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Abstract

The physical property changes in the plasma-polymerized fluorocarbon (PPFC) thin

films near the melting temperature (Tm) were investigated through chemical structure

analysis. The PPFC thin films, produced by semi-crystalline polytetrafluoroethylene

(PTFE)-based polymer sputtering target, form amorphous polymers with outstanding

properties, such as high water repellency and high optical transmittance, electrical insu-

lation, and chemical resistance. Interestingly, in-situ X-ray photoelectron spectroscopy

analysis revealed that the PPFC thin films maintained their physical properties at tem-

peratures above the Tm in vacuum and exhibited properties similar to those of bulk

PTFE while maintaining amorphous structure. Therefore, this thin film can be applied

to various devices and surface coatings manufactured at high temperatures.

K E YWORD S

melting temperature, polytetrafluoroethylene, plasma-polymerized fluorocarbon, sputtering,
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1 | INTRODUCTION

Polymers are widely used basic materials in household items, such as

kitchen equipment, packaging containers, and hygiene products,

because commodity polymers, such as polyethylene, polypropylene,

and polyurethane, are inexpensive and easy to process and mass-pro-

duce.1 Further, it also can be used in high-tech industries, such as the

automotive, electric power, electronics, and aerospace industries.

However, most commodity polymers have low thermal properties

because their glass transition temperatures and melting temperature

(Tm) is less than 100�C. In addition, products and parts used in high-

tech industries are exposed to harsh environments (e. g., high

temperature, high pressure), requiring polymers with high thermal

properties, high hardness, and strong chemical resistance.

High-heat-resistant polymer materials are classified as super-

engineering plastics include polyimide, polyether ether ketone, and

fluoropolymer.2 Polytetrafluoroethylene (PTFE) is a semi-crystalline

fluoropolymer with superb chemical resistance, a low friction coeffi-

cient, a low surface energy, and dielectric properties.3–5 Further-

more, PTFE has remarkable thermal stability owing to its high Tm

(340�C) and maintains its physical properties over a wide tempera-

ture range (�260�C to 260�C); therefore, it is widely used, from

industrial machinery to cutting-edge semiconductors and the aero-

space industries.3,6–8 In the coating industry, PTFE is also used as a

surface protective film.9–16 Typically, a protective PTFE film is

applied by painting on the surface, heating at a constant tempera-

ture. However, owing to the low surface energy of PTFE (e.g., lowEunmi Cho and Sehwan Song have contributed equally to this work.
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adhesion to the substrate), it is difficult to apply the coating on the

various kinds of materials.

Recently, plasma-polymerized fluorocarbon (PPFC) thin films depo-

sition using sputtering processes has considerable attention to replacing

conventional PTFE coatings because that the process is an

environmental-friendly coating method (unlike a chemical vapor deposi-

tion method using toxic gas), capable of fabricating high-quality poly-

mer thin films with a high density in a nanometer-scale thickness.17–25

In general, radio frequency (RF) sputtering is widely used when thin

PPFC thin films are deposited using PTFE targets.26 Recently, a mid-

frequency (MF) sputtering method has been adopted to deposit PPFC

thin films using reactive sputtering with conductive targets instead of

using RF sputtering.27 The MF sputtering system typically using 20–

80 kHz frequency generator that reduce signal reflection without addi-

tional matching box and improves the sputtering efficiency in a reactive

sputtering process. In this study, we fabricated composite PTFE targets

containing carbon nanotube (CNT) to impart an electrical conductivity

to polymer targets and deposited PPFC thin films by using MF sputter-

ing with the CNT–PTFE composite targets.

In general, polymers with a crystallinity of approximately 25% or

higher are classified as semi-crystalline polymers. Polytetrafluoroethy-

lene is a semi-crystalline polymer with a relatively high crystallinity

(92%–98%).3–5,28 However, PPFC thin films fabricated by sputtering of

a bulk PTFE target are amorphous.19,29,30 The physical properties of

PPFC thin films with an amorphous structure exhibit similar to those of

PTFE, such as high water repellency,31 electrical insulation, chemical

resistance, and thermal properties at room temperature. In addition, it

has been reported that PPFC thin films produced by sputtering have

excellent adhesion to the substrate, good uniformity of nanometer-

level thickness, a smooth surface, high transparency in the visible light

region (unlike opaque bulk PTFE), and high hardness and modulus supe-

rior to those of bulk PTFE.29,32–34 These extraordinary properties of

PPFC thin films allow extending the usage areas where conventional

PTFE coatings cannot be applied, such as flexible displays, solar cells,

antireflection coatings for automobile and building glasses, and self-

cleaning films.35–37 However, studies on the thermal properties of

PPFC thin films fabricated by sputtering of a bulk PTFE target have

only been reported up to 300�C, and there are no reports on thermal

properties near the Tm.
38,39 Consequently, it is difficult to apply to

high-temperature environments. In particular, to apply PPFC thin films

to high-tech components (such as displays and semiconductors) that

generate significant heat inside the devices, it is essential to understand

how the physical properties of PPFC thin films vary with temperature.

In this study, PPFC thin films prepared by MF sputtering of CNT–

PTFE targets were treated at 300–400�C (which encompasses the Tm

of PTFE) to analyze the structural properties, optical properties, and

surface wettability at elevated temperatures, and the results were com-

pared with those of bulk PTFE. The chemical structures of the interior

and the surface of the thin films near the Tm were analyzed by Fourier-

transform infrared spectroscopy (FT-IR) and X-ray photoelectron spec-

troscopy (XPS), respectively, without performing thermal analysis such

as thermogravimetric analysis and differential scanning calorimetry.

Furthermore, in-situ XPS analysis was performed to examine annealing

environments dependence. As a result, despite structural differences,

PPFC thin films had very similar thermal properties to bulk PTFE.

Therefore, they can be applied in the high-temperature environments

where PTFE coatings are currently applied and in fields requiring high

optical transparency and self-cleaning, such as displays and solar cells.

2 | EXPERIMENTAL

2.1 | PPFC thin film and bulk PTFE preparation

The composite targets are comprising CNTs (K-nanos 200P, 5–15 μm

powder size, Hanwha Chemical) and PTFE (TF-1750, 25 μm powder size,

Dyneon) with a mass weight ratio of 5:95. PPFC thin films were fabri-

cated by MF sputtering. The sputtering chamber was evacuated using

mechanical and cryogenic pumps to a base pressure of 5.0 � 10�6 Torr.

The working pressure during sputtering was 1.5 � 10�3 Torr. Pure Ar

gas was used as the sputtering gas, and its flow rate was controlled using

a mass flow controller. The distance between the target and the sub-

strate was 240 mm. PPFC thin films were fabricated at a power of

300 W using a dual-cathode MF power supply (PE II, 40 kHz frequency,

Advanced Energy). Glass (25 � 25 mm2, 0.7 T, Eagle glass, Corning) and

Si wafers (5 � 10 mm2, WSI0PR0029, iTASCO) were used as substrates.

For comparison, the bulk PTFE (TF-1750, Dyneon) was also prepared

with dimensions of 5 � 10 � 1 mm3.

2.2 | Thermal treatment procedure

The bulk PTFE and PPFC/glass samples were placed in a furnace and

heated to 300, 320, 340�C, 360�C, 380�C, and 400�C in air. As shown

in Figure 1, the temperature was increased at 5�C/min up to the tar-

get temperature, where it was maintained for 1 h before it was low-

ered at 5�C/min to room temperature.

In-situ XPS (AXIS SUPRA, Kratos) was used to investigate the evolu-

tion of the chemical bonding structure of the PPFC thin films in vacuum

with an increasing temperature. The XPS chamber was evacuated to a

base pressure of �10�8 Torr, and Al Kα (1486.6 eV) monochromatic X-

rayswere usedwith an accelerating power of 225 W. The charge neutral-

izer was used to cancel the charge of X-ray collision on the thin film sur-

face. The substrate was heated to the corresponding temperature for 1 h

under the same conditions as those for the experiments performed in air.

2.3 | Characterization of PPFC thin films after
thermal treatment

The transmittance and reflectance of the PPFC thin film coated on

the glass substrate were measured using an ultraviolet–visible (UV–

Vis) spectrophotometer (U-4100, Hitachi). The water contact angle

(WCA) was measured using a contact angle tester (Phoenix 300 Touch,

Surface Electro Optics) with 5 μl deionized water. The surface of the

substrate was observed using an optical microscope (VK-X200K,
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Keyence). The chemical structures of the thermally treated bulk PTFE

and PPFC/glass samples were also analyzed by XPS (AXIS NOVA, Kra-

tos). The XPS measurement vacuum degree was 10�9 Torr, and the

characteristic X-ray was Al-Kα (1486.6 eV). X-rays were generated by

applying an electric field with an acceleration voltage of 15 keV and

an acceleration current of 10 mA. The chemical bonding states of the

thermally treated samples were investigated by FT-IR spectroscopy

between 400 and 4000 cm�1. The bulk PTFE was analyzed in trans-

mission mode (IFS-66/s, Bruker), and a PPFC thin film (1 μm thick)

was coated on an indium tin oxide glass substrate and analyzed in the

attenuated total reflectance (ATR, Thermo, Nicolet 5700) mode.

3 | RESULTS AND DISCUSSION

3.1 | Optical properties and surface wettability of
bulk PTFE and PPFC thin films after thermal treatment
in air

Figure 2 shows the temperature-dependent optical properties and

surface wettability of the PPFC thin films in air. For comparison, the

properties of glass and Si-wafer substrates were also measured. To

maximize the optical transmittance of PPFC thin film in the visible

light region, the coating thickness must be equal to λ=4 (λ is the wave-

length of the incident light). Therefore, we deposited the PPFC thin

film thickness between 100 and 150 nm. When a PPFC thin film with

a thickness of 100nm was deposited on glass at room temperature,

the transmittance increased from 92.0% to 92.6% at a wavelength of

550nm, and the reflectance decreased from 8.0% to 7.4% owing to

the increased transmittance (Figure 2A). This is because the PPFC thin

film had an amorphous structure, which suppressed scattering. Fur-

ther, because the PPFC thin film had a low refractive index (n = 1.38),

reflection was minimized by destructive interference between

reflected waves, resulting in an index-matching that improved trans-

mittance.40,41 When the heat was applied to the sample, the transmit-

tance gradually decreased, and the reflectance increased as the

temperature increased. Above the Tm of PTFE, the optical properties

of the sample returned to those of uncoated glass.

The fluorocarbons in PPFC thin films have a very stable chemical

bond because of the high electronegativity of fluorine atoms, giving

low surface energy.42,43 Thus, the PPFC thin films were hydrophobic,

and the WCA of the glass substrate increased from 42� to 108� after

it was coated with the PPFC thin film, as shown in Figure 2B. How-

ever, when the PPFC-coated film was heated near the Tm (340�C) in

air, the hydrophobicity disappeared, and the surface wettability

returned to that of the uncoated glass substrate.

When the temperature reached 400�C, the transmittance

decreased, and the optical properties (Figure 2A) returned to those of

the uncoated glass substrate; even the hydrophobicity (Figure 2B) disap-

peared. On the other hand, when the PPFC thin film was coated on the

bare Si wafer without heat treatment, the WCA changed from 50�

(hydrophilic) to 105� (hydrophobic), as shown in the inset of Figure 2C.

After heat-treated in air at 400�C for 1 h, the WCA decreased back to

52� (hydrophilic), indicating that the PPFC thin film seems vaporized. In

addition, when the temperature increases, the particles in the PPFC thin

film are fused to each other and the space between the particles is

reduced, thereby reducing the thickness of the PPFC thin film.44,45

Therefore, the optical microscope, shown in Figure 2C, confirms that the

images of the bare Si wafer and the heat-treated PPFC-coated Si wafer

appear identical.

F IGURE 1 Thermal treatment procedure of the bulk PTFE and PPFC thin films

3472 CHO ET AL.
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3.2 | Chemical structure analysis of bulk PTFE and
PPFC thin films after thermal treatment

3.2.1 | FT-IR analysis (in air)

The chemical bonds in PPFC thin films (amorphous polymers) are

expected to break easily, even with low energy, compared to those in

bulk PTFE (semi-crystalline polymer) because intermolecular bonds of

amorphous are weaker than that of crystalline. Figure 3 and Table 1

compare and analyze the changes in chemical bonding after heating of

the bulk PTFE (Figure 3A) and PPFC thin films (thickness: �1 μm)

(Figure 3B) using FT-IR spectroscopy. The three observed peaks (a, b,

and c) are assigned as follows: a (1201 cm�1) and b (1145 cm�1) cor-

respond to the symmetric and asymmetric stretching of CF2, respec-

tively, and c (630 cm�1) is a wagging peak of CF2.
46–48 It is worth

noting that bulk PTFE spectra were calibrated to the peak at

1145 cm�1. PTFE has a high Tm and a high creep viscosity; therefore,

it does not melt and flow at temperatures higher than the Tm.
49 In

addition, PTFE particles are sintered like powdered metal, sticking to

one another to combine into larger particles.8,50 Therefore, the bulk

PTFE maintained three peaks at temperatures below and above

the Tm.

The PPFC thin films had more peaks than the bulk PTFE, resulting

in complex chemical structures (Figure 3B). The PPFC thin film had a

total of six peaks (α, β, γ, δ, ε, and ζ) at room temperature, which were

assigned as follows: α (1719 cm�1) corresponds to C CF2 or CF CF2

vibrations, which indicate the amorphous structure as well as the

cross-linked architecture of the PPFC thin film; β (1464 cm�1) corre-

sponds to the asymmetric stretching and rocking deformations of

CF2; γ (1252 cm�1) includes the contributions of the CF and CF3

bonds formed by the plasma in addition to the contribution of the CF2

in the PTFE; δ (981 cm�1) corresponds to CF3 vibrations; ε (827 cm�1)

corresponds to the bending of CH bonds; and ζ (739 cm�1) corre-

sponds to CF O, which suggests the incorporation of contaminants

in the film.51 The detailed positions of the as-deposited PPFC thin film

and those for each thermal treatment temperature are shown in

Table 2.

Contrary to the expectation that the amorphous PPFC thin film

would have a lower thermal properties than that of the bulk PTFE, the

peaks of the PPFC thin film were maintained without changes of peak

position after thermal treatment for 1 h under the Tm (340�C) of bulk

PTFE. Although PPFC thin films are amorphous polymers, the atomic

concentration of F ions on the surface is �54 at.%, and the F/C ratio

is 1.2.29 Theoretically, if the bulk PTFE surface contains only C and F,

the atomic concentration of F ions is �69 at.%, and the F/C ratio is

2.2.52 Therefore, the PPFC thin films exhibited thermal properties

characteristics similar to the bulk PTFE due to their high F ion content

and strong C C and C F bonds.

F IGURE 2 Optical properties and surface wettability of PPFC thin films after thermal treatment in air. (A) Transmittance (black) and
reflectance (blue) spectra of as-deposited and thermally treated PPFC thin films (550 nm wavelength). (B) Surface wettability of as-deposited and
thermally treated PPFC thin films. (C) Optical microscope images of as-deposited and thermally treated PPFC thin films on Si wafers (inset: WCA
images of Si wafer samples)

CHO ET AL. 3473
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F IGURE 3 FT-IR absorbance spectra of the (A) bulk PTFE and (B) PPFC thin films after thermal treatment in air

TABLE 1 FT-IR absorbance peaks for
the bulk PTFE after thermal treatment
in air

Assignments

Wavenumber (cm�1)

Bulk PTFE (20�C)

Bulk PTFE after thermal treatment

300�C 320�C 340�C 360�C 380�C 400�C

a 1201 1201 1201 1201 1201 1201 1201

b 1145 1145 1145 1145 1145 1145 1145

c 630 630 630 630 630 630 630

TABLE 2 FT-IR absorbance peaks for the PPFC thin films in the as-deposited and after thermal treatment in air

Assignments

Wavenumber (cm�1)

As-deposited PPFC (20�C)

PPFC thin films after thermal treatment

300�C 320�C 340�C 360�C 380�C 400�C

α 1719 1719 1733 1733 1733 1733 1733

β 1464 1464 1464 – – – –

γ 1252 1252 1250 1200 – – –

δ 981 981 978 – – – –

ε 827 827 827 825 820 818 818

ζ 739 740 740 – – – –

3474 CHO ET AL.

 10991581, 2022, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/pat.5800 by H

anyang U
niversity L

ibrary, W
iley O

nline L
ibrary on [21/09/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



However, as the heat treatment temperature increased above the

Tm of PTFE, the intensity of the α peak gradually decreased for the

PPFC thin films. In addition, the peak intensities of the CF2 bonds (β)

present in PTFE and the CF and CF3 bonds (γ, δ) formed by plasma

gradually decreased and then disappeared, indicating that bonds con-

taining F ions disappeared as the temperature increased above the Tm.

In contrast, the peaks of the bulk PTFE were maintained at tempera-

tures higher than the Tm (Figure 3A). The chemical bonds (such as

CF3, CF2, and CF) in the PPFC thin films were dissociated into C and F

atoms by thermal energy. These atoms did not recombine into their

original state but combined with chemical species such as O or C pre-

sent in air. This is why the intensities of the bonds containing F ions

decreased with increasing temperature and indicating that the PPFC

thin film seems vaporized.

3.2.2 | XPS analysis (in air)

Unlike in bulk PTFE, the bonds containing F ions disappeared at tem-

peratures higher than the Tm in the PPFC thin films, as shown in

Figure 3. The bulk PTFE was 1 mm thick, and the PPFC thin films

were approximately 1 μm thick. Consequently, it was difficult to

exclude the influence of the film thickness from FT-IR analysis (pene-

tration depth: �600 nm). Therefore, XPS analysis was conducted on

the bulk PTFE and PPFC thin films to exclude the influence of thick-

ness and to analyze the chemical bonding state on the surface follow-

ing heat treatment.

Figure 4 shows the C 1s and F 1s core-level XPS spectra of the

bulk PTFE and PPFC thin films. The bulk PTFE spectra were calibrated

to the CF2 binding energy (292.0 eV), and the PPFC thin film spectra

were calibrated to the C C (C H) binding energy (284.5 eV).29 In the

room temperature C 1s spectrum of the bulk PTFE, two peaks

appeared corresponding to C C (C H) and CF2 bonds, and the inten-

sity of the CF2 bond peak gradually decreased as the thermal treat-

ment temperature increased (Figure 4A), indicating the F functional

group bound to C disappeared as the temperature increased. Similarly,

the F–C peak intensity decreases in the F 1s spectra (Figure 4B). In

addition, for the bulk PTFE, heat-treated at 360�C, 380�C, and 400�C,

a shoulder (red arrow around 294 eV) appeared at the higher the CF2

binding energy and changed unsystematically (Figure 4A). This varia-

tion is related to the changes of the CF2 bond to a CF2+x bond owing

to the thermal treatment. Interestingly, the XPS results differed from

the FT-IR results, which did not change with temperature. The distinc-

tion might be originated from the different surface sensitivity

between XPS (�10 nm) and FT-IR (�600 nm). Therefore, the interior

of the bulk PTFE retained the F functional group as the temperature

increased because FT-IR can measure a relatively deep region. In con-

trast, the bulk PTFE exposed on the surface reacted with gases in the

atmosphere, causing the F functional group to disappear slightly and

C C, C O C, and O C O bonds to be formed.

In the C 1s spectrum (Figure 4C) of the PPFC thin film, various

peaks appeared, unlike in the bulk PTFE spectrum. For accurate analy-

sis, peak decomposition was performed by fitting the C 1s spectrum

at room temperature with Gaussian–Lorentz curves after removing

F IGURE 4 XPS spectra of the bulk PTFE and PPFC thin films after thermal treatment in air.(A) C 1s and (B) F 1s spectra of the bulk PTFE, and
(C) C 1s spectrum, (D) C 1s spectrum with peak decomposition using Gaussian–Lorentz curves, and (E) F 1s spectrum of the PPFC thin films
(inset: magnified XPS spectra of the PPFC thin films heat-treated at 380�C and 400�C)
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the Shirley background, as shown in Figure 4D.53 The PPFC thin film

had five bonds at room temperature: C C (C H), C CFn, CF, CF2,

and CF3. Due to surface contamination, the C C (C H) bond peak

increased as the heat treatment temperature increased. In contrast,

the C peaks corresponding to bonds with F gradually decreased. In

the thin film heat-treated at 400�C, all the C peaks corresponding to

bonds with F disappeared, and only C C, C O C, and O C O

bonds remained. The same heat treatment dependence was also

observed on the bulk PTFE.

For the F 1s spectrum of PPFC thin film (Figure 4E), only one

peak with less than 0.5 eV binding energy shift is considered regard-

less of various binding states with C. As the heat treatment tempera-

ture increased, the F 1s peak gradually decreased and disappeared at

360�C or higher. At the same time, the peak moves toward lower

binding energy indicate the weakening F C bond. At 400�C, the F

functional group completely disappeared (see inset in Figure 4E).

Interestingly, similar to the PPFC thin films, the reduction (not disap-

pearance) of the F functional group was observed on the surface of

the bulk PTFE owing to reactions with the chemical species present in

air. Interestingly, the reduction, not disappearance, is due to the rela-

tively large volume of the bulk PTFE, which will be the source of extra

F. Therefore, that is, when heat is applied above the Tm, the bulk PTFE

and the PPFC thin films are expected to have different thermal prop-

erties because of their different structures; however, on the surface

or for thin layers, the thermals properties of PPFC thin films and bulk

PTFE are the same.

3.2.3 | XPS analysis (in vacuum)

On the surface of the bulk PTFE heat-treated in air, the XPS peak of F

bond (C F2) decreased, while C C, C O C, and O C O bonds

were created through reactions with C and O in the atmosphere

(Figure 4A). Similarly, for the PPFC thin films, C 1s peak associates

with F bonds decreased, whereas reactions with C and O in the atmo-

sphere produced C C, C O C, and O C O bonds (Figure 4C). Con-

sequently, it was considered that various gases present in air affected

the chemical state variation of the bulk PTFE and PPFC thin films.

Therefore, to specify the effect of the gasses in air, the chemical

states of the PPFC thin films were measured by in-situ XPS (i.e., in

vacuum heat treatment), as shown in Figure 5.

Figure 5A shows C 1s spectra of PPFC thin film. Similar to the

spectra taken in air, the C 1s spectrum was calibrated at 292.0 eV (the

CF2 binding energy) and five bonds such as C C (C H), C CFn, CF,

CF2, and CF3 were identified. As the temperature increased, each

bond exhibited a different behavior. In air, the strength of the C C

(C H) bonds increased as the heat treatment temperature increased,

whereas in vacuum, the strength of the C C (C H) bonds decreased

and disappeared completely above 300�C. In addition, in vacuum, the

CF3 and CF2 peaks did not change significantly with temperature. Fur-

thermore, the CF and C CFn bonds slightly shifted toward lower

energies and the peak intensity of C CFn bonds increased for the in

vacuum-treated films. This might be associated with the vaporization

of F as the temperature increased, resulting in F vacancies or CF1�x

and C CFn�x bonds formation. The F-defect formation was also con-

firmed by the decrease in the F 1s peak intensity as the temperature

increased. As a result, unlike the film heat-treated in air, F functional

group of the film, heat-treated in vacuum, remained above the Tm

even though the peak energy is shifted to the lower energy due to the

F vacancy formation.

In summary, PPFC thin films have excellent optical properties in

the visible light region because of their amorphous structure. Simulta-

neously, they have surface properties similar to those of bulk PTFE

and excellent thermal properties considering the in vacuum-treated

PPFC thin film. Therefore, it is expected that can be applied in various

applications, including those requiring water repellency, antireflection,

and high-temperature resistance.

4 | CONCLUSION

The thermal studies of semi-crystalline bulk PTFE and amorphous

PPFC thin films were compared and analyzed. The PPFC is a thin film

with an amorphous structure produced by sputtering a composite

F IGURE 5 In-situ (A) C 1s and (B) F 1s X-ray photoelectron spectra of the PPFC thin film with an increasing temperature in vacuum
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target made by mixing PTFE and CNTs. The Tm of the PPFC thin films

was confirmed to be approximately 360�C, which is similar to that of

the bulk PTFE. However, the surface physical properties of the bulk

PTFE were maintained even at temperatures above the Tm. In con-

trast, the enhanced optical properties and hydrophobic surface prop-

erties of the PPFC thin films disappeared as the temperature

increased.

FT-IR analysis from room temperature to near the Tm found three

peaks for the bulk PTFE (CF2) and six peaks for the PPFC thin films

(CF, CF2, CF3, etc.). However, the peaks of the bulk PTFE were main-

tained above the Tm, whereas for the PPFC thin films, the peaks corre-

sponding to bonds containing F ions disappeared at 360�C. The

surfaces of the bulk PTFE and PPFC thin films showed a gradual

decrease in the intensity of the CF2 bond peaks above the Tm; in par-

ticular, the CF2 bond changed to the CF2+x bond in bulk PTFE. In

addition, it was confirmed that C C, C O C, and O C O bonds

were formed by reactions with C and O in air on both the bulk PTFE

and PPFC thin film surfaces, and the F functional group decreased.

This indicates that bulk PTFE and PPFC thin films have the same ther-

mal properties above the Tm.

In-situ XPS measurements of the PPFC thin films were conducted

in vacuum to verify the reaction of the PPFC thin film surfaces with

air above the Tm. In vacuum, C C, C O C, and O C O bonds were

not formed, even above the Tm, and the room-temperature chemical

structures were maintained without significant changes. Therefore,

the surface physical properties changed because the bulk PTFE and

PPFC thin films reacted with air at temperatures above the Tm. In

summary, PPFC thin films have excellent optical properties in the visi-

ble light region due to their amorphous structure; simultaneously, they

have properties similar to those of bulk PTFE and an excellent thermal

property.
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