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Abstract. Method for the formation of polymer coatings on the poly(ethylene terephthalate) track-
etched membrane surface by magnetron sputter deposition of ultra-high molecular weight polyethylene
in a vacuum is considered. The surface morphology and chemical structure of nanoscale coatings have
been investigated. It is shown that the application of the ultra-high molecular weight polyethylene-like
coatings leads to hydrophobization of the membrane surface, the degree of which depends on the
coating thickness. Besides, the usage of this modification method leads to smoothing of structural
inhomogeneity of the membrane surface, a decrease in pore diameter, and alteration of pore shape. The
investigation of the chemical structure of deposited coatings by XPS method showed that they contain
a significant concentration of oxygen-containing functional groups. The composite membranes of the
developed sample can be used in the process of desalination of seawater by the method of membrane
distillation.
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1. Introduction
Currently, it is of great interest to develop methods
for creating bilayer composite membranes (BCM), in
which one of the layers has a highly porous hydrophilic
base, and the second thin microporous layer has hy-
drophobic properties. In recent papers, it was shown
that membranes of this type are also promising along
with the common hydrophobic membranes made of
polypropylene, polyvinylidene fluoride, and polyte-
trafluoroethylene in membrane distillation processes
for desalination of seawater [1, 2]. The usage of a thin
hydrophobic layer combined with a thick hydrophilic
substrate allows increasing the permeate flow through
the membrane by decreasing the resistance against
mass transfer. There are different methods of creat-
ing BCM; deposition of a polymer layer synthesized
by plasma is one of these techniques [3, 4]. The
usage of plasma demonstrates important advantages:
it allows controlling the thickness of the deposited
polymer layer, providing high adhesion; a minor of
conducting the process also characterizes it and the
possibility to use a wide range of organic and orga-
noelement compounds. The usage of this method
for the polymerization of organic compounds contain-
ing functional groups allowed obtaining hydrophilic
polymer layers on the membrane surface [5].

However, the attempt to use the method of plasma
polymerization for the obtainment of the hydrophobic
polymer layer on the membrane surface has not been
successful. The studies showed that functional groups
containing oxygen, in particular, carboxylic groups,
are formed on the surface of the deposited layers at
the usage of precursors without functional groups (for
example, acetylene [6] or 1,1,1,2-tetrafluoroethane [7]).
Such groups are formed when the samples are taken
into the air; the presence of residual oxygen in the vac-
uum reaction chamber also causes their formation [8].
The insufficiently high values of water contact angles
are related to the formation of the groups containing
oxygen in the surface layer of the deposited polymers.
In this regard, the search for new methods for the
synthesis of bilayer composite membranes, in which
one of the layers has a hydrophobic nature, is very
relevant. A range of modern methods can be used
for the deposition of thin hydrophobic layers onto the
surface of porous membranes: chemical vapor depo-
sition, sol-gel technique, photochemical grafting, etc.
However, the formation of coatings from the active
gaseous phase by the dispersion of polymers under,
for example, laser radiation, RF-discharge plasma, or
a beam of accelerated electrons attracts the highest
interest among them. These methods are high-tech;
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Initial Thickness of deposited UHMWPE-like coating
Parameters

PET TM 50 nm 75 nm 100 nm
Relative increase in the mass, % — 7.4 10.0 11.7
Air flow rate at ∆P = 104 Pa,
mlmin−1 cm−2

60 50 45 40

Effective pore diameter, nm 65 62 60 57
Water contact angle, deg 65 78 82 94
Surface roughness Rms, nm 23.2 13.8 8.0 5.2
(1 × 1 µm2 scan area)
Surface roughness Rms, nm 5.4 4.0 2.8 3.5
(area without pores)

Table 1. Change of the PET TM characteristics after applying of UHMWPE-like coatings with different thicknes on
its surface.

Figure 1. SEM images of the (a) initial PET TM surface and membranes with coating of UHMWPE-like with a
thickness of (b) 50, (c) 75 and (d) 100 nm deposited by magnetron sputtering of original polymer.

they allow controlling the structure and composition of
the deposited layers and obtaining superhydrophobic
coatings on the surface of solids [9, 10].

In this work, the results on the synthesis and char-
acterization of bilayer composite membranes contain-
ing a thin hydrophobic layer and thick hydrophilic
substrate are reported. In order to obtain these mem-
branes a thin coating from ultra-high molecular weight
polyethylene (UHMWPE) was applied on the surface
of a poly(ethylene terephthalate) track-etched mem-
brane (PET TM) by magnetron sputter deposition
method.

2. Experimental
In the present experiments, poly(ethylene terephtha-
late) track-etched membrane (PET TM) with an ef-
fective pore diameter of 65 nm and pore density of
3×109 cm−2 was used. To produce the membrane, the
PET film with a thickness of 10.0 µm (Lavsan, Russia)
was irradiated by krypton positive ions, accelerated
to energy of 3MeV per nucleon at the cyclotron of the
Flerov Laboratory of Nuclear Reactions. Then the
ion-irradiated film was additionally sensitized with
UV irradiation with the maximum emission intensity
at 310 nm. The chemical etching process was per-

formed in the aqueous solution of sodium hydroxide
with concentration of 1.0mol L−1 at 75 °C according
to the technique described in [11]. The membrane
samples were cut in circular form with diameter of
10 cm prior the experiments.

The nanoscale layers of ultra-high molecular weight
polyethylene-like (UHMWPE-like) coatings were de-
posited on the membrane surface from an active
gas phase obtained by magnetron sputter deposition
(MSD) of the original polymer in a vacuum. The depo-
sition was conducted in a spherical stainless steel vac-
uum chamber evacuated by a turbomolecular pumping
system down to a base pressure of 10−2 Pa. The pres-
sure in the chamber was monitored by a Pfeiffer gauge
and the flow rates are controlled by electronic mass
flow controller (Bronkhorst Instrum.). The cham-
ber is equipped with a magnetron sputtering source
(Kurt J. Lesker) and a second capacitively-coupled
plasma source, as well with other ports for various
plasma diagnostic systems. The magnetron source
was mounted at 45° and of 6 cm distance in respect to
the substrate holder, which serves also as grounded
electrode. The substrate holder is rotating during
the deposition in order to insure thickness uniformity
over large area. The UHMWPE target mounted in
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Atomic content, at.% Atomic ratio
Coating thickness

C O O/C
50 nm 85.8 14.2 1.65 × 10−1

75 nm 88.9 11.1 1.25 × 10−1

100 nm 84.9 15.1 1.80 × 10−1

Table 2. XPS data on the elemental composition of UHMWPE-like coatings with different thicknesses deposited by
magnetron sputtering of original polymer.

Figure 2. AFM images of the PET TM surface after applying of UHMWPE-like coating with a thickness of (a) 50,
(b) 75 and (c) 100 nm deposited by magnetron sputtering method.

the magnetron is sputtered by igniting a discharge
in argon flow (100 sccm) at RF power of 50W and
working pressure of 1.8×10−1 Pa. The deposition rate
of the UHMWPE-like coating was 50 nm/hr. In order
to insure various thicknesses of the UHMWPE-like
layers, the deposition time was varied. The determina-
tion of UHMWPE-like layers thickness was controlled
by contact profilometry method by using a Tenkor
profilometer. The schematic of the setup and the
MSD coating procedures are detailed in [12].
The characteristics of the initial membrane and

membranes with the deposited polymer layers were
determined by different procedures. The amount of
the deposited polymer on the membrane surface was
defined by the gravimetric method. The gas flow rate
through the membranes was determined at an ad-
justed pressure drop. Gas consumption was measured
by a float-type flow meter. From the obtained data,
the effective pore diameter was calculated using the
Knudsen equation [13]. The study of the microstruc-
ture of samples and the determination of the diameter
of pores on the membrane surface was performed using
a HITACHI SU-8020 high resolution scanning micro-
scope (Japan). A thin layer of gold was sprayed in
a vacuum onto the samples before the examination.
The surface properties were characterized by values
of the water contact angle measured with an Easy
Drop DSA100 instrument (KRUSS, Germany) and
the software Drop Shape Analysis V.1.90.0.14 using
deionized water as a test liquid (error ±1°).
Surface topography of the membranes was stud-

ied using a NTEGRA Prima (NT-MDT Spectrum

Instruments, Russia) atomic force microscope (AFM).
Measurements were made in the tapping mode using
HA−FM silicon probes (Tipsnano, Estonia). The scan-
ning area was 1 × 1 µm2; the resolution was 512 × 512
dots per image. The scans of smaller area without
pores were studied to exclude the influence of pores
on the determination of surface roughness. The main
determined parameter was the surface roughness −
a root-mean-square deviation of the surface profile
(Rms), calculated over all scan points.

The chemical composition of the composite mem-
brane was investigated by using the X-ray Photoelec-
tron Spectroscopy (XPS) method. XPS-spectra were
obtained using a Thermo Scientific K-Alpha spec-
trometer (USA) equipped with a hemispherical ana-
lyzer. X-ray radiation of an aluminum anode (AlKα =
1486.6 eV) was used for photoelectron excitation at
the tube voltage of 12 kV and emission current of
3mA. The position of peaks was calibrated using a
reference C1s peak (284.6 eV) [14]. The general spec-
tra were registered in a transmission band of 100 eV
with the step of 0.5 eV; the regional spectra were reg-
istered in a transmission band of 20 eV with the step
of 0.05 eV. The spectra were registered and processed
using Advantage software; the shape of peaks was
approximated by the convolution of the Gaussian and
Lorentzian functions.

3. Results and discussion
The results of measurements of the characteristics of
the initial PET TM and membranes after applying
coatings of various thicknesses by magnetron sput-
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Relative content of chemical bonds, %
Coating thickness

C−C, C−H C−O(H) C=O O=C−O
50 nm 75.7 15.1 6.6 2.6
75 nm 74.9 19.1 4.4 1.6
100 nm 73.8 17.9 6.0 2.3

Table 3. Distribution of carbon atoms according to chemical state in the C1s spectra of UHMWPE-like coatings of
different thicknesses.

Figure 3. C1s spectrum of the initial PET TM.

tering of UHMWPE in vacuum on its surface are
presented in Table 1. From the above data, it follows
that the deposition of the UHMWPE-like coating
leads to the increase in the weight of the membrane
samples and a decrease in the effective pore diameter
of the initial membrane. Reducing the effective pore
diameter of the composite membranes (CMs) means
that the pore diameter in the deposited polymer layer
becomes smaller than the pore diameter in the initial
membrane. Electron microscopic examination of the
surface of modified membranes shows that for a mem-
brane with a deposited UHMWPE-like layer of 50 nm
thickness (Figure 1b) there is a slight decrease in the
pore diameter on the surface. As the UHMWPE-like
layer thickness increases, the pore diameter on the
membrane surface decreases more significantly (Fig-
ures 1c and 1d). From electron microscopy data, it
also follows that the pore diameter on the backside
of the CMs remains unchanged. This indicates that
the polymer deposition takes place only on the modi-
fied surface of the membrane. The deposition of the
UHMWPE-like layer on the surface of PET TM by
MSD method thus leads to the formation of composite
membranes having an asymmetric shape of pore: the
pore diameter on the untreated side of the membrane
does not change, while the diameter of pores on the
modified side decreases. This result correlates with
the data we previously obtained during the study
of PET TM modification by plasma polymerization
[5–7].
AFM study of the topography of the track-etched

membrane surface with a coating deposited from the
active gas phase obtained by magnetron sputtering of
UHMWPE (Figure 2), shows that the deposition of
the polymer coating on the membrane surface leads to
a change in its roughness. Thus, for the initial mem-
brane, the Rms value calculated for all scan points
with an area of 1 × 1 µm2 is equal to 23.2 nm (Ta-
ble 1). This relatively high value is determined by
both the presence of pores on the membrane surface
and the preparation technique of the track-etched
membrane which includes chemical etching [11]. The
presence of pores exhibits a more significant influence
on the value of roughness. This fact is proven by
the determination of such parameters as the average
maximum peak height (Rpm) and the average valley
depth (Rvm) of the surface profile. The estimation
of these parameters for the initial membrane shows
that the value of Rvm is 129.5 nm, while the value of
Rpm is 25.8 nm, i.e., significantly lower. To avoid the
influence of pores when determining surface rough-
ness, scans with a smaller area that do not contain
pores were processed. For the initial track-etched
membrane, the Rms value in this case is 5.4 nm; this
value is an order of magnitude lower than the one
obtained for the scan of the larger area. Deposition
of UHMWPE-like coating on the surface of PET TM
leads to smoothing of the surface irregularities. The
Rms value of the modified membrane samples, calcu-
lated for all scan points with an area of 1 × 1 µm2, is
lower than for the initial membrane (Table 1). This
result is explained by the formation of the polymer in
the pore channels at a certain depth from the entrance
and partial blockage of the pores on the surface of the
modified membranes. A decrease in the Rms value
on the pore-free surface during deposition also indi-
cates that the UHMWPE-like coating has a smoother
surface than the original membrane surface.
The study of the wettability of composite mem-

branes shows that a hydrophobization takes place at
the deposition of the UHMWPE-like coating on the
surface of track-etched membrane. The initial mem-
brane is characterized by the water contact angle (Θ)
of 65°, then for PET TM coated with a polymer layer
50 nm thick, the Θ value is 78°. For a membrane with
a UHMWPE-like layer with a thickness of 75 nm Θ =
82°. Increasing the thickness of the applied polymer
layer to 100 nm increases the water contact angle to
94°. Note, the values of the contact angles for these

13



L. Kravets, V. Altynov, R. Gainutdinov et al. Plasma Physics and Technology

Figure 4. C1s XPS spectra of the (a) original UHMWPE and the UHMWPE-like coatings with a thickness of (b) 50,
(c) 75 and (d) 100 nm deposited by magnetron sputtering of original polymer.

coatings are lower than for UHMWPE-like coatings
obtained by the method of electron-beam deposition
(EBD) [15]. Such changes are most likely due to dif-
ferences in the chemical structure of polymer coatings.
To obtain information about the changes in the chemi-
cal structure of the surface layer of membranes taking
place during the deposition of coatings on the surface
of the initial track-etched membrane, XPS spectra
were registered.

Analysis of the surface layer spectrum of the initial
PET TM (Figure 3) demonstrates the presence of
lines attributed to carbon and oxygen atoms; their
atomic concentrations are 74.5% and 25.5%, respec-
tively. The spectrum of carbon atom was studied in
detail to determine the nature of the functional groups
on the membrane surface. The decomposition of C1s
spectral line of PET TM into components shows its
complex character. The most intense spectral compo-
nent characterized by the maximum of binding energy
(E) at 284.6 eV and relative contribution of 66.0% cor-
responds to the carbon in the C–C and C–H bonds.
The components characterized by the maxima of bind-
ing energy at 286.3 and 288.7 eV are attributed to the
carbon in the oxygen-containing C–O(H) functional
groups (18.3%) and O=C–O (15.7%), respectively.
The significant concentration of the oxygen-containing
functional groups in the surface layer of the initial

PET TM determines the hydrophilicity of its surface.
The XPS study of the chemical structure of

UHMWPE-like coatings deposited by the MSD
method showed the presence of peaks attributed to
carbon and oxygen atoms too (Table 2). A detailed
analysis of C1s spectra indicates certain differences in
the electron structure and chemical state of carbon
in the original UHMWPE (Figure 4a) and deposited
coatings (Figures 4b-d). A single intense peak charac-
terized by the maximum at E = 285.0 eV is present
in the spectrum of the original UHMWPE; it corre-
sponds to the chemical state of carbon in the C–C
and C–H bonds. Four components are observed in the
spectra of the UHMWPE-like coatings obtained by
MSD method of this polymer. An intense one (maxi-
mum at E = 285.0 eV) corresponding to the chemical
state of carbon in the C–C and C–H bonds. There
are the components of lower intensity in the spectra:
with a maximum binding energy of 286.0 eV, which
corresponds to carbon in the C–O(H) bonds, and with
a maximum binding energy of 287.5 eV, corresponding
to carbon in the C=O functional groups. Another one
is a component with a maximum binding energy of
289.1 eV, which corresponds to carbon in the O=C–O
groups. These data indicate the emergence of oxygen-
containing groups on the surface of the UHMWPE-like
coatings. The ratio between the number of oxygen
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atoms and the number of carbon atoms in the de-
posited coatings is on average 1.6 × 10−1, this value
is two times less than on the surface of the initial
PET TM, for which this ratio is 3.4 × 10−1. This fact
shows that the concentration of the ionogenic func-
tional groups (particularly, oxygen-containing groups)
on the surface of UHMWPE-like coatings is lower as
compared to the initial membrane. The concentration
of oxygen-containing groups corresponding to different
chemical states of carbon in UHMWPE-like coatings
of different thickness, as shown by experimental data,
varies slightly (Table 3).

4. Conclusions
Thus, the applying the UHMWPE-like coatings to the
surface of PET TM by the magnetron sputtering of
original polymer leads to the formation of composite
membranes consisting of two layers, one of which is
the initial track-etched membrane, characterized by
a medium level of hydrophilicity. The water contact
angle of this layer is 65°. The other layer deposited by
MSD method is more hydrophobic; the value of the
water contact angle varies from 78° to 94° depending
on the layer thickness. This layer contains a signif-
icant concentration of oxygen-containing functional
groups. The insufficiently high values of water con-
tact angles are related just to the formation of the
oxygen-containing groups in the surface layer of the
deposited polymers. Comparison of the experimental
data obtained with the results of the study of polymer
coatings from UHMWPE applied by electron-beam
deposition shows that the coatings obtained by the
EBD method are more similar in chemical composition
to the original polymer. For them, there are a higher
concentration of C–C and C–H chemical bonds and
significantly lower concentrations of oxygen-containing
groups compared to polymers deposited by magnetron
sputtering. The composite membranes of the devel-
oped sample can be used in the membrane distillation
processes for the desalination of seawater.
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