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This study investigates the surface modification of polyethylene terephthalate track-etched membranes by planar
magnetron sputtering of titanium and titanium dioxide thin films to improve its hydrophilicity and photo-
catalytic activity. After cold plasma treatment to enhanced adhesion, Ti thin films were deposited by planar
magnetron sputtering and TiO» thin films by reactive magnetron sputtering in an Ar-Oy gas atmosphere. The
morphology of the deposited thin films was characterised using atomic force microscopy and scanning electron
microscopy. The pores retained a mostly circular shape. However, the modified track membrane’s surface pore
diameter reduced from 0.2 pm to 0.15 pm for Ti coated samples and 0.08 um for Ti-TiO, coated samples.
Structural studies using X-ray photoelectron spectroscopy, energy-dispersive X-ray spectroscopy and Raman
spectroscopy of Ti and TiOj thin films revealed the intricate composition of the sputtered thin films which was a
result of the complexity of sputtering on top of the porous polymer support. Additional investigations in surface
wettability and bandgap showed a significant change in the track membrane surface’s hydrophilicity and pho-
tocatalytic properties after depositing TiO-Ti, adding to the self-cleaning properties of the coated TM. The
bandgap of the film was 3.1 eV and of the indirect type. Both Ti and TiO,-Ti sputtering over the TM surface
significantly reduced the water contact angle from 72° for untreated PET to 43° and 45° for Ti-TM and TiO»-Ti-
TM, respectively. This study shows that planar magnetron sputtering is a viable approach to surface modification
of a porous polymeric support, such as track-etched membranes. The sputtered coating enhanced membrane
hydrophilicity, thereby reducing the chance of surface fouling by organic substances, which leads to improved
self-cleaning properties.

1. Introduction namely well-defined and modulated pore-geometry, pore-diameter and

a controlled ratio of pores vs. unit surface area.

Track etched membranes (TM) are thin polymer films with an
“engineered” pore structure. The pores are formed by irradiating the
polymer film with swift-heavy-ions. The film, is then treated physi-
ochemically in order to develop the latent tracks by removing the
polymer material impacted by the trajectory of the swift-heavy-ions,
thereby forming the pores [1,2]. Polyethylene terephthalate (PET)
polymer is used for the majority of TMs in production. PET TMs in
particular has several exceptional structural features that distinguish
them from other traditional polymers and from native PET membranes,
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TMs are typically applied in medicine, for example in the purification
of drugs and viral suspensions (vaccines); in obtaining blood plasma
(plasmapheresis treatment); and in bacteriological quality control of
food and water; for cleaning air and liquids, for example, in creating
clean rooms; in drinking water purification systems; and in analytical
control of substances [1,3-5].

Proliferation in the purview of track-etched membranes can be
linked to both the increased demand for smart materials and the rising
requirement for purity and finer filtration. However, high
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hydrophobicity is one of the primary disadvantages of most industrial
membranes as it can lead to fouling of the membrane surfaces by organic
matter. When membrane fouling occurs, a gel-like layer forms over the
membrane surface, resulting in reduced efficiency and providing a
possible breeding ground for bacteria. Consequently, not only can pri-
mary contamination from the feed enter the filtrate, but also secondary
contamination from the by-products produced in the sludge [6].

The need for finer filtration is increasing in processes using micro-
filtration, ultrafiltration, nanofiltration, or reverse osmosis, primarily as
a result of operational needs of the pharmaceutical and biopharma-
ceutical, microelectronics, life sciences, and analytical industry. Track
etched membranes have been recognized as one of the only available
technologies to achieve, and verify, the required level of filtration.
Nevertheless, these material properties are not always obtainable
through conventional processing technologies. Often, surface modifi-
cations are required without altering the bulk of the TM structure
[7-10]. However, since the range of polymers viable for membrane
manufacturing are limited, off the shelf commercial products are
frequently inconsistent with the various industrial or technology needs.
Further research into membrane surface modification is necessary to
broaden the scope of their application.

The two main routes for customising TM properties are to either
synthesise a new polymer composition or by physicochemical modifi-
cation of the TM itself. For example, by altering the pore shape from
symmetrical to asymmetrical, one can improve the filtration properties
of the TM by reducing their hydrodynamic resistance without sacrificing
durability and permeability [11-13]. An efficient method for surface
modification of polymeric TMs is through the deposition of thin films of
various materials (metal/ceramic) upon its surface. This could be ach-
ieved through either Chemical vapour Deposition or Physical vapour
Deposition. However, for the purposes of this study we have chosen the
latter, specifically Planar Magnetron Sputter Deposition, as it is more
suited for upscaling to industrial-scale roll-to-roll deposition on poly-
meric TMs [7-10].

Magnetron sputter deposition can be subdivided into different cat-
egories based on power supply (direct current, pulsed direct current,
alternating current, radio frequency), target type (planar, cylindrical,
rotatory) and magnet configuration (balanced, unbalanced, rotatory). In
this study, a magnetron that makes use of planar targets, a direct current
(DC) power supply, and unbalanced magnets was chosen [7]. Currently,
magnetron sputtering is not being used on an industrial scale for the
surface modification of PET-TM, because of the specific requirements
and peculiarities related to TMs. There are problems, both scientific and
engineering related, to be solved before implementing this method in
the TM industry. Polymer materials generally have a low surface energy
and, consequently, low adhesion characteristics. For better adhesion of
coatings to the polymer, pre-activation of the surface is recommended
[14-17].

Degassing is a major problem when sputtering on a TM, especially at
a large scale. The treatment of the TM in a low-pressure plasma is
accompanied by the release of absorbed water from the polymer. This
results in the formation of various impurities and gaseous by-products
formed through the interaction between the plasma, the vacuum, and
the polymer. This imposes special requirements on the vacuum equip-
ment and process regime [7]. Temperature regulation is imperative due
to the potential difference in the expansion coefficient between TM and
metals/ceramics during deposition. Should the TM heat-up and expand
during sputtering, it could lead to the delayed formation of cracks in the
coatings [18-20].

Magnetron sputtering does, however, offer several advantages:
Versatility, due to the possibility of obtaining films of metals, alloys,
semiconductors, and dielectrics; Adaptability, due to the possibility to
combine multiple processes in the same chamber, including substrate
surface activation, without breaking vacuum; Control, due to the pos-
sibility to alter the coating structure and properties by varying the
discharge power, chamber pressure and composition/flow of the carrier
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and reactive gas medium [7].

Titanium (Ti) has been chosen as the target coating as it is possible to
deposit both Ti and Titanium dioxide (TiO3) from the same target
without breaking vacuum. TiOg is one of the most widely used photo-
catalysts due to its extensive range of applications such as water and air
purification, its optical, electrical, and chemical properties as well as the
relative ease with which it can be implemented in mass production [8,
10,14,21-26]. Some advantages of metallised polymeric TMs over its
native counterpart includes improved chemical resistance, increased
mechanical strength, a higher thermal stability, and the formation of
asymmetrical pores because of the single sided metallisation. All these
changes due to the surface metallisation by Ti and TiO,, leads to an
increased productivity of the resulting TM [27-29]. Particular interest is
focused on enhancing the properties of TM to induce photocatalytic
properties for purposes of self-cleaning and antifouling [30-32]. Details
on the research and development in deposition of metal-ceramic coat-
ings on the surface of polymeric TMs are few and far between.

In view of this lack of information relating to magnetron sputtering
surface modification of TMs, which possesses a porous structure, it is
necessary to gain insight into the inner workings of plasma reactions
with TM. Modernising membrane filtration technology utilising TMs is
an attractive solution to areas such as drinking water treatment,
extractive industrial water treatment, industrial gas separation, do-
mestic air filtration, and biochemical sensing. TMs could be used in
preference to conventional separation methods. Therefore, the present
work aims to partially fill this knowledge gap by determining how the
properties of the resulting thin films being deposited on TMs depend not
only on the deposition conditions but on the specific features and the
chemical nature of the porous-polymer TM. As we show, the proposed
magnetron sputtered layers would significantly improve the hydrophi-
licity of the surface. The bandgap in the near-UV region, coupled with
the modified surface, is expected to reduce fouling, and enhance self-
cleaning via photocatalysis of the organic contaminants retained on
the membrane. Thus, this study aims to pave the way to industrialising
the TM surface modification process for future filtration applications.

2. Experimental
2.1. Ti and TiO, film deposition

The exterior of 23 pm thick PET TMs, with a pore-diameter of 0.2 pm
and a pore-density of 5 x 108 cm™2, was modified through DC magnetron
sputtering of Ti and TiO; directly on top of the surface. All membranes
were manufactured in the Flerov Laboratory of Nuclear Reactions
(FLNR) at the Joint Institute for Nuclear Research from polyethylene
terephthalate (PET) film. The entire TM production procedure has pre-
viously been described by Flerov et al. [33] and Apel and Dmitriev [34].

To clean and degrease the TM’s surface before sputter deposition, the
polymer support was pre-treated for 1 min at 5 x 1073 Pa by cold
plasma. This also leads to the temporary formation of oxygen-containing
functional groups on the TM surface that help improve adhesion during
sputtering [35,36]. Using a MIR-2 magnetron sputtering system, in DC
mode, metallic Ti films were sputtered directly on top of the pre-treated
TM surface at a deposited rate of 4-5 A/s. A horizontally mounted
sputter target (cathode) made of 99.7% pure titanium in a chamber
filled with a 99,99% pure argon carrier gas at a pressure of 2.67 x 107!
Pa, and a current of 3A was used to deposit the Ti coatings at a
target-to-substrate distance of 240 mm.

Sputtering of TiO5 on top of the Ti coated TM was carried out inside
the MIR-2 magnetron sputtering system without breaking vacuum at a
deposited rate of 2-3 A/s. The only change was the addition of a reactive
gas to the argon atmosphere. For TiO, deposition, a mixture of argon-
oxygen at a pressure of 2.67 x 107! Pa and 0.67 x 10! Pa was used
respectively [37]. Additional TiO,-TM samples without the Ti layer were
made for XPS and band-gap analysis as a control specimen.

Please note that in this article:
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e TM refers to all uncoated track etched membrane samples;

e Ti-TM will refer to track etched membranes coated in titanium;

e TiO,-TM will be considered the control and refers to all track etched
membrane samples coated in only titanium dioxide;

e TiOo-Ti-TM will refer to all track etched membranes first coated by
titanium, and then coated thereafter by titanium dioxide;

e All deposition parameters have been optimised for this experiment;
however, this process will not be discussed in detail as it is not the
focus of this paper.

2.2. Ti and TiOy film characterisation

The surface morphology was studied by atomic force microscopy
(AFM) and scanning electron microscopy (SEM). AFM images were
recorded using a Ntegra (NT-MDT, Russia) microscope operating in
tapping mode with standard NSG10 cantilever tips. The deposition rate
was determined by initially sputtering Ti and TiO, on glass and there-
after measuring the film thickness by atomic force microscopy (AFM).
Scanning electron microscopy (SEM) was performed using a SU-8020
high-resolution field-emission SEM (Hitachi, Japan) at an operating
voltage of 3-5 kV. Element distributions were primarily investigated for
C, No, O3 and Ti by energy dispersive spectroscopy (EDS) at a working
distance of 14.10 mm, elevation angle of 29.22°, collection time of 60 s
and an accelerating voltage of 3-10 kV, performed on a SEM with Ox-
ford Instruments Aztec Energy EDS Analysis System.

X-ray photoelectron spectroscopy (XPS) measurements were carried
out using a Thermo Fisher K-Alpha X-ray spectrometer equipped with a
monochromatized Al Ka X-ray source (1486.68 eV) and an ion gun for
depth profiling. Survey spectra were obtained with a pass energy of 100
eV (0.5 eV step) whereas the high-resolution region scans were taken
with 0.05 eV step and a pass energy of 20 eV. The binding energy (BE)
scale of the spectrometer was calibrated using sputter-cleaned samples
of pure copper (Cu 2p3/2, 932.62 eV), silver (Ag 3d5/2, 368.21 eV), and
gold (Au 4f7/2, 83.96 eV). Since the TiO2-Ti-TM and Ti-TM film coating
layers were conductive, no charge neutralisation was applied during
spectral acquisition. For non-conductive TiO-TM specimen, a dual
beam charge neutralizer (flood gun) was used to minimize charging of
the surface. In this case, to eliminate shifts in the electron BE scale, the
spectra were referenced to the deconvoluted Ti 2p3/2 peak of TiO; at
458.60 eV. A deconvolution procedure was carried out with a standard
Shirley background and a mixed Gaussian-Lorentzian GL(x) line shape
or Gaussian-Lorentzian Convolution LA(a, f, m). Our notation is
consistent with that of CasaXPS software, that is, for GL line, x is the
percentage of the Lorentzian share in the Gaussian/Lorentzian product
formula; for LA peak o and f specify the spread of the tail of the Lorentz
curve and m is the width of Gaussian used to convolute the Lorentz
curve. Note that, for a # 5, the spread of the tail on one side of LA line is
different than on the other side, producing an asymmetric line shape. In
order to investigate the bulk composition of the films, the depth
profiling, consisting of repeating 10 s etching cycles with 2 keV Ar+ ions
followed by a subsequent XPS analysis.

Raman spectroscopy was used to investigate the structure of the
deposited Ti and TiO films. Raman spectra were collected using a
Raman spectrometer (EnSpectr R532, Chernogolovka, Russia) with a
green 532 nm laser as monochromatic light excitation source.

Ultraviolet-visible spectroscopy was used to collect the spectra of the
TiO-TMs using an Evolution 600 (Thermo Scientific UV-VIS, USA) in
the wavelength range 190-900 nm, thereafter the data was processed to
determine the band gap energy.

Contact-angle measurements were carried out at room temperature
to analyse the hydrophobicity/hydrophilicity effect of the metallisation
on the TMs using a Kriiss DSA100 Drop shape analysis System (Kriiss
GmbH, Germany). The approach involved meticulously placing a 3 mL
droplet of deionised water (18.2 MOmecm, Milli-Q Advantage AlO0,
Millipore, USA) on the sample surface. Thereafter, using the DSA4
(Kriiss GmbH, Germany) software, the procurement of an image of the

Thin Solid Films 725 (2021) 138641

droplet and the ensuing computation of both contact-angles (left and
right) was completed within 3 s.

3. Results and discussions

For a qualitative understanding of the thin sputtered layers of
metallic-Ti and dielectric-TiO- on top of their track membrane supports,
as well as the physicochemical properties of the deposited thin films, it is
necessary to investigate the relationship between morphology, compo-
sition and the structure of the modified membranes. Track membranes
are a good model of a porous supporting structure, especially for
investigating thin films deposited by magnetron sputtering. Investi-
gating changes of pore size and geometry, together with the layer-by-
layer composition of the thin-film material, can be used to give in-
sights into the production and advantages of these thin films.

3.1. Morphological study by atomic force microscopy (AFM) and
scanning electron microscopy (SEM)

AFM data can be useful in tailoring the product coating thickness,
roughness, and grain structure by fine-tuning the sputtering parameters
(e.g., power, pressure, gas composition). The deposition rate was
initially estimated by depositing Ti and TiO2 films on top of silicon
wafers and measuring the resulting step-edge. The thickness of the
sputtered metallic Ti was between 40 and 50 nm, deposited at a rate of
4-5 A/s, and the thickness of the ceramic TiO, was approximately
90-100 nm, deposited at a rate of 2-3 A/s.

In the determination of surface morphology, small areas between the
pores were chosen for AFM measurements to avoid pore influence. The
root-mean-square deviation of the surface profile (Rq) is equal to 9.6 +
0.4 nm for the initial membrane. The argon plasma treatment causes a
smoothing of the surface’s structural heterogeneities, leading to the Rq
value decreasing to 4.6 + 0.4 nm. Sputter deposition of Ti and TiO2
increased the overall surface roughness between the pores. Rq = 5.3 +
0.4 nm for Ti-TM and Rq = 6.4 + 0.4 nm for TiO5-Ti-TM.

In Fig. la, the initial TM surface shows the presence of spherulites
with quite uniform sizes and -spatial distribution. Such surface
morphology developed due to the PET film’s chemical etching after ion
irradiation and is consistent with [38]. In the TiO»-Ti-TM sample,
Fig. 1c, the grain size distribution seems to be more uniform than in the
case of the Ti-TM sample, Fig. 1b. Nevertheless, for both the Ti-TM and
TiO,-Ti-TM samples, larger grains seem to be composed of smaller
particles. It might be because coated TMs retain some resemblance to the
spherulite structure of the supporting TM.

After Ti sputtering, the post-deposition surface topography as seen
by SEM remained similar to that of the track membrane, see Fig. 2b. The
pores retained a mostly circular shape with a reduction in diameter from
0.2 pm to ~0.15 pm. However, TMs coated with both Ti and TiO,
differed notably from those only coated in Ti. The SEM investigation
revealed that after sputtering the consecutive TiO; layer, a partial oc-
clusion of the pores occurred, see Fig. 2c. This resulted in a distortion in
both of the shape of the pore’s edge and its effective diameter. The
derived pore diameter significantly reduced from the native TM, from
0.2 pm to ~0.08 pm. Keep in mind that in Fig. 2b, based on the estimated
deposition rate, the total film thickness is 240 nm (+10%) compared to
~140 nm (+10%) in that of Fig. 2c. For TMs the bubble point method is
the industry standard for pore size determination, but unlike SEM, it
does not have the visual aspect allowing us to see artefacts such as the
“narrow” pore visible at the top left-hand corner in Fig. 2c. However,
upon closer investigation this narrow pore is not actually a single pore,
but a double pore formed by 2 swift heavy ions intersecting the TM
during ion irradiation, only appearing as a single narrow pore after
being sputter coated by Ti and TiO».

AFM and SEM analysis of the modified TM surface morphology
revealed a 15% higher surface RMS roughness for the Ti- and a 40%
higher surface RMS roughness for the TiO-Ti coated membranes
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Fig. 1. AFM height images of: (a) TM, (b) Ti-TM, and (c) TiO-Ti-TM sample.
The image size is 1 x 1 pm?. Note that areas without the pores were chose for
the AFM investigation.

compared to that of the uncoated TM. The deposited thin films appear to
be somewhat granular and made up of particles ~15-50 nm in diameter.
This is thought to be advantageous for applications where an enlarged
surface area benefits processes such as adsorption and heterogenous
catalysis. Additionally, it is believed that further research and devel-
opment into the sputtering methodology on top of TM supports would
result in a less noticeable alteration to the pore shape.

3.2. Compositional study by X-ray photoelectron spectroscopy (XPS),
energy dispersive X-ray spectroscopy (EDS) and raman spectroscopy

XPS is a powerful surface analysis tool for materials research and

Thin Solid Films 725 (2021) 138641

I

U I
500nm

SU8020 3.0kV 2.1mm x100k SE(U) 1/

U
500nm

Fig. 2. SEM micrographs of a) TM, b) Ti-TM, c¢) TiO»-Ti-TM.

problem solving used to elucidate the surface chemistry responsible for
both the wettability and catalytic characteristics of TiO; thin films [25].
This technique was used in this study to investigate both the bulk and
surface chemical composition of the Ti and TiO; films in order to
identify the chemical state of the Ti atoms in particular.

The Ti2p reference spectrum for crystalline TiO, has a broad GL(30)
line and symmetric LA(1.5, 1.5, 70) peak for the j = 3/2 and the j = 1/2
component respectively. Spin-orbit splitting of 5.72 eV was assumed and
the area ratio of Ti 2p1/2 to Ti 2p3/2 component was constrained to 1:2,
in accordance with the literature [39]. This model fitted the Ti 2p core
level spectrum of TiOy-TM fairly well, see Fig. 3a, suggesting the
appropriate choice of sputtering conditions.

A more complex picture was obtained for Ti 2p surface spectrum of
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Fig. 3. Ti 2p core level spectra recorded on the surface of (a) TiO,-Ti-TM and (b) Ti-TM specimens.

the Ti-TM sample, see Fig. 3b. In this case, as expected an asymmetric
component due to metallic Ti was visible at low BE range. However, the
main constituent of the sputtered layer was still TiO,. Following litera-
ture recommendations the deconvolution was carried out by setting
spin-orbit splitting to 5.7 eV for oxides and BE shifts of - 1.4 eV for Ti(III)
oxide and —3.2 eV for Ti(Il) oxide, related to respective TiOs
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accounted for by LA(1, 1.5, 7) line and spin-orbit splitting was set as
6.03 eV. The BE values of metallic components were slightly lower (~
0.1 eV) than typical literature values. The atomic ratio of Ti bound in
TiO, to TizO3 to TiO to Ti(0) was 8:1:1:2 [66.6%, 8.4%, 8.4%, and
16.6%]. Since the sputtered layer contains some amounts of TiC and TiN
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Fig. 4. XPS depth profiles for (a) Ti-TM, (b) TiO,-Ti-TM, and (c) TiOo-TM specimens.
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(see discussion below), the content of Ti bound in intermediate oxides,
especially in TiO, is overestimated due to overlapping — Ti 2p3/2 lines of
both TiN and TiC that are closely positioned at ca. 455 + 0.5 eV [40,41].

To gain insight into the bulk composition of the thin films, depth
profiling with monoatomic Ar ions was conducted. As known, under
such etching conditions titanium oxides are gradually reduced to in-
termediate oxides or even Ti(0) [42], thus limiting the relevant infor-
mation. A similar issue arises due to ion irradiation-induced
deoxygenation of the polymer substrate [43,44], making the elucidation
of the actual composition virtually impossible. Thus, our considerations
below are based primary on global changes in the elemental composition
and analysis of stable species. The respective depth profiles obtained at
2 keV Ar+ ion etching are shown in Fig. 4a-c. For each film, the initial
concentration of C atoms was high (30-40 at.%), suggesting that the film
surfaces are contaminated with a thin overlayer of adventitious carbon.

This contamination was readily removed after a few etching cycles.
After that, for the Ti-TM specimen, see Fig. 4a, the content of Ti atoms
decreased slowly until reaching the track membrane support. At this
point a more dramatic reduction in the Ti content started. The initial
decrease in the oxygen content is more significant and related to the so-
called ion beam preferential sputtering [45-48]. This effect is reflected
in the evolution of high-resolution Ti2p spectra, the share of
low-oxidation state oxides and Ti(0) increases at the expense of TiO5. At
the Ti-TM interface the level of O increases, forming on its concentration
profile a peak centred at etching time of =~ 550 s. This is related to the
oxygen content in the PET substrate, that is initially higher, but quickly
decreases upon ion bombardment.

For TiO,-Ti-TM, see Fig. 4b, a clear transition between the first TiOy
and second Ti sputtered regions is visible. Throughout the TiO; layer the
content of Ti atoms stays relatively constant (~ 30 at.%). The initial
oxygen content is approx. two times higher than that of titanium. With
increasing etching time the O share slowly decreases. However, until a
Ti sputtered layer is reached (at approx. 2400s), it is still higher than in
the case of the Ti-TM film. This confirms that the major constituent of
this layer is TiO2. Along the Ti interlayer and for the interface with TM
the changes in atomic concentrations are similar to those of Ti-TM. For
TiO5-Ti-TM, a composition of Ti interlayer cannot be obtained directly.
However, based on the fact that the content of Ti here is higher and
similar to that in Ti-TM film (=~ 35 at.%), a similar mixture of oxides and
Ti(0) can be assumed.

For better clarity, a control sample was prepared and investigated.
The TiO,-TM film, see Fig. 4c, atomic concentration profile is similar to
that of the TiOg layer in the TiO,-Ti-TM film. The most notable differ-
ence is the interface with the TM support. The absence of the region with
increased oxygen content may suggest that TM near the surface region
has undergone deoxygenation due to the more severe conditions of
magnetron sputtering. It should be pointed out that for each film
investigated, after etching the entire deposited film, some amount of Ti
(=~ 4-7.5 at.%) was still present. For this specimen we performed addi-
tional etching cycles that show that, after reaching the interface, this Ti
amount does not change significantly for a relatively long etching pro-
cess (= 1000s). This behaviour suggests the presence of Ti inside the
pores of the TM which is also evident in SEM images.

Based on the high-resolution region spectra, the concentration pro-
files of TiC (Cls, BE of ~ 282 eV) and TiN (N1s, BE of 397 eV) were
calculated for Ti-TM and TiO,-Ti-TM, see bottom of Fig. 4a-b. The
shoulder peak at higher BE (~ 399 eV) on N1s spectra was attributed to
titanium oxynitride (TiNO) [41]. Since the ratio of TiNO to TiN was
rather constant, to obtain more stable fitting results, a single asymmetric
LA(1.1, 2.44, 69) line, accounting for both species, was used. A similar
approach was applied to deal with a shoulder peak (BE of 282.7 eV) on
the TiC signal on Cls spectra. In this case the shoulder is due to the
interface or disorder effects [49] and was accounted for by an asym-
metric LA(1.0, 1.2, 69) line of TiC component. For TiO2-TM the con-
centrations of TiN and TiC were below detection limits. Similarly, the
absence of TiN and only low content of TiC (<2 at.%) was noticed for the
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TiO4 layer in TiO,-Ti-TM. Here, the level of TiC is clearly related to the
presence of carbon contamination in the layer. The ratio of C in TiC to
total C content is constant along the whole layer. For both Ti-TM, and
TiO2-Ti-TM the maximum levels of TiC and TiN are reached at the Ti
layer close to the interface of the sputtered Ti layer and TM.

These findings, along with the presence of C contamination in the
deposited film, suggest that during the deposition process, the near
surface layer of the TM undergoes partial chemical transformation.
Similarly, as for other polymers, preferential deoxygenation of the film
may occur. The atoms and clusters released from the TM support surface
seemed to be highly reactive toward Ti, leading to the formation of TiC
and mixed titanium oxides. The increase carbon footprint throughout
the layer is most likely as a result of self-sputtering and backscattering
from the support.

Energy-dispersive microanalysis (Table 1) confirms the presence of
the following elements: C, N, O, and Ti. Since the analysis was carried
out at an electron acceleration voltage of 10 kV, the penetration depth of
electrons with that high energy is in the range of up to 1000 nm. Thus, a
significant portion of the EDS signal comes from the polymer support,
explaining the low content of Ti in both samples (Table 1). The content
of Ti increases in the following order: TM<Ti-TM< TiO,-Ti-TM and is
clearly related to the thickness of magnetron sputtered layers. The
concentrations of light elements should be considered semi-
quantitatively. The respective signals lie close to one another (C Ko
277 eV, N Ka 392 eV, O Ka 525 eV), and in addition, the O Ka signal is
partially overlapped with the Ti La line (452 eV).

EDS confirmed the presence of N, nevertheless, it is difficult to give
an exact estimate, especially when trying to differentiate between car-
bon and nitrogen, since their peaks are so close to one another. This is
further complicated by the fact that the deposited Ti and TiO films are
so thin. However, these results are consistent with the XPS depth profile
and help to support the theory that, despite no obvious visual artifacts,
there is some TM surface decomposition taking place during Ti sput-
tering. Thereby resulting in the unanticipated carbon contamination and
subsequently, a TiC interfacial layer formed between the TM support
and Ti coating.

Raman spectroscopy is a powerful non-invasive and non-destructive
chemical analysis technique that allows for the investigation of modified
vibrational structures of TiO- (anatase, rutile and brookite), even in very
small quantities, such as those found in thin films. Raman spectra of
materials are like their fingerprint characteristics, the intensity, posi-
tions, and widths of the Raman bands of the measured materials are
related to their vibrational and structural properties [50]. The Raman
spectra was measured in the 200-2000 cm ™' range for TM, Ti-TM,
TiO2-Ti-TM, see Fig. 5.

Raman active modes are located at around 260 cm ™!, 420 cm ™! and
610 cm™ . The peaks at 1564 cm ! (G-band) and 1328 em! (D-band)
along with a broad symmetric 2D peak at approx. 2750 cm ™! (not
shown) indicate the presence of turbostratic carbon. The spectral en-
velope suggests that the carbon phase has a highly disordered, but not
yet fully amorphous, structure. The presence of turbostratic carbon is in
accordance with our assumptions (based on XPS and EDS) that during
the magnetron deposition the near-surface of the polymer film un-
dergoes decomposition and a significant fraction of self-sputtered and
backscattered carbon clusters from the substrate is trapped in the
deposited films. In Fig. 5, the Raman active modes located at 262/269

1

Table 1
Elemental composition (from EDS data) of Ti and TiO»-Ti films deposited by
magnetron sputtering on TM supports.

Sample Concentration, at.%

Ti o C N
™ - 23 75 -
Ti-TM 8 23 65 4
TiO2-Ti-TM 20 43 34 3
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Fig. 5. Raman spectrum of TM, Ti-TM, and TiO-Ti-TM.

em ! (transverse acoustic mode), 415/418 cm? (transverse optic
mode) and 608 cm ! (longitudinal optic mode) are characteristics of the
rutile phase [51-53]. These Raman modes are somewhat shifted in
comparison to the literature. However, this could be attributed to laser
heating during the analysis or deviations from stoichiometry of the TiOy
films composition which are known to affect both the Raman line po-
sitions and widths [52,54]. Furthermore, in the nanocrystalline rutile,
non-stoichiometry strongly affects lattice vibrational characteristics,
thereby inducing a shape change of oxide Raman lines [55].

Due to the complex nature of the Ti-TiO» thin films deposited on top
of polyethylene terephthalate track membrane supports, it is difficult to
precisely define the nature of these thin films with only one type of
analysis. Similarly, it is not uncommon to have contradictory results
from different analytical methods such as XPS, EDS and Raman, not only
because of the difference in surface sampling depth of these methods,
but also the delicate material investigation involved therein. XPS,
though not ideal, was found to be the best for investigating the Ti and
TiO; films.

3.6. Physical study of contact angle and band gap

It is difficult to characterise the wettability of a porous film surface,
however for the purpose of the study the contact angle of wetting was
determined by the method of a recumbent drop. For this technique, the
angle between the tangent to the water film and the test surface is
measured and based on the results we can comment about the surface
hydrophobicity or hydrophilicity. From the results the subsequent
change in the hydrophilicity of the track membrane surface post sput-
tering was discerned. Both Ti and TiO,-Ti metallisation of the TM sur-
face significantly reduced the contact angle with water from 72° for
untreated PET to 43° and 45° for Ti-TM and TiO»-Ti-TM respectively,
which thus improved hydrophilicity and thus would reduce surface
fouling by organic substances [35].When dealing with photocatalytic
thin films on top of TMs, band-gap measurements are of great value as
they are fast, non-destructive, give valuable information about the film
properties and allow for the confirmation of results when using multiple
analytical techniques.

In our previous publication [10] the transmittance was measured as
functions of the wavelength of the incident light to study the optical
properties of TiO, thin films, see Fig. 6. During this study various
transparent films including TiO, was investigated, however Ti and
Ti-TiO2 were not. Only TiO, was investigated because the Ti and Ti-TiOy
coatings are not transparent. Using the Tauc plot method, the experi-
mentally measured transmission spectra of the modified TMs were
replotted as either direct (ahv)? or indirect (ahv)®> allowed transitions
vs. photon energy (hv). Where a is the absorption coefficient, h is Plank’s
constant and v the frequency of light. Extrapolating the linear region of
these curves to the intersection with the abscissa gives the value of the
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Fig. 6. (a) Optical transmission spectra; (b) Band gap evaluation for indirect-
and direct transition band gap of TiOs.

indirectly and directly allowed transition band gaps, respectively.

From Raman we have identified rutile peaks, however, after calcu-
lating and comparing the energies of indirectly (3.1 eV) and directly
(3.7 eV) allowed optical transitions inferred from measured trans-
mission spectra of the TiO»-TM films, see Fig. 6, the presence of anatase
phase cannot be ruled out. These results are discussed in detail in our
previous article [10].

It should be noted that the calculated band gaps of the titanium di-
oxide on membranes differ significantly from the literature. However,
this may be due to the effect of the surface morphology of the TMs on the
structure of the sputter-deposited films. It also follows from the data
presented that metallisation of the membranes leads to an increase in
band gap. This circumstance can influence the photocatalytic activity
and hydrophilic properties of the surface of the thin films [22]. Rutile
TiO4 tends to exhibit lower photocatalytic activity than anatase TiOy,
Nevertheless, the reason for this difference in photocatalytic activity is
still being debated. While both rutile and brookite fall under the direct
band gap semiconductor category, anatase seems to be an indirect band
gap semiconductor [24,56]. This means that should these coated TMs be
exposed to a UV light source they would exhibit photocatalytic effects
that could aid to extending their lifetime through photocatalytic
degradation of dissolved organic matter collecting on top of the mem-
brane surface.

4. Conclusions

In this study, the “lab-scale” deposition of Ti and Ti-TiO» thin films
by planar magnetron sputtering on top of track etched membrane sup-
ports were investigated. AFM and SEM analysis of the modified TM
morphology revealed that the Ti and Ti-TiOy thin films seem to be
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composed of fused nanoparticles. Sputter deposition resulted in an
increased Rq from 4.6 + 0.4 nm for the initial TM to 5.3 £ 0.4 nm for the
Ti-TM and 6.4 + 0.4 nm for the TiO»-Ti-TM. It was found that the pore
diameter of the native TM was reduced from 0.2 to 0.15 pm because of
the Ti deposition and a further reduction occurred after the sequential
TiO4 deposition reducing the pore diameter to 0.08 um. The Ti and TiO»
surface coatings significantly reduced the contact angle from 72° for TM,
to 43 and 45° for Ti and Ti-TiO,, respectively. This increased hydro-
philicity of the surface is expected to improve surface interactions in
filtration processes, thus reducing surface fouling by organic substances.

Raman confirmed the presence of rutile phase TiOy and the calcu-
lated indirect-, and direct transition band gap of the isolated TiO, thin
film on top of a TM support was estimated at 3.1 — 3.7 eV, however, since
the lowest value is generally deemed to be the band gap, the band gap is
3.1 eV and of indirect type.

Both XPS and EDS confirmed the presence of nitrogen in the sput-
tered thin films, albeit in a low percentage range. The main form of
nitrogen is in TiN, most likely arising from the degassing of the TM
support and the reaction between Ti clusters and the residual atmo-
sphere during the extended low-vacuum sputtering process. The pres-
ence of TiC is primarily attributed to the TM support with the TiC being a
by-product of the surface-sputter interaction between TM and Ti during
the initial Ti deposition.

This study clearly shows that planar magnetron sputtering is a viable
approach to surface modification of a porous polymeric support such as
track etched membranes and can feasibly be scaled up. However, further
investigation into the intricacies of metallisation of TMs are recom-
mended. It is believed that the overall quality of the surface coating
could be improved upon, resulting in more defined and controlled al-
terations to the pore surface-properties and an increase to the hydro-
philicity of the sputtered film. Taking these improvements into
consideration, it is believed that TM surface modification by magnetron
sputtering would invigorate the TM market, and also aid the industrial
need for finer filtration.
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