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Abstract. The properties and applications of perfluoropolymer nanocomposite thin films
deposited from the gas phase are summarized, and the development trends in this field are
discussed in this review. The perfluoropolymer matrix protects metal nanoparticles from
corrosion, imparts superhydrophobic properties to surfaces, extends the lifetime of medical
implants, and improves the performance of functional layers in organic light-emitting
diodes, among other applications. Dyes and metal nanoparticles incorporated into the PTFE
matrix demonstrate unique properties, making these materials promising for optical and
biomedical applications.
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1. Introduction

Polymer-based nanocomposites (NCs) have recently
garnered attention for their unique physicochemical
properties, which make them highly suitable for
applications in optics, sensing, and the life sciences.
Initial research on these materials dates to the 1980s,
originating as scientific inquiries [1, 2]. These films were
evaluated as laser recording media [3,4]. Various
methods have been developed for the gas-phase
deposition of metal-filled polymer films, including
magnetron sputtering (MSp) of gold (Au) targets in
C,F;Cl or C F4/Ar mixtures, plasma polymerization of
metal-organic compounds with perfluoromonomers, and
physical vapor co-deposition (PVD) of metals and
polymers. An overview of the earlier stages in the
development of deposition technologies and the
properties of various polymer thin films is presented in
[4]. Each deposition technique presents specific
advantages, making them suitable for thin films with
tailored properties. Among them, perfluoropolymer
(PFP) films filled with metal and dye nanoparticles (NPs)
have demonstrated superior performance and are
currently being tested for various high-tech industrial
applications. This paper aims to present a detailed
analysis of the multifunctional properties imparted by the

perfluoropolymer matrix and summarize information on
the fabrication, optical properties, and applications of
nanocomposite thin films based on the PFP matrix.

2.  PFP thin film filled with inorganic NPs
2.1. PTFE films filled with noble metal NPs

Electroconductive solid lubricant films formed using
biased RF sputtering have been developed to combine the
electrical conductivity of Au with the low surface energy
of PTFE [5]. These films were fabricated as either
multilayer structures (100 alternating layers) or NC films.
The balance between electrical and surface properties
was achieved by controlling the chemical composition
and modulating the deposition power. In NC films with
lower fluorine and carbon concentrations, the electrical
resistivity was measured at 0.02 Q-cm. By increasing the
concentration of fluorine (up to 18 at.%) and carbon (up
to 10 at.%), the surface free energy was reduced to
29 mN/m. The structural control was achieved through
the RF power: under lower power (100 W target/18 W
substrate), the films developed a multilayer structure with
a period of 4 nm. This suppressed grain growth resulted in
surface smoothness with a centerline average roughness
0f 0.3 to 0.5 nm. In low-load friction tests (10 mN), these
multilayers exhibited friction coefficients of 0.05 in air.
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Fig. 1. Evolution of the optical spectra of Au+ PTFE and Au + PPS films recorded during growth and subsequent heating. Aul2 and
Au42 were deposited via EAVD, while Aul8 was deposited via PAEVD. The numbers in the bottom-left corner of the spectra
correspond to the sample designations in Fig. 2. Figures are adapted from Ref. [4].

Films deposited at higher power (200 W target / 50 W sub- [4, 7]. Fig. 1 illustrates the evolution of the optical
strate) exhibited a larger surface roughness of 7.0 to spectra for Au + PTFE and Au + PPS films grown both
9.2 nm due to formation of Au and PTFE NPs rather than with EAVD and PAEVD, as well as during subsequent
uniform layers. While this roughness elevated the dry heating in air. Fig. 2 shows TEM images of as-deposited
friction coefficient, these NPs provided the mechanical and AFM images of annealed Au + PTFE films. Fig. 1
robustness to endure high-load tests (10 N). The wear shows that at the initial stage of film growth, small Au
durability of films deposited under higher power was NPs with a plasmon band at 480 nm are formed.
superior under lubrication with distilled water, tap water, Subsequently, NP aggregation causes a red shift of the
and polyalphaolefin. This allows the customization of plasmon band to 520...550 nm, depending on the Au
films performance: lower power for precision low-load concentration. The diameter of these Au NPs ranges from
applications and higher power for boundary lubrication 2 to 8 nm. PAEVD results in the formation of smaller but
environments where wear durability is required [5]. aggregated Au NPs. When PPS is used as a matrix, the

NC films consisting of Ag NPs embedded in a EAVD growth kinetics reveals a two-step mechanism. At
Teflon AF matrix, co-deposited via PVD, were the onset of film growth, Au NPs with a plasmon band at

investigated in [6]. The electrical conductivity of these 600 nm are formed. With increasing film thickness, the
composites was measured in situ as a function of film intensity of the band at 420 nm grows more rapidly,
thickness at various Ag concentrations. At low metal becoming the dominant peak in the final film. PAEVD
concentrations (< 30%), the films exhibited dielectric leads to the formation of Au aggregates confined within
behavior with little dependence on thickness. However, the PPS matrix, exhibiting a plasmon band at 620 nm.

at moderate to high silver content (30...80%), an From Fig. 2, one can see that the NP size increases
increase in electrical conductivity was observed as the at higher Au concentrations. During heating up to 300°C,
films grew thicker, eventually reaching a plateau. At the evolution of the plasmon band wavelength and shape
silver content > 90%, fragmented NPs interconnected to is non-linear and depends on both Au concentration and
achieve percolation, ultimately evolving into a metallic annealing temperature. This complexity stems from the
continuum with Teflon inclusions. distinct thermal behaviors of the properties of two mate-

NP-filled PTFE films were earlier investigated in rials within the composite. Fig. 3 shows the morphology

works [3, 4, 7-10] for optoelectronic applications. NPs of the laser-treated Al- Au- and dye-filled PTFE films.
within a PFP matrix were deposited using the developed One can see that Al oxide NPs increased in size and the
electron-activated vacuum deposition (EAVD) and interparticle distance decreased, while the PTFE matrix
additional plasma-activated EAVD (PAEVD) methods. was partially eliminated under the electron beam.
Other fluoropolymers, such as polychlorotrifluoroethylene Treatment of Au + PTFE films with a focused
(PCITFE) and Cytop, were utilized for film production. excimer laser beam enables the production of micro-
PTFE and poly(paraphenylene sulfide) (PPS) films were domains with controlled Au NPs growth [9]. High laser
filled with Au NPs via EAVD co-deposition [7]. Film power densities resulted in ablation of the deposited
formation was studied in situ using optical spectroscopy. films, whereas decreasing the power density allowed to
The scheme of the deposition system is presented in produce metal spots.
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Fig. 2. a) TEM (magnification 100 000) of as-deposited Au + PTFE films; b) AFM of annealed Au + PTFE films: 1.1 — heated to
150 °C, 3.3 — heated to 150 °C, 2.1 — heated to 220 °C, 2.2 — to 20 °C; bottom row 1.1, 1.3, 2.2, 3.3 — all heated to 300 °C. Adapted

from Ref. [8].

Fig. 3. Morphology of a) Al + PTFE film, b) an electron-beam treated Al + PTFE film, c) excimer laser-treated zones in Au +
PTFE film; pits in treated by a focused visible laser beam: ¢) Au + PTFE and f) dye + PTFE films. Adapted from Ref. [10, 36].

At even lower power densities, only an increase in
Au NPs size and their aggregation within the microdomain
were observed. AFM studies of microdomains obtained
at power densities below the metallization threshold
revealed NPs ensembles with sizes and shapes that
depend on treatment parameters. In these treated zones,
the maximum wavelength of the plasmon band remained
unshifted, although the band intensity decreased.
Comparison with spectra obtained during thermal
annealing suggests that the temperature within the treated

domain did not exceed 150 °C. A focused visible laser
beam created micrometer-sized holes in a 70 nm dye-
filled PTFE film with debris nearly 5 times smaller than
that observed in the Au + PTFE film.

Thin PFP films produced through various gas-phase
deposition methods are described in [11, 12]. Au NPs were
embedded into the Teflon AF matrix. The NC microstruc-
ture and metal content are dependent on the deposition
rates of the components, the substrate temperature, and
the polymer matrix. The size, distribution, and separation
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of the Au NPs can be controlled by the deposition para-
meters. Condensation coefficients, which vary between
0.03 and 1, were determined using energy dispersive X-ray
spectroscopy (EDXS). Optical absorption of the films is
dependent on the Au filling factor due to the Au NP plas-
mon band, and a correlation between microstructure and
optical properties has been established. A percolation
threshold was observed at an Au volume fraction of 0.43
in the Teflon AF matrix. Substrate heating during depo-
sition decreases the condensation coefficient until the glass
transition temperature of Teflon AF is reached. Post-depo-
sition heat treatment causes the diffusion of Ag in the
Teflon AF, leading to larger Ag NPs sizes, increased inter-
particle distance, and spheroidal morphology. These
changes result in blue shift of the plasmon peak, with tem-
peratures above the glass transition temperature causing a
shift toward shorter wavelengths. The morphological
evolution of Ag NPs in PFP matrices has been modeled
to understand the kinetics of NPs growth [12]. The final
microstructure of the film is determined by the competi-
tion between the arrival rate of metal atoms and their
diffusion on the polymer surface. In aqueous environments,
Ag + PFP films exhibit ageing behaviors, where the
mobility of Ag atoms leads to changes in the plasmon
resonance. Spectro-electrochemical analysis allows for
the real-time monitoring of these shifts, providing insight
into how the metal-polymer interface reacts under
electrochemical bias. A plasmonic meta-material capable
of perfect light absorption within the visible spectrum was
developed. The fabrication technique yields thin films
suitable for flexible substrates, making them ideal
candidates for anti-reflector coatings and high-efficiency
absorbers. These materials achieve high absorption levels
that are largely insensitive to polarization and the angle
of incidence. A method for tuning double plasmon
resonances involves controlling the dielectric barrier
thickness between sandwiched Au and Ag NPs. It was
determined that dipole—dipole coupling is strongest at a
Teflon AF spacing of 3.3 nm. This geometrical approach
to tuning provides higher accuracy for the plasmon
resonance frequency than NPs size control. Electro-
magnetically induced dipole-pair resonance occurs at
critical coupling levels, suggesting new pathways for
investigating  surface-enhanced optical  properties
involving double plasmon resonances from NPs.

Authors of [13—15] developed a method that com-
bines the deposition of NPs via gas aggregation source
(GAS) with magnetron sputtering of PTFE. Surface rough-
ness and chemical composition were varied indepen-
dently. While the PTFE dictates the surface chemistry,
the NPs provide the necessary roughness. Results indicate
that once a specific surface roughness threshold of 60 nm
is reached, the surface transitions to a super-hydrophobic
and slippery state. The evolution of 14 nm-sized Ag NPs
overcoated by PFP film involves a complex transfor-
mation characterized by two distinct regimes. In the early
regime, the polymer penetrates the interparticle voids,
uplifting the NPs and maintaining a multivalued surface
roughness. The presence of the interparticle voids leads

to a heterogeneous wetting state with a water contact
angle of 135°. Despite the high contact angle, the NC
exhibits strong water adhesion, suggesting that the liquid
meniscus is located at the lower section of the nano-
features. In the late regime, the interparticle voids become
filled, causing the interface to acquire a single-valued
character. As the polymer continues to grow on the
roughened surface, the surface displays multi-affinity due
to the differing evolution scales of the NPs and the
PTFE. The wettability of the film transitions in a homo-
geneous wetting state [15]. Ag + CFx NC coatings are
structured as a three-layer system consisting of a CFx base
layer, a central Ag NPs layer, and a CFx top layer. The
antibacterial activity of the film is enhanced by increasing
the concentration of Ag NPs. These coatings achieve
super-hydrophobicity with a water contact angle of 165°
and demonstrate biocidal efficacy, capable of inducing a
6-log reduction of bacteria in solution for 4 hours.

Exploration of the evolution of localized surface
plasmon resonance (SPR) of Ag NPs as a function of
NPs size and dielectric environment was described in
[16]. The films were fabricated through the intercalation
of dielectric layers — Teflon AF, SiO,, and TiO,, which
were produced by RF MSp with Ag NPs layers generated
via DC MSp. By modulating the DC during deposition,
control over the Ag NP dimensions was achieved.
Spectroscopy  within  350...1100 nm revealed the
presence of both dipolar and quadrupolar plasmon
resonances, which were interpreted through Mie theory.
The morphology of the NPs, characterized via HR-TEM,
and their crystalline structure by XRD, established that
the optical signature of the NC is a synergistic result of
the dielectric constant of the matrix and the size-
dependent electronic response of the Ag NPs.

The Ag + PTFE films were produced in [17], where
the authors embedded Ag NPs between two PTFE-like
layers. The use of separate RF magnetrons for the PTFE
and Ag targets allowed for individual control over the
deposition of each layer, ensuring that Ag NPs (7 nm)
were perfectly encapsulated. The Ag + PTFE films
exhibit an absorption peak at 430 nm, attributed to the
SPR of the embedded Ag NPs. The intensity of the SPR
peak increases with the thickness of the top PTFE layer,
which acts as a dielectric host and a barrier against silver
oxidation. The inclusion of Ag NPs enhances the
refractive index of the NC, reaching values as high as 2.7
at 632 nm. XPS analysis confirmed the formation of
chemical bonds (AgC,FyO,) at the interfaces, indicating
that the plasma promotes chemical interactions that
enhance the adhesion and integrity of the NC.

Authors of [18] fabricated films using a ternary
CNT/Ag/PTFE composite target via mid-frequency dual
MSp. A uniform distribution of Ag NPs (6-8 nm in
diameter) within a PFP matrix was achieved. The films
exhibited high visible light transmittance, exceeding that
of the bare PET substrate due to the low refractive index
of PFP. These films demonstrated water contact angles
reaching 115°, and antimicrobial activity, inhibiting 99.9%
of Staphylococcus aureus and Escherichia coli growth.
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The group also prepared Cu-filled PFP NC films using
the Cu + PTFE composite targets containing 20, 50, and
80 wt.% Cu. Since targets with 80 wt.% Cu were conduc-
tive, sputtering was carried out using both mid-range
frequency and DC power sources. Later, the same authors
introduced a fabrication method for Cu + plasma PFP NC
by employing compression-molded composite targets [19]
and achieved precise control over the metal-to-polymer
ratio, enabling a transition from dielectric to near-metal-
lic behavior. TEM analysis confirms the formation of
spherical Cu NPs (10...20 nm) with a distinct (111)
crystalline plane orientation with a lattice distance of
0.208 nm, embedded within the amorphous PFP matrix.
The optical response is dominated by SPR, with absorption
peaks shifting from 618 nm (mid-frequency power) to
678 nm (DC power) as NP size increases. This red shift
correlates with a drop in sheet resistance, down to
34.55 Q/sq for the DC-sputtered films, producing a highly
conductive, red-colored optical filter. The hydrophobicity
of PTFE (contact angle ~110°) was reduced by
increasing the Cu concentration at the film surface,
providing a versatile platform for large-area coatings.
Thin coatings of PTFE + Fe, PTFE + Cu, efc., were
produced by the authors of the work [20]. The coatings
become continuous at a thickness as low as 3 nm. This
transition to a continuous film is attributed to the
catalytic influence of metallic NPs on the adsorption and
polymerization during the deposition. The Fe + PTFE
and Cu + PTFE coatings are the PTFE matrix with
uniformly distributed metallic NPs ranging from 100 to
200 nm in size. Phase-contrast AFM reveals highly ordered
polymer domains surrounding the NPs. Following surface
etching in plasma, these regions of ordered polymer reach
dimensions of 200 to 300 nm in the PTFE-Fe system.
The surface roughness increases proportionally with the
metal concentration. Fractal analysis indicates a non-
monotonic evolution of the surface dimension, reaching a
maximum at a metal-organic compound concentration of
8%. As the concentration increases further, the fractal
dimension decreases, which is linked to structuring pro-
cesses resulting from the coalescence of NPs into Cu clus-
ters. In films containing 20% Cu, IR spectroscopy con-
firms that the NC formation involves chemical interac-
tions, suggesting the synthesis of Cu-organic compounds.
Cu NPs function as nucleation centers for the structuring
of the PTFE phase. This molecular ordering is enhanced
when coatings are deposited under additional glow
discharge (1500 V, 20...60 mA), which optimizes the
reactivity of the electron beam evaporation products.

2.2. Titanium—PTFE films

NC films produced by GAS deposition of titanium (T1)
and simultaneous or subsequent plasma polymerization
were described in [13—15]. NC were deposited using the
GLAD technique and polymer particles as seeds for Ti
columnar growth. NPs plasmon resonance was observed
in the NC films. The structural integrity of plasma
polymers is defined by a disordered, rigid network of
short chains characterized by extensive branching and
cross-linking. When metallic NPs are incorporated into

this matrix, the NC exhibits SPR. For Au NPs, the light
color transitions from pink to blue as the filling factor
increases from 0.01 to 0.37. The GAS allows for control
over the dimensions of NPs by adjusting the residence
time in the aggregation chamber and the magnetron
current. The size of Ag NPs with 30% of the Al remains
in a metallic state. Adjusting the deposition time of NPs,
the surface roughness was engineered, which induced
hydrophilicity with water contact angles below 5 degrees.
The NPs microstructure, alongside the metal fraction, is a
defining factor for the electrical resistivity of the film.

Authors of [21] used a stainless steel micromold as
an alternative to a silicon micromold in the fabrication of
polymeric microfluidic devices. High adhesion and
friction of the steel micromold can cause distortion in the
microstructure of polymers. Ti, Al, and PTFE were co-
sputter deposited on micromolds to improve their surface
properties. The sputtering power applied to the PTFE
target was varied to control its concentration in the Ti—
AI-PTFE films, which affected the bonding structure,
surface roughness, friction, and contact angle of coatings.
They were characterized using micro-Raman spectro-
scopy, X-ray photoelectron spectroscopy (XPS), a ball-
on-disc tribometer, and a goniometer. The Ti—Al-PTFE
coatings were a mixture of carbide, PFP, and amorphous
carbon. The surface roughness of coated micromolds
decreased with increasing PTFE concentration. The Ti-
AI-PTFE coating deposited with 50 W sputtering power
on the PTFE target showed the lowest friction coefficient
and surface energy of 0.17 and 13.1x10 mN/m,
respectively. The coated micromolds showed better
replication performance considering the quality of the
fabricated polymeric microfluidic devices.

A control over the structural and optical evolution
of intercalated PTFE-NiTi NC fabricated via RF and DC
MSp has been demonstrated in [22]. Investigation on the
fabrication, structure, and functional behavior of
intercalated PTFE-NiTi NC films was inspired by the
combination of soft and hard constituents in natural
biological tissues. PTFE was selected for its low surface
energy and chemical stability, while NiTi shape memory
alloy was chosen for its mechanical robustness, corrosion
resistance, and pseudoelastic behavior. PTFE + NiTi NC
were fabricated under controlled sputtering conditions,
and their microstructural evolution was analyzed using
the FTIR, XRD, DSC, TEM, and EDS techniques. At
sputtering powers between 50 W and 125 W, a cross-
linked PFP network was formed. PTFE chains intercalate
within the NiTi lattice without chemical reactions,
producing a distinctive microstructure characterized by
nanoscale voids, interfacial pits, and polymer chain
extension into metallic domains. This intercalation led to
changes in surface wettability and friction, with water
contact angles approaching ~99° and friction coefficients
within 0.1...0.2. Although the thermal incompatibility
between PTFE and high-temperature NiTi phase transfor-
mation limited the direct activation of shape memory
effects, the study establishes a framework for designing
NC with tunable tribological and surface properties. At
lower pressures, the NiTi NPs maintain a diameter of
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10...30 nm, resulting in RMS roughness < 1.5 nm and
visible light transmittance of 75...85%. As the sputtering
power increases to 125 W, the NPs size grows to 120 nm,
leading to a “hilly” topography with a height up to
45 nm. This structural transition allows for the tuning of
the refractive index from 1.35 to 1.9.

2.3. PFP films filled with nonmetal NPs

PTFE films filled with Al and ZnS produced by the co-
EAVD method were reported in [23]. Al NPs
immediately oxidized after air was let into a vacuum
chamber. AIO NPs showed an arbitrary shape at a small
AlO concentration and a more round shape at high AlO
concentrations. The distribution of NPs sizes in the NC
film is within the 10...50 nm range (20% vol.% Al) and
70...200 nm (80 vol.% Al). The lines, written in AIO +
PTFE film by electron beam in TEM, are shown in
Fig. 3b. Al oxide NPs were grown larger, and the
distance between them was decreased, while the PTFE
matrix was eliminated. Refractive index of the oxidized
Al + PTFE films was within 1.34...1.39. PTFE + ZnS
films were produced for waveguide sensors.

Authors of [24] developed transition metal
difluorides (TMF) + carbon NC films via in situ reactive
MSp co-sputtering of Fe/Co and PTFE targets, producing
binary TMF (FeF,, CoF,;) NPs with crystallite sizes of
8 nm embedded in a PFP amorphous matrix. The plasma
induces decomposition of the PTFE target, releasing
fluorine atoms that react with Fe or Co to form dielectric
TMF nanocrystals; TEM and XPS confirm a
nanogranular architecture with TMF grains isolated by
carbon-rich boundaries. The TMF NPs exhibit anti-
ferromagnetic behavior with Néel temperatures of 40 K
(Co) and 78 K (Fe), establishing TMF+PFP NCs as a
platform for investigating disordered antiferromagnets.
This inorganic + PFP film provides a high dielectric
constant and high transparency, with potential for giant
dielectric response and magnetic functionalities. By
controlling the PTFE-to-metal ratio, the thermal stability
limitations of PFP are overcome, resulting in a transition
from a C—F bonded polymer to a TMF ceramic-like NC.

Chalcogenide-bound erbium NPs were embedded
into PFP matrices based on hexafluoroisopropyl. PFP is
an ideal host because the carbon-fluorine bonds possess
lower vibrational frequencies than the carbon-hydrogen
bonds in other polymers. By embedding inorganic NPs
into PFP, the researchers achieved high optical gain and
efficient fluorescence at the 1.5 pm window [25]. The
14Er1056Sel216 provides a protected environment for
the erbium ions, isolating them from any high-energy
vibrations. This molecular architecture allows for an
absorption cross-section that is larger than that of
erbium-doped silicate glasses, enabling more efficient
optical pumping and higher gain in shorter path lengths.
The ability to process these materials via standard co-
deposition technique allows for the fabrication of curved
waveguides, flexible optical amplifiers, and wearable
infrared sensors. By varying the NP-to-polymer ratio, the
team identified the optimal doping levels where the
material provides maximum optical gain.

Authors of [26] doped PTFE with erbium ions.
While PTFE is an insulator with near-infinite resistivity,
the incorporation of Er acts as a structural catalyst,
transforming the material into a semiconductor. XRD
reveals that the dopant forces a massive expansion of the
orthorhombic unit cell from 72.66 to 601.85 A°
indicating a reconfiguration of the polymer chains to
accommodate the metallic ions. This structural stress is
quantified by the Urbach energy, which rises to 0.58 eV,
signaling an intentional increase in disordered states that
facilitate charge transport. The material exhibits a tunable
bandgap contraction from 5.25eV down to 4.75¢eV,
paired with a rise in the absorption coefficient. FTIR
spectra confirm the grafting of erbium through the new
vibrational mode at 1043 cm™', shifting the material
utility from simple chemical resistance to UV-harvesting
and electrical conductivity.

2.4. Oxide-filled fluoropolymer thin films

SiO, + PTFE films were deposited by RF MSp using
argon gas equipped with PTFE and SiO, targets in [27].
The composition of the films ranged from PFP with
small SiO, content up to coatings with a greater
concentration. The hardness of PFP with increased
concentration of SiO, was 2400 N/mm?. This is from two
to three times higher than for PFP with low SiO content.
The static contact angle of water ranges from 112 to
95 deg and the refractive index from 1.49 to 1.43, when
the incorporation of SiOy into the PFP matrix decreases.
[40]. The obtained SiO,/PFP films reveal different
wettability (static contact angle of water ranges from 68
to 40 deg.) and hardness (from 720 to 3200 N/mm?)
when the filling factor of SiO, changes from 0.01 to 0.7.
The concentration of elements determined by
RBS/ERDA varies over this range of filling factors. The
heterogeneous structure of the NC films is indicated by
TEM at high SiO, contents.

Authors of [28] obtained PTFE + ZnO films with
varying ZnO via RF MSp. The films exhibited enhanced
transmission in the visible range compared to bare ZnO
films. A clear UV light cutoff was observed, with a rapid
fall below 380 nm and negligible transmission below
300 nm after 10 min of ZnO deposition, which remained
unaffected by subsequent PTFE deposition. The
absorption edge fell within 300...380 nm, below which
the transmission decreased to ~ 0.02%, corresponding to
an optical density of 4 for the film deposited for 20 min
(total thickness ~ 415 nm) within 200...250 nm. As the
ZnO layer thickness increased, the polycrystallinity and
surface roughness also increased, leading to changes in
crystallite orientations and grain distribution on the film
surface. AFM analysis revealed island-like growth,
resulting in a mixed ZnO + PTFE layer. Surface rough-
ness was ~ 8...9 nm for both lower and higher thick-
nesses, except for the film in which a continuous layer
appeared to have formed. A layer model was developed
consisting of a glass substrate, an oxide SiO, layer, a
dense ZnO layer, followed by a PTFE + ZnO mixed
layer, and finally covered by a PTFE layer. By choosing
appropriate layer thicknesses and number of layers, such
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thin films could potentially be used as antireflection
coatings with UV protection below 400 nm.

Authors of [29] prepared coatings composed of
ZnO NPs in PFP matrix by ion beam sputtering (IBS) of
ZnO and PTFE targets. Tuning IBS parameters, the NPs
load was controlled, thus modulating the
antibacterial/antistain/antifouling properties. The
coatings were characterized by AFM and TEM to obtain
information on the material surface composition,
nanocoatings morphology as a function of the ZnO
loadings. XPS spectra evidenced a high degree of
polymer defluorination along with the formation of
inorganic fluorides at increasing ZnO volume ratios.
Post-deposition treatments for fluorides removal were
performed directly in the deposition chamber. A
complete stoichiometry for inorganic NPs was obtained,
allowing for the conversion of fluorides into ZnO.

AL O;-filled PTFE coatings were developed by the
authors of [30]. The surfaces of artificial joints are sus-
ceptible to premature wear, which reduces their service
life, leading to the increased risk of revision arthroplasty.
Tribological coatings having low coefficients of friction
and which are biocompatible are therefore required to
minimize such risks. PTFE + Al,O; thin coatings were
prepared by MSp and incorporated with cold-sprayed
NCs to extend the service life of artificial joints. Surface
analysis indicated the formation of a PFP+Al,O; NC.
This film exhibited excellent friction-reducing ability up
to an applied load of 7 N. Regardless of whether the Ti—
6Al is manufactured by a layer-by-layer or co-sputtered,
the coefficient of friction is reduced to below 0.1 at the
start of the test. The PTFE + ALO; film functionalizing
the cold-sprayed surface is reliable for devising material
systems operating in high-wear applications.

Developed by authors of [31], flexible and trans-
parent antimicrobial touch sensors have received attention
on account of their wider applicability in personal elec-
tronic devices. Anti-reflective, hydrophobic, antimicro-
bial ZnO + PTFE thin films with sensorial capabilities
were produced via MSp. The ZnO + PTFE film exhibits
a low refractive index, high transmittance, and excellent
hydrophobic properties, along with antibacterial activities.
Zinc dissolution in water from the ZnO was prevented by
compositing with PTFE to realize long-term water
stability and mechanical durability of ZnO films. A
triboelectric nanogenerator (TENG) based antimicrobial
self-powered touch sensor that delivered recordable
pressure/touch sensitivity is developed based on ZnO +
PTFE films. The ZnO + PTFE-based TENG is shown to
provide a high triboelectric output voltage of 224 V, a
current density of 21.4 mA-cm 2, and a power density of
1.65 mW-cm *. The linear response of the TENG to driven
pressure indicates its pressure-sensing ability, with a
sensitivity of 75.31 V-kPa™' and a touch sensitivity of
31.36 V-kPa . The application of ZnO + PTFE as a display
coating and self-powered touch sensor is demonstrated.

Using the density functional theory (DFT), authors
of [32] have modeled the surface modifications of PTFE
with two metal oxides, SiO, and ZnO, individually and as

a mixture of these two. The B3LYPL/LANL2DZ model
was used to follow up on the changes in electronic proper-
ties. The total dipole moment (TDM) and HOMO/LUMO
band gap energy (AE) of PTFE, which were 0.000 Debye
and 8.517 eV, respectively, were enhanced to 13.008 De-
bye and 0.69 eV in the case of TFE/4 ZnO/4 Si0,. With
increasing the filler PTFE /8 ZnO/8 SiO,, TDM changed
to 10.605 Debye, and AE decreased to 0.273 eV, leading
to improvement in the electronic properties. The mole-
cular electrostatic potential and quantitative structure-
activity relationship studies revealed that modification of
PTFE with ZnO and SiO, increased its electrical and
thermal stability. The improved PTFE/ZnO/SiO, NC can
be used as a self-cleaning layer for astronaut suits.

3. Dye-filled and dye-metal-filled PFP thin films
3.1. Dye-filled PTFE films

The structural instability of small-molecule organic semi-
conductors remains a primary obstacle to their industrial
longevity. Molecules of these materials, which are integral
to the next generation of organic light-emitting diodes
(OLEDs) and organic photovoltaics, are held together by
weak van der Waals interactions. Under thermal stress
generated by device operation or the external environ-
ment, the soft matter comprising these molecules under-
goes diffusion and crystallization, leading to degradation
of the film electrical performance. The first hybrid films
were produced by co-deposition of phthalocyanine (Pc)
and PTFE [33-37] by Grytsenko with co-authors, and the
H,Pc, CoPc, ZnPc, and VOPc were used to fill the PTFE
matrix. Farther, Grytsenko with his co-authors, produced
PTFE films filled with dyes of various types. Optical
spectra of dye + PTFE films are presented in Fig. 4. The
optical properties of the films exhibit a strong
dependence on both the dye structure and its
concentration within the PTFE matrix. VOPc-filled films
demonstrate the most significant spectral modifications.
While pure VOPc films deposited by PVD show three
absorption maxima at 655, 720, and 820 nm, the
incorporation into PTFE alters these transitions. In as-
deposited composite films, the 820 nm peak remains
unresolved, and the intensity of the 720 nm band
undergoes a more pronounced reduction compared to the
655 nm peak. Thermal treatment for 10 hours does not
restore the 825 nm band, showing that the PTFE matrix
stabilizes the VOPc NPs. The suppression of the 825 nm
band intensity is directly proportional to the PTFE
concentration, indicating that the polymer matrix and the
application of RF-discharge hinder the aggregation of
dye NPs. As a result, these NC films demonstrate
enhanced thermal stability compared to pure dye films.
The chemical structure of the dyes determines their
aggregation within the PTFE matrix. PTFE films
containing dye 1 (Fig. 4c, the dye’s name is indicated in
the caption) maintain an absorption maximum close to
that observed in solution. Similar spectral stability is
observed for dye 2 (Fig. 4c), and dye shown in Fig. 4d.
Hydroxy-squaraines in PTFE (Fig. 4e, 4f) display con-
centration-dependent spectral changes, including the
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Fig. 4. Optical spectra of thin dye-in-PTFE films various concentrations of dyes: a) as-deposited VOPc-in-PTFE, b) VOPc-in-PTFE
after annealing in air; copied from [33], c) three similar dyes: 1) 2-{3-[2-(4-methoxy-cyclohexyl)-vinyl]-5,5-dimethyl-cyclohex-2-
enylidene}-malononitrile; 2) 2-{3-[2-(4-dimethylamino-cyclohexyl)-vinyl]-5,5-dimethyl-cyclohex-2-enylidene}-malononitrile and
3) 2-{3-[2-(5-dimethylamino-thiophen-3-yl)-vinyl]-5,5-dimethyl-cyclohex-2-enylidene} malononitrile in PTFE matrix; copied from
[34], d) annealing in air of 2-(benzo[cd]indol-2-ylmethylene)-3-methyl-2,3-dihydrobenzo[d]thiazoleand OHSql: upper — pure dye
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concentration: upper — pure dye film, down — in PTFE matrix. f) this dye in PTFE with various concentrations; g) butyl-substituted Sq

in PTFE with different concentrations. Adapted from Ref. [4, 33, 34].

emergence of a new band at 480 nm and variations in
shoulder splitting at 603 and 660 nm. These effects
confirm that while the PTFE matrix promotes initial dye-
dye interaction due to weak dye-polymer affinity, it
simultaneously acts as a barrier preventing the growth of
larger dye NPs. The photochromic performance of
spiropyran-in-PTFE films highlights the protective role
of the matrix. Initial films show a UV absorption band at
360 nm, with a minor visible band corresponding to the
merocyanine form. UV irradiation triggers a sharp
increase in visible absorption, a behavior consistent with
other spiropyran-polymer systems [35]. The PTFE matrix
provides superior resistance to irreversible photo-
chemical degradation compared to PMMA matrices
under identical irradiation conditions. The results cannot
be explained simply as the sum of the dye and PTFE
properties. Gas diffusion through such thin films should
occur within a few seconds. The PTFE films contain a
negative electric charge [36], which may prevent gas
molecules from penetrating the film bulk. However, the
mechanism underlying the suppression of phototrans-
formations of the spiro-compounds, as well as the unique
properties of NP-filled films in a charged PTFE
environment, remains unclear [37].

The films produced by co-evaporation of the dye
4,40-bis[N-(1-naphthyl-1)-NO-phenyl-amino]-biphenyl
with Teflon AF were obtained in [38]. At a concentration
of 25 vol.% of the Teflon AF, the polymer creates an
interpenetrating network that encapsulates the organic
molecules. This network inhibits the aggregation of dye
molecules. The operating temperature limit increased
beyond 250 °C. This mixing does not compromise charge
transport; in fact, in the NC, the drive voltage in single-
layer hole-only devices was improved by 30%. This
suggests that the low-energy surface of the Teflon AF
chains may assist in reducing interfacial traps or
maintaining a more favorable molecular orientation for
hopping transport, providing a robust pathway for the
tuning of thermal and optical properties of the films.

Authors of [39] reported a methodology for
improving the photosensitivity of organic photodiodes
through the mixing of the PTFE with organic semicon-
ductors. Heterostructures based on ZnPc and fullerenes
were produced by co-evaporation with PTFE. A new
photocurrent amplification mechanism within films
ZnPc-C70 + PTFE was proposed. This effect is attributed
to the formation of stable NPs 5...30 nm within the
PTFE matrix, which increases the donor-acceptor
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Fig. 5. Spectra changes of the NC films after vapor treatment: a) absorption and b) luminescence of the dye + Au + PTFE film;
¢) absorption and d) luminescence of the dye + As,S; + PTFE film. Adapted from Ref. [37].

interface area, thereby facilitating exciton dissociation
and charge carrier generation. Nc film shows a sensitivity
increase exceeding 100%. C70 + PTFE device achieved a
peak sensitivity of 0.13 A/W under bias + 0.67 V, which
is only 2.3 times lower than the sensitivity of silicon
photodiodes. Dielectric spectroscopy revealed that the
NC film ZnPc + PTFE reduces the dielectric loss tangent
by nearly one order of magnitude, indicating a
suppression of trap-assisted dark conductivity and noise.
The films exhibited exceptional thermal resilience,
maintaining their morphological integrity up to 260 °C.
The PTFE-based films in heterojunction showed the
external photosensitivity 20 times bigger than that of
ZnPc films following the same storage period.
Co-evaporation of a hole transport material with
Cytop (poly-perfluorobutenyl vinyl ether) was used for
refractive index modulation of NC film [40]. A nano-
sized pillar-like two-phase thin film was produced.
During the deposition process, vertically oriented channels
of the HTM (4,40,400-tris[2-naphthyl(phenyl) amino]tri-
phenylamine) formed in the Cytop matrix. The charac-
teristic scale of this phase separation is less than 50 nm,
which is below the sub-wavelength threshold. This structu-
ral refinement suppresses Rayleigh scattering, main-
taining high optical transparency and ensuring that the
composite layer functions as a single optical medium. By
adjusting the volume fraction of the Cytop, the refractive
index of the NC layer at 550 nm was reduced from 1.81
to 1.56. The extinction coefficient remains below 107,
indicating negligible absorption losses across the visible

spectrum. This reduction in the refractive index to 1.5 opti-
mizes light outcoupling at the anode ITO/organic interface.
Optical modeling and experimental verification indicate
that the lowered refractive index redistributes the mode
density, suppressing waveguide modes within the organic
stack and increasing the fraction of outcoupled light. The
implementation of low-index layers within phosphorescent
OLED resulted in a 1.22-fold (22%) increase in external
quantum efficiency. Despite the introduction of polymer,
the current density-voltage characteristics exhibited
minimal deviation. At a current density of 10 mA/cm’,
the operating voltage increased by only 0.1...0.2 V. This
confirms the efficacy of the pillar-like architecture in
maintaining continuous charge transport pathways.

3.2. Dye + metal-filled polymer films

PTFE and PPS films filled simultaneously with dye and
metal NPs were produced by the authors of [37, 41, 42].
The PTFE matrix is better in PPS, which maintains the
monomeric state of embedded dye molecules. While
squaraine molecules in the PPS matrix tend to aggregate,
with these aggregates decomposing at temperatures near
the dye decomposition point, PTFE suppresses aggregation
even at dye concentrations up to 30%. The PTFE + dye
films are inert to external chemical triggers, including
trifluoroacetic acid vapors, which can be due to the electric
charge trapped within the PTFE [36]. Fig. 5 presents the
optical spectra changes after vapor treatment. The
introduction of NPs of a third inorganic phase alters the
films responsiveness. In the dye + Au + PTFE films, the
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inorganic NPs act as adsorption sites that facilitate the
transport of gaseous molecules into the PTFE film,
thereby enabling optical sensing of wvapors. This
mechanism overcomes the barrier properties of the PTFE
matrix, allowing for the development of robust, protected
sensors where the dye luminescence or absorption
spectra can be modulated by external chemical agents.
The films consisting of Au NPs embedded in PTFE
or cellulose acetate matrices by co-deposition were
presented in [41-43]. The method allows for the
simultaneous or sequential evaporation of the metal and
the polymer, alongside additives such as calixarenes and
dyes. Au NPs within the dielectric host were formed,
where the Au NPs provide electrical conductivity via the
electron percolation/tunneling mechanism. The organic
molecules modify the inter-particle spacing and the local
chemical environment, which is critical for tuning the
sensor's response. The conductivity is sensitive to the
dye's interaction with external analytes, which induces
electronic changes in the NC film. The sensing principle
is based on the relative resistance variation, which reaches
10...15% upon exposure to organic vapors. The presence
of the Au NPs allows for a percolating conductivity that
is modulated by the molecular absorption of analytes into
the polymer layer. By incorporating specific organic
molecules, the selectivity profiles of the Au + PTFE
sensors can be altered, enabling the recognition of
different chemical species. Based on these sensitive
coatings, the authors developed chemoresistive sensors in
which Au NPs are embedded in a PTFE or PPS matrix.
These sensors employ a system of 20 pairs of Au raster
electrodes fabricated on ceramic substrates. The sensing
mechanism relies on percolation conductivity between
Au NPs dispersed within the organic matrix. Upon
exposure to analyte vapors, the organic matrix undergoes
swelling, which increases the distance between
neighboring Au NPs and results in a change in electrical
resistance. Dye + Au + PTFE and iodine + Au + PTFE
films were prepared using EAVD co-deposition. The
incorporation of dye or iodine introduces new energy
states that alter the conduction mechanism and even
reverse the sign of the sensor response. NC, based on
PTFE, exhibits greater chemical and thermal stability
than calixarene-based films. The relative responses of the
chemoresistor reach levels of 15...20%. The ability to
tailor chemosensitivity offers broad prospects for the
development of chemical recognition systems.

4. Thin films for biomedical applications

NCs with Ag NPs embedded in plasma polymer
matrices, including PTFE-like, were produced in
[15, 43]. Gas aggregation source was used to produce Ag
NPs with controlled size. These composites exhibit
distinct optical properties through SPR, which can be
tuned by adjusting the thickness of the PTFE-like overcoat
or the NPs filling factor. The antimicrobial performance
is exceptional, with Ag + PTFE-like coatings achieving a
7-log reduction in Staphylococcus aureus populations.

Despite the hydrophobicity of PTFE, layers of about
10 nm still allow for effective Ag” ion leaching through
structural microdefects. Adding a 1% of gold to the Ag
NPs increased the ion release rate by one order of
magnitude due to galvanic coupling. These PTFE-based
systems demonstrate durability, maintaining their
antibacterial effect against E. coli after 10,000 washing
cycles. Such coatings can provide a sustained release of
biocidal agents for a period exceeding 300 days.

Produced Ag + CFx nanocomposites were reported
in [44]. Ag NPs with a diameter of 5...7 nm are dispersed
within a PFP matrix. SEM used to map the release of Ag"
ions, revealing that even at a silver content of 4.4 at.%,
the matrix provides sustained ion elution. The films
exhibit a SPR peak centered at 430 nm, which serves as a
signature of the metallic state of the embedded NPs.
P. fluorescens biofilm formation was inhibited, showing
that the biocide-releasing surface prevents bacteria from
transitioning to a mature sessile state within the first 24
to 48 hours. The silver release reaches a steady-state
concentration of 0.35 pg/cm?® after the initial immersion
phase. The presence of the PFP matrix doubles the
lifespan of the antibacterial effect compared to bare Ag,
as it regulates the oxidation of the 5 nm particles. AFM
and IR showed that bacteria in contact with the surface
undergo biochemical stress, leading to a reduction in
protein and polysaccharide signals. The cyclic changes in
the IR bands correlated with the stress of bottom-layered
bacteria, along with re-colonization on top of dead
biomass, indicative of cannibalism.

Authors of [45] present a multilayer NC where Ag
and silver oxide NPs with diameters from 15 to 30 nm
were embedded in a CFx matrix with 12 at.% Ag. By
adjusting the plasma duty cycle (5.3% to 20%), the F/C
ratio was controlled from 0.8 to 1.3. The system is
characterized by a low surface energy of 8.3 to 13 mN/m
and a water contact angle of 122.8°, which creates a
hostile environment for bacteria. The antimicrobial
performance achieved an 88% inactivation rate for E. coli
and inhibited biofilm formation during the 12 hours of
exposure. The 50 nm thick CFx layer acts as a diffusion
barrier, preventing the initial “burst” of ions and ensuring
that Ag release remains below the human cytotoxicity.

Ag NPs in PFP films prepared via the combination
of a GAS and initiated chemical vapor deposition (iCVD)
were described in [46]. The iCVD utilizes the perfluoro-
butane sulfonyl fluoride or similar precursors, maintained
at a partial pressure of 10 to 30 Pa during film growth. A
heated filament array, operating at a temperature from
250 to 300 °C, decomposes the initiator (TBPO) to trigger
radical polymerization on a cooled substrate held at
20 °C. Simultaneously, the GAS source generates Ag NPs
in the gas phase using MSp with a power of 20 to 50 W.
Argon gas at a flow rate of 20 to 80 sccm acts as the
carrier, facilitating the formation of NPs with diameters
ranging from 5 to 20 nm. The films with metal filling factor,
reaching up to 40% by volume without compromising the
chemical integrity of PTFE, were obtained. XPS showed
a CF, content of over 60%. The deposition rate of the NC
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is controlled at 1 to 5 nm/min to ensure a uniform dis-
tribution of NPs. Field-emission scanning electron micro-
scopy revealed a high density of Ag NPs embedded
throughout the 100-nm-thick film. These NC exhibit
superior antibacterial properties, reducing colony-forming
units by 99.9% within 24 hours. TEM showed that the
Ag NPs maintain a crystalline structure with a lattice
spacing of 0.23 nm, characteristic of the (111) plane. The
PFP matrix provides mechanical stability, preventing the
leakage of metal ions into the environment.

Polymer films filled with an antibiotic by the
method of electron beam decomposition-evaporation of a
mixture of polymer and ciprofloxacin were formed in
[47]. Polymer matrix controls the release of the
ciprofloxacin in an isotonic sodium chloride solution. For
the coatings with Ag NPs, the antibacterial action on
drug-resistant bacteria was defined. The worn-out areas
of the coating after 17 and 25 wear cycles were 47% and
53%, respectively. Standard sterilization heat treatment
of the coating does not affect the kinetics of the release of
ciprofloxacin. Microbiological studies showed high
antibacterial activity of the NC layer in relation to
P. aeruginosa and E. coli.

Authors of [48, 49] reported on films co-deposited
from 316L stainless steel and PTFE via RF MSp onto
vascular stents and neural implants, thus modifying the
surface morphology and chemical functionality.
According to in-depth XPS analysis, the fluorine
concentration in these layers varies from 11 to 57 at.%
depending on the deposition parameters. TEM showed
that iron fluoride (FeF,) crystallites, densified by the
(211) plane, are embedded within an amorphous PTFE.
This structural gradation eliminated stress concentrations,
as evidenced by nanoindentation tests where mechanical
properties converge at a critical load of 0.7 mN. This
allowed a fast re-endothelisation of the coated stent.
Antimicrobial efficacy is achieved by doping the
organic/inorganic matrix with Ag. The co-deposition of
Ag with hydroxyapatite and PTFE creates a surface
characterized by an inhomogeneous phase distribution.
This feature induces a dual-functional response,
promoting healthy cell integration and inhibiting the
growth of pathogenic bacteria. The PTFE top layer
prevents protein denaturation, preserving the 3D
conformation of adsorbed bovine serum albumin.
Structural stability is maintained even at high polymer
concentrations, ensuring that the antimicrobial dopants
do not leach rapidly into the surrounding tissue. The
hybrid nature of the film also allows for enhanced
imaging capabilities, as elements like Au can be
incorporated to increase electronic density. The transition
from metallic to ionic/covalent bonding across the
gradient ensures that the antimicrobial surface is
anchored to the metallic substrate. Recent data indicate
that such graded antimicrobial surfaces significantly
reduce biofilm formation. The review [49] analyzes
polymeric coatings designed to combat pathogens like
S. aureus and E. coli. Antimicrobial effects are achieved
through surface topography, where nanopillars (200 nm

in height) reduced bacterial adhesion by 40...70%. The
integration of Ag NPs at concentrations of 1 to 5 wt.% is
shown to achieve a 99.9% reduction in microbial
viability. ZnO coatings create inhibition zones of 10 to
18 mm against S. aureus, depending on the polymer
matrix. Copper-loaded polyurethane coatings provided
complete sterilization against E. coli within 60 min of
contact. Photocatalytic coatings using TiO, can eliminate
10° cells/mL under UV light 1 mW/cm®. Antiviral SARS-
CoV-2 Spike-ACE-2 binding inhibition reaches 65% of
Ag NPs. The NC improves the apoptotic gene expression
for liver cancer cells.

Investigation of graded PFP films prepared via
electron- and ion-assisted vapor deposition polymeriza-
tion is provided in [50]. Fluoropolymer films are
synthesized using 2-(perfluorohexyl) ethylacrylate
monomers under Ar ion irradiation. The ion acceleration
voltage (Va) is a critical parameter: increasing Va from 0
to 500 V improves the adhesion strength between the
film and the glass substrate and increases the surface
energy and the refractive index. To resolve these
conflicting requirements, a graded film is prepared by
varying Va from 300 to 0 V during the film growth. This
gradient structure allows for high-energy “anchoring
sites” at the substrate interface while maintaining a low
surface energy of 8.5 mJ/m” at the outer surface. The
graded film acts as an efficient antireflective coating,
reducing the optical reflectivity of the glass from 4.9% to
0.55% at 400 nm. The refractive index is controlled by
the ion bombardment, with values at 546 nm ranging
from 1.368 at 0 V to 1.395 at 300 V. The adhesion of the
graded film is verified through sonication in water and
immersion in HCFC-225, demonstrating stability against
organic solvents and mechanical stress that fixed low-
voltage films cannot withstand. This graded approach
eliminates the need for limited halogenated solvents or
brittle inorganic multilayers. The variation of Va during
deposition is a versatile method for creating ductile,
adherent, and high-performance optical coatings.

The review [51] summarizes the results of using the
EAVD method to obtain thin polymer films, which allows
the engineering of functionally gradient structures. This
enables the transformation of material properties, such as
increasing the pencil hardness of Teflon AF from a soft
10B monomeric state to a robust 4H cross-linked polymer
network. By initiating deposition at high energy, superior
interface adhesion was achieved, while a subsequent reduc-
tion in Va yields a surface energy as low as 6.0 mN/m for
Rf-10 acrylate films. These graded films suppress optical
reflection by smoothing the refractive index transition from
1.35 to 1.38 throughout the film thickness. For two-com-
ponent systems, vapor-deposition polymerization requires
a rigorous 1:1 stoichiometric ratio of co-evaporated mono-
mers, such as diamines and diisocyanates, to ensure high
molecular weight polyurea formation. The EAVD process
facilitates simultaneous polymerization and dipole
orientation by utilizing an electron current of 10 mA to
generate an internal electric field during growth. In high
temperature variants, partial pressures can be increased to
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0.1 Pa to achieve conformal multicomponent coatings on
three-dimensional geometries. Ternary systems are deve-
loped for OLEDs, where a host matrix is co-deposited with
multiple dopants to optimize energy transfer pathways.
Radical polymerization of multicomponent acrylates via
EAVD achieves a polymer conversion rate of 96%. The
EAVD method allows for the integration of incompatible
functional units, such as carbazole or naphthalenediimide,
as pendant groups within a 100 nm thick composite layer.
Molecular layer deposition enables the sequential supply
of different monomers to build multicomponent struc-
tures with monolayer precision. Ion irradiation during
these processes can control the in-plane molecular
orientation, enhancing charge carrier mobility in organic
semiconductors. The multicomponent films demonstrate
enhanced thermal stability, with glass transition tempe-
ratures higher than those produced via spin-coating.

5. Conclusion

The review presents the methods of fabrication, physical
properties, and application area of thin nanocomposite
films based on perfluoropolymers, and considers the
development trends in this field. The advantages of
perfluoropolymer matrices for protecting metal
nanoparticles from corrosion, providing surfaces with
superhydrophobic properties, extending the service life
of medical implants, improving the characteristics of
functional layers in organic light-emitting diodes, sensor
sensitive elements for biomedical applications are
demonstrated. It is shown that metal nanoparticles and
dyes included in the composition of perfluoropolymer
matrices exhibit unique optical properties, and organic
molecules embedded in such matrices demonstrate
exceptional stability, making these materials promising
for use in optics, sensors, and biomedicine.
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ToHKi KOMIIO3UTHI IUIBKH 3 NepdTOPNOIiMEPHOI0 MATPUIICI0, 0CAMKEHi 3 ra30Boi (pa3u: BIACTHBOCTI TA HOBI
cepu 3acrocyBanus (Orisia)

K.II. I'punenxo, O.JI. Kykaa, A.I. Bineuskuii, I'.C. Kanmua, 10.B. Kyradin, M. IIperinuany, A. I'pedinuk,
E.B. Baminina

AHoTauis. B ormsazai y3arampHeHO BIAaCTHBOCTI Ta cepu 3aCTOCYBaHHS HAHOKOMITO3UTHUX TOHKHX IUTIBOK Ha OCHOBI
nepGTopIoaiMepiB, OTPUMAHUX [UIIXOM OC3/DKCHHS 3 Ta3oBoi (asu, Ta pPO3TJLINAOTHCS TEHJEHIIT PO3BUTKY Ili€l
ramy3i. IlepdTopmomiMepHa wMaTpums 3axWIae MeTaleBi HAHOYACTMHKH BiJ KOpO3il, HaJae MOBEPXHAM
cynepriapodoOHi BIaCTUBOCTI, MOJOBXYE TEPMiH CIy)KOM MEIMYHHMX IMIUIAHTATIB, ITOKpPAIIye XapaKTCPUCTUKU
(GYHKIIOHATBHUX ILIapiB B OPraHidHUX CBITJIONIOJAX TOWIO. bapBHMKM Ta MeTajeBi HaHOYACTHHKH, BOYIOBaHI B
nepdropromiMepHi MaTpHIli, MPOSBIAIOTh YHIKAIBbHI BIACTUBOCTI, & OpraHiuyHi MOJIeKyiH, BOyIOBaHI B TaKi MaTpPHIIi,
JIEMOHCTPYIOTh BHHSITKOBY CTAOUIBHICTB, 110 POOUTH Il Marepiajid MEepCHeKTUBHUMU JUIsl 3aCTOCYBaHHS B ONTHUILI Ta
OloMeIUIIMHI.

Kirouosi ciioBa: nepdroproniMep, moiireTpadTOPETUIICH, TOHKI IDTIBKH, MaTPHUL, HAHOKOMIIO3HUT, OapBHHUK.
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