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Abstract: Polytetrafluoroethylene (PTFE), polyhexafluoropropylene (PHFP) and polychlorotrifluo-
roethylene (PCTFE) were heated to their decomposition temperature in a high vacuum. The emitted
fragments passed an electron cloud, condensed on a substrate and formed fluoropolymer film.
Growth rate of PTFE and PHFP films increased up to a factor five in the presence of the electron
cloud. Mass spectrometry revealed changes in the mass spectra of fragments generated by thermal
decomposition only and formed under electron activation. The observed changes were different
for each fluoropolymer. Infrared spectroscopy (IRS) showed that the structure of the films was
close to the structure of the bulk polymers. Atomic force microscopy (AFM) has revealed different
morphologies of PTFE, PHFP and PCTFE films, suggesting a Volmer–Weber growth mechanism for
PTFE and PHFP but a Frank-van der Merwe one for PCTFE. All films were smooth at nanoscale and
transparent from ultraviolet to near-infrared region. Additional radio frequency (RF) plasma ignited
in the emitted fragments at a low pressure increased mechanical characteristics of the films without
losing their optical transparency and smoothness.

Keywords: fluoropolymer thin film; vacuum deposition; polymerization; plasma; surface

1. Introduction

Fluoropolymer thin films have been used as protective coatings, dielectric layers
and as a matrix for nanocomposite films [1–9]. Recently fluoropolymer (FP) films have
been used in organic light emitting diodes [2,3], field effect transistors [4,10] including
sublayer for orientation [11], antireflective coatings [12], solar cells [13], hydrophobic
coatings [14,15], waveguide [16], as charge storage layer for electricity generator [17].
The deposition methods of the FP films include plasma polymerization of fluorinated
compounds; chemical vapor deposition initiated by hot wire (CAT-CVD) from fluorinated
monomer; laser, electron, magnetron or ion sputtering of FP target; thermal decomposition
and evaporation of the bulk FP in vacuum. The last method was aimed at production
of thin film with lowest thermal conductivity and the highest optical absorption. The
material had to be isotropic at nanometer level. The material with a combination of
these properties is a nanocomposite metal-filled polymer film. The deposition method
for polymer should be compatible with existing vacuum equipment and technology for
deposition of metals. The method of evaporation-activation of PTFE film deposition in
a high vacuum was developed (EVD—Electron activated Vacuum Deposition) [1,7]. The
products of the thermal decomposition of the PTFE in a vacuum went through the cloud of
accelerated electrons before condensation on a substrate [1,7]. Such the treatment increased
deposition rate fivefold and determined the amorphous structure of the PTFE film. The
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PTFE films were completely transparent in the visible light range and were excellent for
application in optics [7].

Thin films of other fluoropolymers like PHFP, polyvinylidene fluoride, Cytop, Teflon
AF, and PCTFE were produced in a vacuum [1–21]. PHFP films were deposited from a
gas phase with plasma polymerization [5,19–21], thermal evaporation in a vacuum [19],
CAT-CVD [22], and electron-beam polymerization on a surface [23]. PCTFE is a FP with
one chlorine atom per unit of macromolecule. Its films were produced by plasma poly-
merization [24–26], electron [18] and laser [27] beam ablation, by thermal evaporation as
well [1,7]. The smoothness and optical properties of the fluoropolymer films, deposited
by EVD seems high enough for their applications in optoelectronics [1,7,28]. Therefore,
all the processes of the FP decomposition, activation of the emitted fragments and film
growth mechanism are of scientific interest. Thermal degradation of PTFE was studied with
mass-spectroscopy by Luff and White [29] and by Collins [30]. PHFP degradation products
contained the same species as from PTFE, but with a different relative concentration [19].
Compared with the evaporated species of PTFE, the PHFP species within the 50–150 amu
range are more abundant.

There is a branch of science studying electron-induced reactions in the gas phase of
fluorine-containing molecules [31–35]. Dissociative electron attachment to the reactive
difluoromethylene molecule CF2, produced in a C3F6 + He plasma was investigated. The
upper limit for the cross section of formation of F− via dissociative electron attachment
to CF2 was estimated to be 5 × 10−4 Å2. The authors concluded that difluoromethylene
plays a negligible role in negative ion formation. Formation of negative ions was detected
at electron energy 7 eV [33]. Electron impact cross sections at energies less than 10 eV
were calculated for the CFx (x = 1–3) radical species. The data for CF3I and C2F4 covered
cross-sections for electron scattering, electron impact dissociation and dissociative electron
attachment [34,35]. Polymerization reactions in RF plasma in CF4, C2F6, and C4F8 gasses
were studied by electron attachment mass spectrometry. The density of deposited “poly-
mers” was increased with increasing size of the precursor. In a fluorine-rich environment
the deposits were saturated with F(CnF2n+2). As the amount of fluorine in the precursor
gas decreased, the degree of F saturation of the deposit also decreased. Wijesundara with
coauthors studied the modification of plastic surface with ions CF3

+ and C3F5
+ with energy

25–100 eV [36]. The structure of deposits resembled the structure of plasma-polymerized
fluoropolymer. Concentration maximum of (–CF2–) groups was reached in case of ion
energy 50 eV. The authors concluded that polymer was grown more effectively from C3F5

+

ions than from CF3
+ ions. Our previous studies of gas phase of PTFE [1,7] as well as recent

of PHFP and PCTFE evidenced different behavior of each polymer during heating in a
high vacuum and during activation by a cloud of electrons.

The aim of this work is to study the whole chain of the fluoropolymer film deposition
in vacuum: decomposition-evaporation of the fragments of macromolecules, composition
of the gas phase during activation, growth, structure, optical and mechanical properties of
the films.

2. Materials and Methods

The PTFE, PHFP and PCTFE were purchased from Sigma Aldrich (Darmstadt, Ger-
many). A vacuum set-up UVN-74 with an evaporator for polymer heating and treatment
of gases with a cloud of accelerated electrons, as described in [1], was used for depositions.
Mass-spectra were recorded with a MX-7301 apparatus (Electron microscopy plant, Sumy,
Ukraine) mounted on top of the chamber. The schemes of the evaporator-activators are
presented in Figure 1. PCTFE deposition was carried out from a crucible covered with a
microporous metal filter. Advanced Energy Caesar 403 (40.68 MHz) was used for plasma
generation. More depositions were made in a K. Lesker installation. Mass spectra were
recorded using a Prisma apparatus (Pfeiffer vacuum GmbH, Asslar, Germany), mounted
on top of the K. Lesker chamber. Starting pressure in the chambers was 10−5 mbar. The
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deposition rate was controlled by means of a quartz microbalance. The properties of the
FPs and deposition conditions are summarized in Table 1.
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Figure 1. Schemes of crucibles for deposition of fluoropolymer (FP) films. (a) Mock-up evaporator-
activator: (1) quartz crucible, (2) PTFE granules, (3) electric heater, (4) thermocouple junction; (5) Mo
clip, (6) activator of fragment flow, containing heated tungsten wire, shield and grounded grid; (7)
substrate with film. (b) Industrial evaporator: (1) holder of evaporator, (2) support of the crucible, (3)
crucible, (4) polymer, (5) microporous metal filter, (6) ring tungsten cathode, (7) ceramic, (8) shields,
(9) RF electrodes.

Table 1. Properties of FPs and deposition conditions.

Polymer Density,
g/cm3

Melting T,
◦C

Viscosity,
Poise/at T, ◦C

Decomposition T
at Evaporation, ◦C

Deposition
Rate, nm/s

PTFE 2.2 327 1012/380 420–450 0.5–1.5
PHFP 2.1 260 104/270 300–320 0.4–1
PCTFE 2.1 215 1011/230 400–420 1–1.5

Films were deposited on polished slides of fused silica, germanium (Ge), silicon (Si),
and KBr at an ambient temperature. Some films were detached from a KBr surface, mixed
with KBr fine powder and pressed into a pellet. IRS were recorded with a Perkin-Elmer 325,
a Specord M80 and a Bomem MB 100 spectrometer. Perkin-Elmer 325 and Specord M80
used films from 5 to 10 micrometers thick on a Ge plate. Bomem MB 100 used films from
50 to 200 nm thick on a Si chip and pellets made from a mixture with KBr powder. Optical
spectra were recorded using LAMBDA 1050 UV/Vis/NIR spectrophotometer (PerkinElmer,
Inc. Waltham, MA, USA). Refractive indices were measured by ellipsometer SENresearch
SE 800 DUV (Sentech Instruments, Berlin-Adlershof, Germany). The morphology of the
films was studied with an AFM Nanoscope IIIa Dimension 3000™ at room temperature in
a tapping mode. Mechanical properties of the films were measured using Si tip with its
apex radius of 30 nm. Hardness of the film was determined as a ratio of maximum loading
force to contact area at a given penetration depth. The Young’s modulus was determined
using fitting of the initial part of loading curve by Hertz model of elastic contact.

3. Results
3.1. Processes in Gas Phase

During the deposition process the pressure in the chamber was increased to 1–4 × 10−4 mbar
due to emitted fluorocarbon fragments of the FP macrochains. The electron cloud did
not increase the film growth rate without accelerating voltage. The deposition rate of
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both PTFE and PHFP was increased five times immediately after accelerating the voltage
was switched on. Their film growth rates were as follows: PTFE—0.5 nm/s with crucible
temperature 430 ◦C and PHFP—0.7 nm/s with crucible temperature 320 ◦C. The deposition
rate of PCTFE was 1.5 nm/s with crucible temperature 420 ◦C and was independent from
electron activation. The PTFE and PHFP did not produce drops during heating. Crucible
covered with heated microporous filter was used to prevent inclusion of microdrops in the
PCTFE film. The different behavior of FPs during heating in vacuum was due to different
combinations of their physical properties, such as the softening temperature and viscosity.

Mass-spectra of the emitted fragments during FPs heating with and without electron
activation are shown in Figure 2. The relative concentration of positive ions is presented
in Table 2. Relative concentrations of PTFE fragments revealed changes under electron
activation. However, activation of fragments that came from a 1 mm hole in a crucible
(Q-closed, Table 2) led to other concentrations of the fragments, than from an open crucible.
The fragments produced in the first case did not form the film. The concentration of
CF3

+ and C3F5
+ ions was correlated with film deposition rate [1,37]. The data are in

a good agreement with those obtained in [36]. The emitted gasses from all the three
polymers showed the loss of activity at the pressure corresponding to the mean free path
of the fragments [1,7,28]. This is the evidence of the surface polymerization mechanism
from comparatively small fragments (30–200 amu) for all three FPs. The presented mass
spectrum of the PHFP fragments during heating was the same as was recorded in [19].
During heating of the PHFP the concentration of CF3

+ and C3F5
+ ions was more abundant,

than the same species emitted during decomposition of PTFE. The PHFP fragments under
treatment of the electron cloud showed changes in ion concentration, unlike the changes
of the PTFE fragments. The concentration of CF3

+ was increased but the concentration
of the C3F5

+ ions was decreased. The mass spectrum of the PCTFE fragments which
went through a heated porous filter showed the peaks assigned to fragments with and
without chlorine.
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Table 2. Relative concentrations of positive ions in the gas phase.

Amu Ionized Fragment
Intensity, %, PTFE Intensity, %, PHFP Intens., %, PCTFE

Thermal Q_Closed EVD Thermal EVD Thermal/EVD

12 C+ 14 6 4 4 3 7
24 C2

+ 11 3 2 3 4 3
31 CF+ 100 96 45 100 40 100

35.5 Cl+ - - - - - 16
47.5 CCl+ - - - - - 23
50 CF2

+ 39 46 16 19 14 7
62 C2F2

+ 7 5 0 2 2 3
66.5 CFCl+ - - - - - 13
69 CF3

+ 9 39 69 84 100 33
85.5 CF2Cl+ - - - 9
81 C2F3

+ 43 32 34 30 12 0
93 C3F3

+ 0 3 6 7 7 0
97.5 C2F2Cl+ - - - - - 5
100 C2F4

+ 20 40 6 23 15 3
112 C3F4

+ 0 0 4 2 2 4
119 C2F5

+ 0 0 9 4 10 2
131 C3F5

+ 6 4 54 69 40 1
138 C2F6

+ 0 5 0 1 2 0
143 C4F5

+ 0 0 4 3 5 0
147.5 C3F4Cl+ - - - - - 29
150 C3F6

+ 0 0 3 9 5 0
169 C3F7

+/C3F5Cl+ - - - 0,5 3 11
174 C5F6

+ - - - 3 2 -
181 C4F7

+/C3F4Cl2+ - - 4 2 8 13

Mass-spectra which were recorded during PTFE deposition with activation by acceler-
ated electrons with various voltage and constant film deposition rate 2 nm/s in extended
mass range are shown in Figure 3. With slight variations, all the mass-spectra revealed the
same behavior under electron activation. The quantity of fragments with a molecular mass
higher than 131 amu was small. Taking into account that the usage of evaporated material
in the film was calculated up to 50% [7], we concluded that the FP film was grown from
small fragments, but not from large ones as it was stated in [18].
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3.2. Structure of the Films by Infrared Spectroscopy

The IRS of PTFE films produced by EVD are depicted in Figure 4a. All IRS bands and
assignation of the bands are presented in Table 3. The IRS of the PTFE films resembled
the IRS of bulk PTFE [38–40] and were described in [1,7,28]. Two spectra are of the films
deposited by EVD with RF discharge. The bands located nearby 526, 555, 640, 729, 1151,
1213 cm−1 were attributed to 157 PTFE conformation. The band 980 cm−1 was assigned
to –CF3 groups [41,42], the band 1352 cm−1—to –C=C– groups [1,7,41]. The assignation
of the band 1352 cm−1 to methylene group seems less probable due to high vacuum
conditions. An increase in the electron activation current led to an increase in the relative
intensity of bands 980 cm−1 and 1352 cm−1, therefore, the concentration of these groups
was increased. The bands 703 and 738 cm−1 were assigned to an amorphous phase [38,41].
The electron activation of the gaseous fragments made the film amorphous. The films
produced by EVD of PTFE consist of the polymer macromolecules (repeated –CF2–) of
an unknown chain length with a small quantity of the chain units with a double bond or
side branch. The low power RF discharge during EVD led to 1352 cm−1 band intensity
growth, showing an increase in the concentration of –C=C– groups. The band 980 cm−1

seemed to disappear, but absorption at this frequency was not equal to zero. This can be
explained by attachment of the –CF3 in an atactic manner. The increase of RF power led to
the growth of absorption of 1352 cm−1 band, it became wide indicating significant cross-
linking. The concentration of –CF2– groups was decreased and became comparable with
the concentration of –C=C– groups. The films deposited by EVD with high RF power had
a structure like films deposited in classic plasma: a lower quantity of repeated –CF2– units
and higher quantity of double bonds and cross-links as compared with bulk PTFE. The
band 640 cm−1 of medium intensity shows that some chains were oriented perpendicular
to a substrate surface [43]. The IR signal in the 1480–2000 cm−1 diapason for the EVD PTFE
film was on a noise level, indicating a very small quantity of the side groups with a double
bond, in particular, oxygen-containing. The weak bands 2336 and 2361 cm−1 appeared in
the IRS of the EVD PTFE film. They were assigned to a combination of bands of two modes
associated with –CF2– stretching [38].

IRS of the PHFP film on Si chip and of the pilled PHFP pressed with KBr powder are
shown in Figure 3. All bands of these IRS are close to bands of IRS of the bulk polymer [44].
The narrow IRS bands indicated a linear structure of the PHFP macromolecules with small
quantity of cross-links. The bands located at 1216 and 1156 cm−1 were attributed to –CF2–
stretching vibrations; 640, 557 and 509 cm−1 were attributed to chain stretching and –CF2–
bending, respectively. The band about 1455 cm−1 can be attributed to C=C bonds or other
defects of PHFP chain. The intense band at 983 cm−1 indicated higher concentration of
–CF3 groups in the PHFP film, than in the PTFE films. Therefore, the film structure is closer
to the pristine PHFP, than to the PTFE. The comparison of the IRS of pilled material and
film on Si showed important information about material structure. The differences in shape
and intensity of the band around 983 cm−1 indicated a not isotropic position of the –CF3
groups in the film as relative to the Si surface. The wide shape of this band for the film IRS
showed that –CF3 groups were attached to the main chain in an atactic manner. An intense
band at 703 cm−1 coincided with the same band in IRS of bulk PHFP. The comparison of
these IRS with IRS of the plasma and electron beam polymerized films [20–24] showed
higher relative intensity of the band of -CF3 groups in the EVD PHFP film.

The IRS of the PCTFE film was more similar to the spectrum of bulk PCTFE, than
to oligomers of PCTFE [40,45]. Bands 506, 580, 1130, 1195 cm−1 were attributed to –CF2–
vibrations of PCTFE macromolecule. Bands 1285 and 1350 cm−1 were attributed to vibra-
tions of –CF– and –C=C–CF. Intense bands 895 and 972 cm−1 were attributed to –C–Cl
stretching vibrations. Weak bands at 725 and 755 cm−1 coincided with bands of bulk
PCTFE. Band 660 cm−1 was attributed to C–C skeletal stretching. The bands of the film
IRS were relatively sharp, indicating a linear structure of the macromolecules.
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with activation current 20 mA and 30 W RF discharge, (5) with activation current 20 mA and 70 W
RF; (b) PHFP: (1) film 170 nm thick on Si wafer, (2) pilled material in KBr; (c) PCTFE film.

Table 3. Bands of IRS and their possible interpretation.

Frequency, cm−1 Vibration

Band Intensity,
PTFE

Band Intensity,
PHFP PCTFE Reference

Thermal EVD EVD+RF EVD Thermal

509 CF2 bending w w w m m [40]
526 CF2 bending m m m m w [40]

553/557 CF2 deformation m m m m w [40]
580 CF2 wagging - - - - w [40]
620 CF2 wagging m m m m - [38]

640/660 Chain stretching m m m m m [40]
703 Amorphous w w w m w [38,41]
721 Amorphous w w w m w [38]
738 Amorphous w m m m w [38,41]

780/778 CF2 w w w m w [41]
850 Amorphous - - - w - [38]
895 CCl stretching - - - - m [45]
972 CCl stretching - - - - s [40]

982/983 CF3 - w w s - [42]
1151/1156/1139 CF2 sym stretch. s s s s s [40]
1213/1216/1195 CF2 asym stretch. s s s s s [40]

1285 CF stretching - - - - m [40]
1340 –C=CF2 w m m w - [18]

1352/1350 –C=C- w w m w m [18,42]
1455 CF2 sym stretch. w w w w - [40]

w—weak, m—medium, s—strong intensity; -/-/- means PTFE/PHFP/PCTFE frequencies.
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3.3. AFM Studies of the Films Surface and Mechanical Properties

AFM images of FP films are presented in Figures 5 and 6. The surface of the EVD PTFE
thin film represents bumps with length of about 70 nm with a roughness of about 8 nm. The
thicker the PTFE film the bigger the surface roughness. Pressure elevation increased the
film roughness due to formation of polymer drops in the gas phase, which were condensed
on the substrate. The formation of the observed surfaces (Figure 5b,c,e) was the result of
Volmer–Weber growth mechanism. A negative electric charge was detected in the PTFE
films. RF plasma during EVD at low pressure slightly decreased the surface roughness
(Figure 5g,h). The surface roughness of the PHFP films was increasing with film thickness
(Figure 6a–f). These surfaces seemed to be formed with “islands” up to 500 nm in size,
which, in turn, are composed from smaller units of 30–100 nm. Perhaps, this was the result
of the coalescence of primary polymer clusters formed with Volmer–Weber mechanism.
The surface relief of the PCTFE films was dependent on the deposition conditions and film
thickness (Figure 6g–l). Microdrops appeared during nonoptimal deposition conditions.
The PCTFE films have a layered structure with layer thickness of about 4–8 nm, indicating
Frank-van der Merwe growth mechanism. The numerous nuclei on film surfaces are the
evidence of this mechanism.
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Figure 5. Morphology of the PTFE films. (a) Deposited by thermal evaporation, (b) deposited by
EVD and (c) profile of the surface shown in (b), both films were 50 nm thick; (d) deposited by EVD
at high pressure, (e) deposited by EVD with 200 nm thickness, (f) electric potential distribution on
surface of the film (e); (g) deposited by EVD with RF plasma 50 nm thick and (h) 200 nm thick, (i)
profile of the surface shown in (g). All the films deposited at pressure 5 × 10−4 mbar, except (d)
deposited at 5 × 10−3 mbar.
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Figure 6. Morphology of the FP films. PHFP: (a) 100 nm thick, (b) bigger magnification of (a), (c)
profile of the film surface shown in (b); (d) 200 nm thick, (b) bigger magnification of (d), (f) profile of
the film surface shown in (e); PCTFE: (g) microdrops on surface, (h) 100 nm thick, (i) RMS of the film
surface shown in (h), (j) inverted 1D image of film 200 nm thick, (k) bigger magnification of the steps
in (j), (f) profile of the steps in (k).

Deposition conditions had a significant effect on the mechanical properties of the FP
films. Figure 7 shows the influence of deposition conditions on mechanical properties
of the PTFE films. The Young’s modulus for EVD PTFE film deposited with high rate
was 3.09 GPa, for EVD PTFE film deposited with small rate was 3.26 GPa. The EVD+RF
provided a film with smaller penetration depth and a larger segment of elastic deformation
in the loading curve compared to the EVD. EVD+RF plasma increased the Young’s modulus
of the PTFE film to 4.55 GPa. Even if only upper half of the film was deposited by EVD+RF,
the Young’s modulus was 4.15 GPa. The mechanical properties of the PTFE films deposited
with EVD and EVD+RF plasma are comparable with the properties of the best FP films
produced by classic plasma methods [46].
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Figure 7. Load-penetration curves for the PTFE films. (1) Film deposited by EVD+RF; (2) half of
film thickness by EVD and upper half of film by EVD+RF; (3) and (4) by EVD, deposition rate: (3)
0.4 nm/s, (4) 1.2 nm/s.

3.4. Optical Properties of the Films

All FP thin films were transparent from the ultraviolet via the visible to the near-
infrared region. Optical transmission spectra and refractive index of the FP films are shown
in Figure 8. They are close to optical properties of standard fluoropolymer films [47]. The
PCTFE film was the most transparent one. The smaller transmission of the PHFP film in
ultraviolet region compared to the other films and precursor polymer can be due to a nano-
island structure of the film. The refractive index of the PHFP deposits was the same for the
films of 50, 100 and 200 nm thicknesses, indicating no changes in film structure with its
thickness increase. The thicker PTFE film had higher refractive index. This gives evidence
for a more dense structure of the thicker film. The PTFE film deposited by EVD+RF at low
RF power had the same transmission spectrum.
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3.5. Dye-Filled PTFE Films

Using the EVD method, polymer films filled with molecules of various dyes were
produced by codeposition [27,28]. The polymethine, squaraine, cyanine, phthalocyanine,
spiropyran, and styryl dyes were introduced into the PTFE matrix at various concentrations.
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Dye molecules in the PTFE matrix revealed an extreme stability towards actions of all
external factors: irradiation by light, heating in air, immersion in aggressive gasses and
liquids [48–50]. PTFE film filled with 25% of nullmethinmerocyanine dye was used for
thermolitography [51,52]. Figure 9 presents submicron marks made by focused laser beam
(405 nm) in dye-filled polymer films.
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Figure 9. Laser thermolitography in dye-filled polymer films. (a,b): dye-in-thermoplastic polymers,
(c,d): dye-filled PTFE film, irradiated at bigger (c) and smaller (d) light power density.

Figure 9a shows damage of the film after irradiation due to the close melting temper-
ature of a dye-filler and a thermoplastic polymer matrix. Figure 9b shows an extended
outflow in the irradiated zone of more a thermal stable molten thermoplastic polymer.
Adjusting the optimal ratio between the thermophysical properties of the polymer matrix
and dye-filler, the thermolitography process was tuned. Due to an extremely high viscosity
at high temperatures the film with PTFE matrix had no liquid outflow (Figure 9c,d). This is
necessary for the high-density optical recording of information and thermolitography with
high resolution.

4. Discussion

During the EVD which takes place in a comparatively high vacuum, on average
only one collision between fragments is possible on their way towards the substrate or
no collision at all. Electrons without acceleration voltage failed to activate fragments in
the gas phase. Activation with accelerated electrons led to an elevation of the growth
rate of PTFE and PHFP films by factor of up to five. Activation led to an increase of
relative concentrations of CF3

+ and C3F5
+ and decrease of CF+ and C2F4

+ fragments
during PTFE decomposition. Taking into account the small electron energy necessary for
CxFy fragment ionization [33–36], the main contribution to fragment activation was caused
by scattered secondary electrons. In the PHFP the main chain carries CF3 side groups,
which lead to different physical constants of the polymer such as melting temperature and
decomposition rate vs. temperature. It appears that the PHFP chain tends to decompose
into larger fragments. The existence of CF3

+ and C3F5
+ fragments was necessary, but

was not sufficient for the film formation. For the investigated polymers, film formation
is assumed to follow a polymerization process which could be radical, ionic or both. The
effect of the magnetic field on the morphology of the PTFE film was revealed [53]. A
negative electric charge was found in the PTFE films. These data showed the capture of
the electrons by gaseous fragments. Therefore, the growth of perfluoropolymer film might
include negatively charged fragments, or at least their participation plays a major role
in the polymerization process. No increase of the PCTFE film growth rate was observed
under electron activation indicating another mechanism of polymerization.

The IRS showed that all the fluoropolymer films were composed of linear polymer
chains with small concentration of cross-links. No side groups of inclusions were detected
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at the level of the IRS sensitivity. The macromolecules in the EVD films can have shorter
chain length than macromolecules in bulk FP. The additional low power RF plasma can
increase the chain length and cross-links quantity. EVD and plasma action on gaseous
molecules led to the formation of fragments sometimes with three reactive bonds. Such
fragments during film growth formed groups with either double bonds, side groups or
cross-links, but not in a systematic repeated way. Such units with no repeated structure
have no fixed frequency, so widened and very weak bands cannot be recorded, if the
concentration of the defective groups was small. The structure of EVD and EVD+RF
films can be suggested as linear chains in some rare sites cross-linked one to the other.
The very high hardness and Young modulus can be explained by partial crosslinking of
the FP. However, the crystallization of EVD PTFE film during heating supports the very
small quantity of the cross-links in it [1,7]. EVD+RF film was not crystallized, revealing
more crosslinks. However, EVD+RF film was certainly not like material collected from
different fragments in a nonrepetitive manner. It should be mentioned that the assignation
of IR bands in reference literature is still not unequivocal. Further research into the fine
details of PTFE film structure deposited by EVD+RF using the IRS combined with other
structural-sensitive methods can produce new interesting results.

The AFM studies of the film morphology showed that the Volmer–Weber mechanism
can be responsible for perfluoropolymer film growth, whilst the formation of the PCTFE
film was due to the Frank-van der Merwe mechanism. The observed differences in the
surface relief and the growth mechanisms can be due to significantly different physical
properties of the FP, such as the softening temperature and viscosity (Table 1). This
difference reflects various ratios between inter- and intramolecular interactions in the FP
and their interaction with the substrate.

The values of the refractive indices for the deposited FP films are higher than for the
films deposited by CAT-CVD from hexafluoropropylene oxide [22]. The smaller refractive
index of CAT-CVD films indicates a presence of air in the films. The authors of [54] obtained
thin films of Teflon FEP with a somewhat higher refractive index than that of the sputtered
target material. This increased value of the refractive index could be caused by dense
packing in the film or by inclusion into the film of impurities such as carbonized clusters
and other chemical groups synthesized in the plasma at a comparatively high pressure.
Refractive index of films deposited with a low power classic plasma in CHF3 gas was
1.39 [55]. However, absorption of the film in the blue region was higher than for the films
produced by EVD. These data suggest that the plasma film structure was densely packed
but with a fluorine deficit.

Surface topography of a film is determined by competition between processes leading
the material to an equilibrium state and processes keeping the material in a nonequilibrium
state. The equilibrium state is characterized by the supramolecular organization of the
polymer. The morphology formation and other properties of the film is a result of multipara-
metric system of polymer properties and deposition conditions. Porosity, surface relief and
refractive index of films can be controlled by a variation in pressure and electron activation
power. EVD+RF plasma allows control of crosslinking almost independently from pressure
and deposition rate. The RF plasma at a low pressure with previously injected charge
carriers produces fluorine-deficient fragments in a gas phase only, avoiding gas phase
coupling and damage of the growing polymer chains on a substrate. These are the main
differences between EVD+RF and classic RF discharge at a higher pressure. The discussion
concerning these differences is presented in the Supplementary Material. Films with a
rough surface can be produced at high pressures and can be useful for superhydrophobic
coatings.

Dye-filled PTFE films were obtained for the first time, combining EVD for PTFE and
thermal heating for dyes. The outstanding properties of dye-filled PTFE films cannot
be explained by the sum of the properties of the components. The origin of the extreme
stability of dye molecules in PTFE matrix should be studied further.
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In general, the deposition of FP thin films as studied here exploits the decomposition
of polymers under a high vacuum. The main difference to other methods consists in the
use of activation of emitted fragments by a cloud of accelerated electrons. The 10−5 mbar
pressure of residue gasses in the chamber is proof of the high purity of deposited FP films.
Combining different FP in multilayered systems or varying their refractive index by depo-
sition conditions, complex optical devices can be produced. To further clarify the activation
and growth mechanisms of FP films, an investigation involving mass-spectrometry of both
positive and negative ions is required together with advanced studies of processes on the
substrate surface like described in [56]. The necessity of charged fragments for FP film
growth during EVD should be studied in detail as they are important for plasma film
deposition [57].

5. Conclusions

Thin films of three fluoropolymers with surface smoothness at nanoscale were pro-
duced by decomposition-evaporation of bulk fluoropolymers in a vacuum. Electron
activation of the emitted fragments was necessary for PTFE and PHFP film growth. PCTFE
films were deposited by thermal decomposition. Differences in the concentration of the
same emitted fragments in the PTFE and PHFP mass-spectra were identified. They can
be caused by the presence of a side CF3 group in the PHFP macromolecule. The negative
charge in the PTFE film points to the electrons attachment to condensed fragments. The
decomposition, activation and growth mechanisms of perfluoropolymers were different
from those of PCTFE. The films of all fluoropolymers were grown from small fragments of
polymer chains. The deposited fluoropolymer films were composed from mainly linear
macromolecules with a small quantity of crosslinks, instead of highly crosslinked plasma
“polymers”. The combination of EVD and RF plasma produced films with the advantages
of both plasma polymerized and EVD films, but without limitations imposed by classic
plasma. The optical properties of thin films of fluoropolymers make them promising
candidates for applications in optoelectronic and photonic devices. Dye-filled PTFE films
were produced for the first time by the codeposition of dye and PTFE. The films of this
new nanocomposite material revealed an excellent stability of the optical properties of
the dye-fillers of various types to the actions of all external factors. The next advance is
planned by application of polymerizable dyes for codeposition with fluoropolymers.

Supplementary Materials: The following are available online at https://www.mdpi.com/2571-963
7/4/1/9/s1, A comparison of backgrounds of plasma discharge in organic gas and EVD.
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