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Abstract

This study employed atmospheric plasma (AP) pretreatment to enhance the hydrophobicity of polytetrafluoroethylene
(PTFE) thin films. When a PTFE thin film was deposited on the substrate pretreated with AP, the deposition followed the
Frank-van der Merwe mode at hydrophilic regions and the Volmer—Weber mode at hydrophobic regions, thereby causing
the PTFE thin film to have continuous bumps. In accordance with the Wenzel and Cassie equation, increasing the surface
roughness of hydrophobic materials increased their hydrophobicity. The water contact angle increased from 100° to 110°
after deposited PTFE thin film on substrate pretreated with AP. Finally, the water contact angle further increased to 115°
after annealed in nitrogen gas. A salt spray test demonstrated that the hydrophobic PTFE thin film had excellent corrosion
resistance and stability. This hydrophobic film preparation technology can be used for the protective film of electronic

device, sensor, solar cell and so on.
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1 Introduction

Water contact angle can be hydrophilic or hydrophobic. Con-
tact angles of less than 10°, 10°-90°, 90°-120°, and greater
than 120° are super hydrophilic, hydrophilic, hydrophobic,
and superhydrophobic, respectively. Hydrophobic surfaces
are extensively applied in glass, stainless steel and metals
to repel water and prevent corrosion or staining [1-5]. The
hydrophobicity of a surface can be increased by the follow-
ing two methods. The first method involves coating the sur-
face with a thin film containing CF or CH functional groups,
ensuring low surface tension. This method is simple and can
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be performed quickly. However, it yields only a small range
of hydrophobic water contact angles. Common examples
include polystyrene, polymethyl methacrylate, polylactic
acid, and polytetrafluoroethylene (PTFE) [6, 7]. The second
method involves roughening the surface of thin films. For
example, E. Fadeeva et al. mimicked the surface texture of
lotus leaves and used laser etching to engrave a titanium
surface to prepare a dual-layer micro nano superhydropho-
bic structure [8]. The downside of this approach is that laser
etching is expensive. Another technique, which involves
the use of photolithography or electron beam lithography,
produces excellent hydrophobic results but is not suitable
for large surfaces or mass production [9, 10]. Therefore, the
aforementioned two methods must be integrated to achieve
superhydrophobic thin films.

PTFE is a synthetic fluoropolymer that exhibits excel-
lent chemical stability because of its multiple stable [-(CF,
)], bonds (485 kJ/mol) [11]. PTFE thin films, which are
hydrophobic and have anti-icing properties, can be found
in sensor, solar cell, electronics, wires, cables and textiles
[12-16]. PTFE’s hydrophobic characteristics have been
extensively studied. Hydrophobic PTFE technology is
mature and stable. The present study prepared PTFE thin
films with hydrophobic surfaces. A substrate is pretreated
with atmospheric plasma (AP) which does not require a
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vacuum chamber for reactions. Furthermore, AP is envi-
ronmentally-friendly and low-cost because the main reac-
tants of AP are inert gases, such as nitrogen and helium,
thereby minimizing the generation of additional pollution
during preparation. AP is primarily used to efficiently graft
functional groups onto substrates. Functional groups can be
generated from the plasmas of normal air, nitrogen, argon,
oxygen, and helium, eliminating the need for conventional
wet chemical reactions [17]. This again makes AP an envi-
ronmentally-friendly and convenient technique.

This study investigated whether AP could increase the
hydrophobicity of a PTFE thin film. Because N, and O,,
which are readily available from the air, are used as reac-
tants, this method is deemed suitable for mass production.
A substrate is pretreated with a metal shadow mask that
is holed at regular intervals so that uncovered areas of the
substrate could be grafted with hydrophilic OH functional
groups through AP surface modification. When the PTFE
film is deposited, it will show continuous periodic bumps.
The change of the surface morphology increases the sur-
face roughness and reduces the surface energy. Few studies
have explored the effects of intermittent AP pretreatment
of a substrate surface on the performance of a hydropho-
bic PTFE thin film. Therefore, this study investigated the
surface morphology, surface roughness, and water contact
angle of the PTFE thin film deposited on substrates intermit-
tently pretreated with AP. The effects of different shadow
mask opening rates and PTFE annealing processes are also
explored.

2 Experiment

First, this study designed a rectangular stainless steel shadow
mask (1 cm 1 cm) with intermittent openings. The spacing
between the openings was set at 0.02 cm, and the opening
rates were 20% (Mask 1), 30% (Mask 2), 40% (Mask 3),
and 50% (Mask 4). Next, the study used a solution contain-
ing deionized water, alcohol, and acetone to wash a glass
substrate (Corning Eagle XG; area: 1 cm , 1 cm, thickness:
0.7 mm, mean visible light transmittance: 90%) in an ultra-
sonic cleaner for 10 min. The study then used nitrogen gas
(purity: 99.99%) to dry the glass substrate. Afterward, the
metal shadow mask was attached to the glass substrate for
AP pretreatment with current and inlet pressure of 5 A and
1.5 MPa, respectively. The study used a track to move a
nozzle back and forth 1 cm/s along the x-axis 10 times for
surface AP pretreatment, which lasted 20 s. Afterwards, the
pretreated glass substrate was placed in a radio-frequency
(13.56 MHz) sputtering system that had a background pres-
sure of 5 ptorr. A two-inch PTFE (99.99 wt%) block was
used as the sputtering target. The temperature, pressure,
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and argon flow parameters during sputtering were 30 °C, 5
mtorr, and 30 sccm, respectively. Various sputtering powers
(140, 160, 180, and 200 W) were used to deposit hydro-
phobic PTFE thin films. The thickness of the hydrophobic
thin films was maintained at 20 nm. Finally, the PTFE thin
films were annealed in nitrogen gas at different temperatures
(100, 200, 250, and 300 °C) for 1 h and then cooled in nitro-
gen gas until they were 50 °C.

In this study, the surface morphologies of the PTFE
films were analyzed using field-emission scanning electron
microscopy (FE-SEM; JEOL JSM-7000 F) at an accelerat-
ing voltage of 15 kV. The surface roughness and thickness
of the PTFE films were examined using surface profilom-
eter (EZSTEP; force precision instrument, scan speed
100 pm/sec). The PTFE film water contact angles was mea-
sured at room temperature using a contact angle meter by
the sessile drop method (FIBRO System, TQC Sheen Fibro
PGX + Pocket Goniometer). The functional group of PTFE
films were identified by Fourier transform infrared spectros-
copy (FTIR, Spectrum one, Perkin-Elmer, USA). The salt
spray test standard was based on the ASTM B-117 specifi-
cation of the American Institute of Materials Standards. The
solution was used 5% salt water solution with pH value in
the range of 6.5 to 7.2 and keep the test temperature at 50°C
for 3 days.

3 Results and discussion

Figure 1 shows the deposition mechanism of PTFE thin
film deposited on the AP pretreated substrate. Areas pre-
treated with AP became super hydrophilic (Fig. 1(b)),
whereas areas not pretreated with AP remained hydrophobic
(Fig. 1(a)), causing the substrate to become partially hydro-
phobic and partially hydrophilic (Fig. 1(c)). If a surface has
tiny bumps, hydrophilic surfaces become more hydrophilic,
whereas hydrophobic surfaces become more hydrophobic
[18]. When a PTFE thin film is deposited on the pretreated
substrate, the deposition at hydrophilic regions follows the
Frank-van der Merwe (FM) mode and the surface becomes
continuous and flat (Fig. 1(b)) [19]. Whereas the thin film
deposition at hydrophobic regions follows the Volmer—
Weber (VW) mode and has an island-like nucleation mech-
anism that makes the surface coarser (Fig. 1(a)) [20]. The
result is continuous bumps across the surface when a PTFE
thin film is deposited on the substrate.

Scanning electron microscopy (SEM) and energy-dis-
persive X-ray spectroscopy (EDS) images of the PTFE thin
films deposited at different sputtering powers (140, 160,
180, and 200 W) are shown in Fig. 2. At 140 W, the content
of carbon and fluorine in the PTFE thin film were 75.9% and
24.1%, respectively (Fig. 2a). This indicates that the fluorine
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Fig. 1 The thin film deposi-
tion mechanism of substrate (a)
without AP treatment, (b) AP
treatment and (c¢) AP treatment
with shadow mask
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Fig.2 SEM surface morphologies
and EDS analysis of PTFE film at
different working power of sput-
tering (a) 140 W, (b) 160 W, (¢)
180 W and (d) 200 W

Weight%

Atomic% [

C 66.5 75.9

33.5 24.1

Element | Weight% | Atomic%

C 33.1 43.8

F 66.9 56.2

content is lower when the sputtering power is lower, caus-
ing the PTFE thin film to have less hydrophobic C-F func-
tional groups. At 160 W, the content of carbon and fluorine
in the PTFE thin film were 43.8% and 56.2%, respectively
(Fig. 2b). PTFE is a non-conductive material, large power
is required to effectively deposit the material during sput-
tering. The main elements of PTFE are carbon and fluorine.
During sputtering, carbon has a lower atomic number and
is easier to be deposited by sputtering, while fluorine has a
larger atomic number and requires greater energy for sput-
tering. The fluorine content increased considerably, suggest-
ing that the PTFE thin film is more hydrophobic because
it had more hydrophobic C-F functional groups. The water
contact angles of the PTFE thin films deposited at 140, 160,
180, and 200 W are 48°, 76°, 100°, and 91°, respectively
(Fig. 3). When the sputtering power is 140 W, the PTFE thin
film had less hydrophobic C-F functional groups and weaker

AP treatment with shadow mask

Weight% | Atomic%

Element

58.9 69.4

30.6

41.1

Weight% | Atomic%

30.1 41.9

69.9

58.1

hydrophobicity. Because fluorine atoms are not easily to
deposited at low power by sputtering. When the sputtering
power is 180 W, the PTFE thin film is more hydrophobic
and had more C-F functional groups because the content of
fluorine increased from 24.1 to 56.2%. Therefore, this study
speculated that the fluorine content is a key factor affecting
the hydrophobicity of PTFE thin films.

SEM and EDS images of the PTFE thin films deposited on
substrates pretreated with AP under different shadow masks
are shown in Fig. 4. The power, temperature, pressure, and
argon flow parameters during sputtering are 180 W, 30 °C,
5 mtorr, and 30 sccm, respectively. The content of carbon
and fluorine dose not vary greatly after different shadow
masks are used for AP pretreatment. The contents of car-
bon and fluorine are 42.5-43.8% and 56.2-57.5%, respec-
tively. Therefore, after AP plasma pretreatment, the partially
hydrophilic and partially hydrophobic glass substrate does
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Fig.3 Water contact angle - -
analysis of PTFE film at different 140 W 1 60 W

working power of sputtering (a)
140 W, (b) 160 W, (¢) 180 W and
(d) 200 W
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Fig.4 SEM surface morphologies
and EDS analysis of PTFE film
with different opening rate of AP
pretreatment (a) 20%, (b) 30%,
(¢) 40% and (d) 50%

Weight%| Atomic%

C 32.8 43.8

67.2 56.2

Element

Weight% | Atomic%

C 32.1 42.8

F 67.9 57.2

not affect the chemical composition of the PTFE thin film.
SEM analysis of the surface of the thin films revealed that
as the opening rate changed from 20 to 50%, the surface
of the thin films formed crystals of different sizes because
after AP pretreatment, the density of hydrophilic regions
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and hydrophobic regions on the glass substrate increased,
thereby increasing the density of the deposition following
the FM and VW modes on the PTFE thin films.

The roughness of the PTFE thin films deposited on
substrates pretreated with AP through shadow masks with
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Fig.5 Surface profilometer analysis of PTFE film with different open-
ing rate of AP pretreatment (a) 20%, (b) 30%, (¢) 40% and (d) 50%

different opening rates by surface profilometer analysis
shown in Fig. 5. The initial surface roughness of the PTFE
thin films is 0.8 nm. After AP pretreatment under shadow
masks with opening rates of 20%, 30%, 40%, and 50%, the
surface roughness values Ra of the PTFE thin films are 10.9,
13.5, 14.4, and 11.2 nm, respectively. The surface rough-
ness values Rq of the PTFE thin films are 13.8, 18.3, 18.6,
15.0 nm, respectively. The results demonstrated that the
surface roughness of the PTFE thin film increased as the
opening rate increased. The Wenzel and Cassie equation is
as follows [18]:
cosf=t (rcosf,+1) -1

where 6, is the initial water contact angle of the material
surface, r is the surface roughness, and ¢ is the material sur-
face area. A hydrophobic material will become more hydro-
phobic if its surface becomes coarser, whereas a hydrophilic
material will become more hydrophilic if its surface
becomes coarser. This study referenced the aforementioned

Fig. 6 The water contact angle of (a) Mask 1
PTFE film with different opening og2cm

rate of AP pretreatment (a) 20%, IIIIII I

(b) 30%, (c) 40% and (d) 50%
lcm

Opening rate 20 %

(c) Mask 3

0.02cm 0.065 cm
I II: 0.02¢cm

Opening rate 40 %

0.02em 0.15cm
EEEEE

principle and discovered that the glass substrate pretreated
with AP changed the deposition mechanism of the PTFE
thin film, thereby changing the roughness of the thin film
and facilitating increased hydrophobicity.

The water contact angles of the PTFE thin films depos-
ited on substrates pretreated with AP under different shadow
masks are shown in Fig. 6. The black and white regions in
the figure are areas not pretreated and pretreated with AP,
respectively. When Mask 1, Mask 2, Mask 3, and Mask 4
are used, the water contact angles of the PTFE thin films
are 94°, 102°, 110°, and 81°, respectively. Without AP pre-
treatment, the water contact angle of the PTFE thin film is
100°. The area pretreated with AP under Mask 1 was 20%,
so the density of hydrophilic and hydrophobic regions on
the glass substrate is low. Although the surface roughness
increased from 0.8 nm to 10.86 nm, the material surface
area (t) is too great and caused the water contact angle to
decrease from 100° to 94°. When Mask 2 and Mask 3 are
used, the water contact angle increased as the area pre-
treated with AP increased. The density of hydrophilic and
hydrophobic regions increased, thereby decreasing the
material surface area (f). Furthermore, the surface rough-
ness of the hydrophobic thin film increased from 0.8 nm to
13.5 nm (Mask 2) and 14.4 nm (Mask 3). As the material
surface area decreased and the surface roughness increased,
the hydrophobicity increased. However, when the opening
rate pretreated with AP increased to 50%, the water contact
angle decreased greatly. Although the surface roughness
(r) increased from 0.8 nm to 11.2 nm, the material surface
area decreased greatly and caused the hydrophobicity of the
PTFE thin film to decrease. In order to facilitate observation
a cross section image of the PTFE thin film with 150 nm
is deposited on glass substrate with AP pretreatment under
Mask 3 is shown in Fig. 7. The pretreated area is hydro-
philic and caused the deposition of the PTFE thin film to
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without AP treatment AP treatment

100 nm

Fig.7 SEM section morphology of PTFE film of AP pretreatment

(a) 100 °C (b) 200 °C
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Fig. 8 Water contact angle analysis of PTFE film with 40% opening

rate of AP pretreatment at different annealed temperature (a) 100°C,
(b) 200°C, (¢) 250°C and (d) 300°C

s

115°

follow the FM mode; the thin film is continuous and flat.
The untreated area is hydrophobic and caused the deposi-
tion to follow the VW mode. Because island-like nucleation
occurred, the surface of the thin film is coarse. Therefore,
AP pretreatment of substrates changes the deposition of the
hydrophobic thin film and further increases the hydropho-
bicity of the thin films.

The water contact angles of the PTFE thin films depos-
ited on glass substrates pretreated with AP under Mask 3
and annealed in nitrogen gas are shown in Fig. 8. When
the annealing temperatures are 100, 200, 250, and 300 °C,
the water contact angles are 110°, 112°, 115°, and 98°,
respectively. The results demonstrated that the water con-
tact angle of the PTFE thin film increased as the annealing
temperature increased, possibly because the annealing pro-
cess caused the thin film to become denser and have more
consistent crystals, which are both conducive for enhanced
hydrophobicity. However, when the annealing temperature
is 300 °C, the water contact angle decreased from 115°
to 98°. This study used a surface profiler and discovered
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Fig. 9 FTIR analysis of PTFE film with 40% opening rate of AP pre-
treatment at different annealed temperature (a) 100°C, (b) 200°C, (c¢)
250°C and (d) 300°C

that the roughness before and after annealing at 300 °C are
14.4 nm and 11.2 nm, respectively. This result indicated that
the higher annealing temperature damaged the FM and VW
deposition of the thin film, decreased the surface roughness
of the thin film, and increased the surface area, resulting in
poorer hydrophobicity.

The FTIR spectroscopy of PTFE thin films as a function
of annealing temperature are shown in Fig. 9. The peaks at
1217 and 1365 cm™! are originate from CF, bonds [21]. The
peak at 1738 cm™! belong to C=0 bond [22]. The weak
peaks at 2970 and 3455 cm™ ! are related to N-H bonds and
O-H stretching, respectively [21]. The CF, bonds are the
key to affecting hydrophobicity and the strong CF, bonds
peak of PTFE film is annealing at 250 °C. However, when
the annealing temperature is 300 °C, the CF, bonds peak
decrease and C=0 bond peak increase. In this way, the
water contact angle is decrease to 98° because the CF,
bonds peak decrease. The C=0 bond is increase with tem-
perature but does not help increase hydrophobicity. The
N-H bond is produced due to nitrogen annealing. The results
indicated that the water contact angle of PTFE thin films are
proportional to the surface roughness and CF, bonds. The
mean visible light transmittance and water contact angle
of a PTFE thin film under a salt spray test at 50 °C for 3
days are shown in Fig. 10. The light transmittance of the
hydrophobic thin film remained virtually unchanged at 78%
+ 0.07%, and the water contact angle remained at 115° +
0.584°. These results further demonstrated that the PTFE
thin films developed in this study had excellent hydropho-
bicity and stability.
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Fig. 10 (a) transmittance and (b) water contact angle of PTFE film
with salt spray test at 50°C for 3 days

4 Conclusions

This study used AP pretreatment to increase the hydropho-
bicity of PTFE thin films by designing a shadow mask that
opened intermittently so that the glass substrate is partially
hydrophobic and partially hydrophilic. When a hydrophobic
PTFE thin film is deposited on the glass substrate pretreated
with AP, the deposition of the thin film followed the FM
mode at hydrophilic regions and followed the VW mode at
hydrophobic regions, resulting in continuous bumps on the
surface of the PTFE thin film, thereby increasing hydropho-
bicity. The water contact angles of the PTFE thin films when
the sputtering power values were 140, 160, 180, and 200 W
are 48°, 76°, 100°, and 91°, respectively. When the sput-
tering power values are 140 and 180 W, the proportions of
fluorine are 33.5% and 56.18%, respectively. Therefore, this
study speculated that fluorine content is a key factor affect-
ing the hydrophobicity of the PTFE thin film. The surface
roughness of the PTFE thin films deposited on substrates
pretreated with AP under shadow masks with opening
rates of 20%, 30%, 40% and 50% are 10.9, 13.5, 14.4 and
11.2 nm, respectively. This result demonstrated that the
surface became coarser as the opening rate increased. By
measuring the water contact angle, this study found that an
opening rate of 40% yielded an optimal water contact angle
of 110°. When the PTFE thin film was annealed in nitro-
gen gas, the water contact angle further increased to 115°.
Finally, this study performed a salt spray test and discovered
that the mean visible light transmittance and water contact
angle of the PTFE thin film remained at 78% + 0.07% and
115° + 0.584°, respectively. The results demonstrated that
intermittent AP pretreatment increases the hydrophobicity
and reliability of the PTFE thin film, making it suitable as
protective coating for electronic device, optical lenses and
precision machinery.
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