygen

Figure 1. Etched depth of Teflon AF1600 as a function of plasma
energy (power ·time). Blue points: plasma power 100 W, pressure 20
mTorr, gas flow rate 20 sccm, treatment time ranging from 10 to 90 s;
cyan points: 30 s, 20 mTorr, 20 sccm, power ranging from 100 to 300
W; green points: 30 or 60 s, 100 W, 20 sccm, pressure varies from 20 to
40 mTorr; violet points: 30 or 60 s, 100 W, 20 mTorr, gas flow rate
varies from 20 to 30 sccm; olive points: 20 sccm, 20 mTorr, time varies
from 20 to 140 s and the power varies from 50 to 400 W.
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Figure 2. SEM images of Teflon AF1600 surfaces treated by oxygen plasma with energies of (a) 1, (b) 2, (c) 3, (d) 4.5, (e) 5, (f) 6, (g) 7, (h) 8, and (i) 9
kJ. All images are taken by tilting the samples by 30°. The length of the white bar in each image represents 500 nm. The framed area indicates the
presence of nanosized structures with undercuts.

Figure 3. AFM images of (a) untreated surface and plasma-treated Teflon AF1600 surface with plasma energy of (b) 1, (c) 3, (d) 4.5, and (e) 6 kJ.
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plasma treatment significantly modified the surface and induced
nanoscale features depending on the plasma energy. These
features are mainly pillar-like and fiber-like structures. For the
surface treated with a plasma energy of 1 kJ, the induced surface
structures are too small to be clearly observed by SEM.
However, AFM measurements reveal the formation of pillar-like
structures on the surface, as shown in Figure 3b. When the
plasma energy rises to 6 kJ, the pillar-like structures increase
both in dimension and height. This trend is evident from the
SEM images presented in Figure 2b−f and the AFM images
shown in Figure 3c−e. Above this plasma energy, the nanoscaled
pillar-like structures further increase in height and are connected
on the top while the bottom stays separately. As a result, the
pillar-like structures transitioned to fiber-like, and undercuts
were created. Figure 2g−i present the surfaces with the fiber-like
structures. The framed areas show the undercuts. The presence
of the undercuts makes the structures difficult to measure by
AFM. Therefore, AFM images were obtained only from samples
that are plasma-treated with energies up to 6 kJ, as shown in
Figure 3.

The results of the root-mean-square roughness (RRMS) and
area ratio are presented in Figure 4. The results reveal a

significant increase in RRMS, namely, from 0.7 ± 0.09 nm for the
pristine surface to 18.7 ± 3.12 nm for the surface treated with a
plasma energy of 6 kJ. In addition, the area ratio, which
represents the ratio of actual surface area to the projected surface
area, also increases significantly with the plasma energy. The area
ratio on the pristine surface is 1.006 ± 0.002, while for the
surface treated with 6 kJ, it rises correspondingly to 1.867 ±
0.153.
CA Measurement. The wettability of the applied plasma-

treated surfaces is primarily determined by the plasma energy.
The results of wettability, including advancing and receding CA,
are presented in Figure 5. The results show that the plasma-
treated surfaces exhibit three different wetting behaviors: (1)
low advancing and zero receding CA, (2) super high advancing
but zero receding CA, and (3) super high advancing and high
receding CA. Here, super high refers to a CA larger than 150°,
while high and low refer to values higher and lower than the CAs
observed on pristine surfaces.

When the applied plasma energy is low (<1 kJ), the advancing
CA (115.5 ± 0.45°) is decreased by oxygen plasma treatment in
comparison to the pristine surface (124.1 ± 0.35°). The

observed receding CA is 0°, indicating that the triple line sticks
to the solid surface and the solid−liquid interface area stays
unchanged while the CA decreases continuously. This wetting
behavior is referred to as low advancing and zero receding CA.
When the plasma energy increases to the range of 2 to 3 kJ, the
advancing CAs substantially increase to 157.0 ± 0.31 and 156.3
± 0.60−163.3 ± 0.46°, while a receding CA of 0° is observed on
these surfaces. We refer to these surfaces as having super high
advancing but zero receding CA. When the plasma energy
further increases, the advancing CA slightly increases (θ > 160°),
and a receding CA in the range between 118.5 ± 0.74 and 142.6
± 0.32° is measured, which is higher than that on the pristine
surface (113.3 ± 0.23°). We refer to this wetting behavior as
super high advancing and high receding CA.

The Cassie−Baxter and Wenzel equations are commonly
used to describe the CA on structured and roughened surfaces,
which represent partial and complete contact between the
droplet and the surface. The CAs in the Cassie and Wenzel
states, denoted as θc and θw, are described by22,23

f fcos cos (1 )c solid solid= · (1)

rcos cos( )w = · (2)

where fsolid represents the solid−liquid area fraction across the
entire projected area under the droplet, and r represents the area
ratio of the actual solid area to the projected solid area. θ can be
the advancing or receding CA.

In the following discussion, we mainly focus on surfaces that
exhibit super high advancing CA and high receding CA. These
surfaces are obtained by treating Teflon AF1600 with a plasma
energy larger than 4 kJ. The applicability of the Cassie−Baxter
and Wenzel equation is evaluated in describing the CAs on these
complex surfaces. When the advancing CA is measured, the
droplet exhibits a Cassie state. The advancing CA shows a value
larger than 160° and is independent of the plasma energy, more
specifically, independent of the resulting structure size and
accordingly the solid area fraction fsolid. This finding is consistent
with previous studies by Kwon et al.40 and Öner and
McCarthy.41 The independency is attributed to the presence
of discontinuous structures.30,40 The discontinuous structures,
such as the pillar-like and fiber-like structures shown in this
work, lead to a discontinuous solid−liquid contact, which is
separated by solid−air contact interfaces (air pockets). There-
fore, a significant energy barrier is presented for the triple line to
move over these discontinuous pillars and fibers. As a result, the
advancing CA remains high regardless of the solid area fraction
and does not follow the Cassie−Baxter equation.

A significant difference of about 30° between the receding and
the advancing CAs is observed, as shown in Figure 5, indicating
that the droplet-solid interface is in different wetting states. On
surfaces with pillar-like structures, the liquid of the droplet can
wet from the top along the side walls of the pillar structures to
the pocket areas. As a result, a continuous solid−liquid contact is
established, indicating the Wenzel wetting state. The receding
CA in the Wenzel state can be calculated from eq 2 with the
receding CA on the pristine surface (113.3°) and the area ratio,
which are obtained from AFM results. The calculated receding
CA on surfaces treated by plasma energies with 4.5 and 6 kJ is
127.2 and 137.6°, showing agreement with the experimental
findings in Figure 5. It is also important to note that the AFM
scanning area is 1 × 1 μm, which is substantially smaller than the
solid−liquid contact area with a radius of 1−1.3 mm.

Figure 4. RMS roughness and area ratio of the actual surface to the
projected surface as a function of plasma energy. Data are obtained by
analysis of AFM images with a scan area of 1 × 1 μm by Gwyddion.
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When the structures are more fiber-like (plasma energy >6
kJ), it becomes difficult to obtain precise AFM images as well as
an accurate measurement of the area ratio r, due to the presence
of the undercuts. Consequently, we could not reasonably apply
the Wenzel equation to predict the receding CA.

Next, we applied our previously proposed model, the Friction-
Adsorption (FA) model,3,4 to describe the advancing and
receding CA on plasma-treated surfaces. The FA model
comprises a temperature-independent friction force Ff with a
limit of Ffmax, and a temperature-dependent water adsorption
contribution Fad, in addition to the three interface tensions for
the CA prediction. A proper application of the FA model is
based on the assumption that the oxygen plasma treatment
predominantly induces topography modification so that the
friction force limit Ffmax is enhanced, while the adsorption
contribution Fad stays unchanged. A similar approach is
suggested by Vandencasteele et al., who conducted XPS
experiments on oxygen plasma-treated PTFE. The results
revealed that oxygen plasma treatment did not graft new species
on the surface of PTFE and the hydrophobicity is therefore
enhanced by the increased roughness.43 To validate our
assumption, we have performed XPS experiments on some
selected samples: pristine surface, samples treated with energy of
1, 2, and 6 kJ, which represents the different wetting behaviors:
original wetting behavior, low advancing and zero receding CA,
super high advancing and zero receding CA, and super high
advancing and high receding CA, respectively.
Chemical Analysis. The results of the XPS investigation are

shown in Figures 6 and 7. The C 1s spectra of the pristine Teflon
AF1600 surface, as shown in Figure 6a at the top, are
characterized by four distinct chemical states of the carbon

atoms: CF3, CF2, and O−C−F, and the O−C−O at 293.8,
291.8, 291.3, and 290.6 eV, respectively. The results show the
expected intensity ratios of 2:1:2:1 for CF3:CF2:O−C−F:O−
C−O, based on the chemical formula of Teflon AF1600 shown
in Figure 8. In addition, the peaks at 289.1 and 287.9 eV
correspond to C−O�O and C�O,42,44 indicating surface
contamination and/or deterioration of the polymer from
exposure to X-rays.1,43 After oxygen plasma treatment, the
components of Teflon AF1600 were still present in the above-
mentioned ratio, while an increase in the amount of oxygen was
observed. At 286.4 and 285.1 eV, C−O and C−C/C-H are
characterized.43 This increase can be attributed to an increase in
surface modification resulting from increasing plasma energy.

Figure 6b shows the O 1s spectra. Two components labeled
CO1 and CO2, are assigned to CO groups (C�O, C−O, C−�
O), which are similar to the deconvolution of the C 1s signal.
Moreover, a small amount of titanium oxide is detected, which
stems from the Ti primer used during the film spin-coating
process (see Experimental Section).

The F 1s spectra, shown in Figure 7, do not show any
significant differences between the pristine and plasma-treated
samples, indicating the unchanged presence of the functional
groups of Teflon AF1600 (Figure 8). This finding is consistent
with the observation that the ratio of CF2/O−C−O/O−C−F to
CF3 in the C 1s spectra remains constant.

The results of the quantification analysis are shown in Table 1,
revealing a slight decrease in the F and parallel a slight increase in
the O concentration (less than 4%). A similar XPS result of
PTFE treated by oxygen plasma treatment is revealed by
Vandencasteele and Reniers, showing a slight increase of O (less
than 5%).43

Figure 5. (a) The advancing (triangle points) and receding CA (rectangular points) as a function of the plasma energy atT = 25 °C. The points in black
represent the θadv and θrec on pristine Teflon AF1600.3 Points in other colors represent CAs on the oxygen plasma-treated surface with different
treatment parameters, and the color coding is identical to that shown in Figure 1. (b) Representative image of water droplets on surfaces treated with a
plasma energy of 1 kJ: θadv = 114.7°; (c) plasma energy of 3 kJ: θadv = 159.2°; (d) plasma energy of 6 kJ: θadv = 170.2°; (e) plasma energy of 6 kJ: θrec =
132.5°. The black bar represents 1 mm. Part of the data (on pristine surfaces) are reproduced from [Temperature Dependence of Water Contact Angle
on Teflon AF1600]. Copyright [2022] American Chemical Society.
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In the previous discussion, we have shown that the receding
CAs on the plasma-treated surfaces with energies of 4.5 and 6 kJ
are in agreement with the Wenzel equation. This applicability
indicates that the surface has very similar functional groups after
oxygen plasma treatment, so that the receding CA on the
plasma-treated surfaces can be calculated based on the receding
CA on the pristine surfaces (see Wenzel equation, eq 2).
Alongside the XPS experimental results, it is reasonable to
assume that the oxygen plasma treatment with energy of higher
than 4.5 kJ has a limited impact on the chemical compositions
and predominatly modifies the topographies of the Teflon
AF1600 surfaces.

However, it is important to note that the XPS results are not
able to explain the enhanced hydrophilicity in the first and
second regimes, where low advancing and zero receding CA, and
super high advancing but zero receding CA are exhibited. In the

following, the wetting behavior in the third regime of super high
advancing and high receding CA is discussed.
Friction-Adsorption Model. According to the FA model,

the advancing and receding CA are written as3,4

Fcos cosla adv la Y fmax· = · (3)

and

F Fcos cosla rec la Y ad fmax· = · + + (4)

where the γla is the liquid−air interface tension, Ffmax is the
friction force limit, and θY is the Young’s CA. The Ffmax on the
pristine surface is experimentally determined by previous papers,
as Ffmax = 3.15 ± 0.19 mN/m.3,4 θY is described by the force
equilibrium at the triple line by the three interface tensions.45

Combining the advancing and receding CA eqs (eqs 3 and 4),
we get

Figure 6. (a) C 1s, (b) O 1s XPS. From top to bottom: pristine Teflon AF1600, and plasma-treated surface by oxygen plasma energy of 1, 2, and 6 kJ,
respectively.
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F F(cos cos ) 2la adv rec ad fmax· + = · (5)

It is observed that the Ffmax is independent of temperature, while
all other parameters are temperature-dependent.3,4 Among
these parameters, the liquid−air interface tension, γla(T), is well-

known46 and verified by some of our own experiments. θadv(T)
and θrec(T) were experimentally determined. The temperature-
dependent Fad(T) is assumed to be identical to that of pristine
Teflon AF1600, as3,4

F T F T T( ) (1 ( ))ad 25 25= · · (6)

with F25 = 4.95 mN/m, α = 0.0182(1/K), and T25 = 25 °C.
Details can be found in the authors’ previous publications.4

In order to determine the temperature-independent Ffmax, we
performed CA measurements at different temperatures on
representative plasma-treated surfaces, which exhibit super high
advancing and high receding CAs. The results of θadv(T) and
θrec(T) are shown in Figure 9, indicating a constant trend with

temperature in the investigated range of 25 to 80 °C. With the
known γla, Fad, and (cos θadv − cos θrec), the Ffmax is calculated
based on the eq 5. Figure 10 depicts the results of γla·(cos θadv −
cos θrec) (dashed line), as well as the calculated value of γla·(cos
θadv − cos θrec) + Fad, which is theoretically equal to −2·Ffmax
(solid line). The results distinctly indicate a significant
enhancement in the friction force limit (Ffmax) following plasma
treatment. For nanoscaled pillar-like structure presented
surfaces, Ffmax maintains a consistent trend with a slight
variation: 9.7 ± 0.49 and 9.1 ± 0.37 mN/m for surfaces treated
with 5 and 6 kJ. However, the transformation of the resulting
structures from pillar-like to fiber-like, achieved by plasma
treatment with an energy of 7 kJ, leads to a reduction in Ffmax to
7.2 ± 0.36 mN/m. A further increase in plasma energy to 8 kJ
results in a remarkable rise in the friction force limit (Ffmax) to
15.7 ± 0.43 mN/m, believed to be due to the more predominant
pinning sites.

Figure 7. F 1s XPS. From top to bottom: pristine Teflon AF1600, and
plasma-treated surface by oxygen plasma energy of 1, 2, and 6 kJ,
respectively.

Figure 8. Chemical formula of Teflon AF1600. m, n are mole mass
fractions of TFE (65% mol) and PDD (35% mol), respectively.

Table 1. Surface Composition of Pristine as well as Plasma-
Treated Teflon AF1600. T1, T2, and T6 Represent the
Sample Treated with an Oxygen Plasma Energy of 1, 2, and 6
kJ

sample atom %C atom %F atom %O

pristine 41.1 48.3 10.6
T1 41.5 46.1 12.4
T2 41.4 46.1 12.5
T6 41.2 44.0 13.9

Figure 9. Advancing (triangular points) and receding CAs (rectangular
points) of Teflon AF1600 surfaces treated with plasma energies
between 5 and 8 kJ as a function of temperature. (blue: 5 kJ, red 6 kJ,
green 7 kJ, gray: 8 kJ). The dashed lines are guides for the eyes.
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Figure 10. Measurement results of γla·(cos θadv − cos θrec) (dashed line) and calculated −2·Ffmax (solid line) on surfaces treated with different oxygen
plasma energies as a function of temperature. Part of the data (on pristine surfaces, 0 kJ) are reproduced from [Temperature Dependence of Water
Contact Angle on Teflon AF1600]. Copyright [2022] American Chemical Society.

Figure 11. EW response on oxygen plasma-treated surface with the energy of (a) 5, (b) 6, (c) 7, and (d) 8 kJ. The arrows indicate that the applied
voltage is increased from 0 to 60 V and then decreased back to 0 V with a voltage change of 1 V/s.
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Electrowetting on Plasma-Treated Surfaces. EW
experiments are performed on our Teflon AF layers, as described
in detail in a previous paper.3 Starting with zero voltage, the CA
θstart can be any value between the limits of the advancing and
receding CA. With increasing voltage, the CA remains constant,
as long as the electrical force Fel = c·U2/2 is smaller than the
friction force limit Ffmax. When Ffmax is reached, the triple line
moves in the advancing direction and the CA follows the
advancing CA which is described by the FA model

F Fcos cosla adv la Y fmax el· = · + (7)

When decreasing the applied voltage, the CA first stays
unchanged due to the existence of the friction force and then
follows the receding CA described by

F F Fcos cosla adv la Y fmax ad el· = · + + + (8)

Details of CA hysteresis during electrowetting can be found in
authors’ previous work.4

The results of calculated θadv(U) and θrec(U) are shown in
Figure 11 by the red and blue solid lines, respectively, and the
experimental results are shown by the black hollow points. When
applying an increasing voltage, the CA stays constant first and
then follows the advancing CA line. This trend is visible in
Figure 11a,b, for the samples which exhibit pillar-like surface
structures due to oxygen plasma treatment with energies of 5 and
6 kJ. On surfaces that are treated with higher plasma energies
(>6 kJ), the CA is subjected to additional stick−slip phenomena,
as shown in Figure 11c,d. The CA stays unchanged when the
voltage is increased after reaching the advancing line. This is the
so-called stick phase. Then, the CA jumps to another value,
which is the so-called slip phase. Although the FA model does
not account for the stick−slip phenomena, it successfully
predicts the CA after each slipping. This can be observed in
Figure 11c,d, where the CAs jump to the advancing CA line
following each stick phase. One probable interpretation for the
stick−slip phenomena is that the fiber-like structures (see Figure
2) with their undercuts act as pinning sites, leading to the
alternated stick and slip phases.47

When the applied voltage is decreased, the CA should remain
constant until the receding CA line is reached and then follow
the receding CA line. In the experimental results (Figure 11),
however, this behavior is not visible. The CA remains constant
until zero voltage, with a θrec value smaller than that predicted by
the FA model. The reason might be that the nanoscaled
structures have a strong trapping effect on ions, and therefore
result in an unchanged CA when reducing the voltage.

■ CONCLUSIONS
In this study, we investigated the surface properties of Teflon
AF1600 after oxygen plasma treatment with different parame-
ters. The results demonstrate that the oxygen plasma treatment
predominantly leads to linear material removal, directly
correlated with the applied plasma energy, and induces the
formation of nanoscale features on the surface, while the main
chemical functional groups remain unchanged. As a conse-
quence, the CAs on plasma-treated surfaces exhibit various
wetting behaviors depending on the plasma energy: low
advancing and zero receding CA, super high advancing and
zero receding CA, and super high advancing and high receding
CA.

The applicability of the Cassie−Baxter and Wenzel equations
for describing the CAs on these plasma-treated surfaces is

limited. The droplet when measuring the quasi-static advancing
CA is in the Cassie−Baxter state, but the θadv results indicate that
the equation is not applicable due to the discontinuous pillar-
and fiber-like nanoscaled structures. On the other hand, the
Wenzel equation could not be used to predict the receding CA
on surfaces with fiber-like structures due to the inability to
measure the area ratio resulting from undercuts structures.

We utilized our previously proposed FA model, assuming that
the adsorption contribution (Fad) of the plasma-treated Teflon
AF1600 surface is identical with that of the pristine surface. The
changed surface topography contributes to the enhancement of
the friction force limit (Ffmax). Consequently, the wetting
behavior of plasma-treated surfaces can be described by the FA
model without any factors related to the structure-area-related
parameters (r and fsolid) or the wetting states.

Additionally, we validated the accuracy of the FA model
through EW experiments. The experimental results of the CAs,
obtained by increasing the applied voltage, are in good
agreement with the predictions of the FA model. However,
the EW-CA stays unchanged when the voltage is decreased from
the applied high level. This might be due to the strong trapping
effect of the surface structures on the ions.

It is important to note that the FA model is successfully
applied to the plasma-treated surfaces, which exhibit super high
advancing and high receding CA (energy ≥4.5 kJ). The
enhancement of the hydrophilicity in the first and second CA
regimes is unclear and could not be explained by XPS or the
topography results. Further investigation should be conducted
for the first two regimes.
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