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This study addresses the high power impulse magnetron sputtering (HIPIMS) deposition of Ag-
nanoparticle films on polyester and the comparison with films deposited by direct current pulsed
magnetron sputtering (DCMSP). The first evidence is presented for the Escherichia coli bacterial inac-
tivation by HIPIMS sputtered polyester compared to Ag-polyester sputtered by DCMSP. HIPIMS layers
were significantly thinner than the DCMSP sputtered layers needing a much lower Ag-loading to inac-
tivate E. coli within the same time scale. The Ag-nanoparticle films sputtered by DCMSP at 300 mA for

ﬁ%m’;ds" 160 s was observed to inactivate completely E. coli within 2 h having a content of 0.205% Ag wt%/polyester
DCMSP wt%. HIPIMS-sputtered at 5A for 75s led to complete E. coli bacterial inactivation also within 2 h hav-
Sputtering ing a content Ag 0.031% Ag wt%/polyester wt%. The atomic rate of deposition with DCMSP is 6.2 x 101>
Ag-nanoparticle films atoms Ag/cm? s while with HPIMS this rate was 2.7 x 10'> atoms Ag/cm? s. The degree of ionization of
E. coli Ag*/Ag** and Ar*/Ar?* was proportional to the target current applied during HIPIMS-sputtering as deter-
XPS mined by mass spectroscopy. These experiments reveal significant differences at the higher end of the

currents applied during HIPIMS sputtering as illustrated by the ion-flux composition. X-ray photoelec-
tron spectroscopy (XPS) was used to determine the surface atomic concentration of O, Ag, and C on the
Ag-polyester. These surface atomic concentrations were followed during the E. coli inactivation time
providing the evidence for the E. coli oxidation on the Ag-polyester. X-ray diffraction shows Ag-metallic
character for DCMSP sputtered samples for longer times compared to the Ag-clusters sputtered by HIP-
IMS leading to Ag-clusters aggregates. Ag-nanoparticle films on polyester sputtered by HIPIMS contain
less Ag and are thinner compared to Ag-nanoparticle films sputtered by DCMSP.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

There is a growing concern about the increasing resistance to
antibiotics of toxic bacteria like Methycillin resistant staphylocco-
cus aureus (MRSA), Acinetobacter and Pseudomonas aeruginosa (P.
aeruginosa) as well as fungi like Fusarium/Candida Albicans lead-
ing to hospital acquired infections (HAI) with the necessary high
cost treatment and associated death of human beings having weak
immune-system [1,2]. Ag-surfaces prepared by DCMS sputtering
have been effective inactivating airborne bacteria [3]. Cu-surfaces
prepared by DCMS [4] and DCMSP sputtering have recently been
reported by our group [5]. DCMS-Ag deposition [6] has also been
shown to be effective bacterial inactivation. These Ag-films present
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uniformity, acceptable bacterial inactivation kinetics, high adhe-
sion and a relative low fabrication cost. These films on hospital
textiles avoid the formation of bacterial biofilms that last for long
times acting as a pump to spread toxic bacteria since they stick
strongly to glass, prostheses and catheters [7-9].

High power impulse magnetron sputtering (HIPIMS) is gaining
acceptance in many applications for surface treatments of metallic
surfaces as a recent method for physical vapor deposition (PVD)
based on magnetron sputtering [10]. The films deposited by HIP-
IMS protect metallic surfaces from corrosion and oxidation as well
as wear and have revealed to be important in the deposition of
metals on semiconductors and medical devices [10-12]. Recently
Stranak et al. have reported HIPIMS for the deposition of Cu-Ti thin
films [13,14,17,18]. Using HIPIMS, the high-density plasma at low
pressures leads to a higher percentage of charged ions and a much
higher metal-ion to neutral ratio as compared to DCMSP. The metal
ion-to-neutral ratio for Ag in our case is estimated as 1:1 and much
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Fig. 1. Schematic of the HIPIMS setup, the cathode used was Ag and the substrate
polyester.

higher compared to DCMSP with 1:9. In the case of HIPIMS a high
plasma density close to the target ionizes effectively the sputtered
metal-ions [11,12,24,26].

The objectives of this study are: (a) to present the first report
of HIPIMS Ag-nanoparticle films at different HIPIMS-currents (A)
and its effects on Escherichia coli kinetics inactivation, (b) to com-
pare the inactivation kinetics of E. coli on Ag-nanoparticle films
by DCMSP and HIPIMS, (¢) to prepare antibacterial Ag-nanoparticle
films avoiding the drawbacks of the wet techniques leading to non-
uniform films on textiles [15,16,19,20] and finally (d) to report on
the properties of Ag-nanoparticle films on polyester sputtered by
DCMSP and HIPIMS.

2. Experimental

2.1. Ag-films on polyester, materials and Ag-nanoparticle film
thickness calibration

HIPIMS deposition of Ag was carried out in a CMS-18 Vacuum
system from Kurt Lesker Ltd. evacuated to 10> Pa by a turbomolec-
ular pump [10]. Fig. 1 shows the schematic of the HIPIMS chamber.
The Ag-cathode was 3 inches in diameter or 75 mm, Ag-99.99%
from K. Lesker Ltd., UK. The HIPIMS was operated at 100 Hz with
pulses of 100 ms separated by 10 ms. The HIPIMS current density
at 5 A was 100 mA/cm?. At a discharge voltage of 1700V this corre-
sponds to a power density of 170 W/cm?. The HIPIMS short pulses
avoid a glow-to-arc transition during plasma particle deposition
[11]. The substrate was unbiased, and placed on an isolated holder,
thus assuming the floating potential of the plasma. The substrate
was not heated. The argon pressure was 0.4 Pa. The substrate-to-
target distance was 15 cm. One Ag cathode was used. The polyester
samples used were always 2 x 2 cm in size. The mass spectrome-
try measurements were carried out in a mass spectrometer PSM003
(Hiden Analytical Ltd.) to determine quantitatively the composition
of the ions in the HIPIMS plasma Ar-atmosphere [27].

DCMSP sputtering on different textiles has been described
recently laboratory [4-6]. DCMSP working pressure was 0.4 Pa, the
distance between the Ag-target and the polyester fabric was 10 cm.
DCMSP magnetron sputtering was operated at 50 kHz with 15%
reversed voltage. A negative voltage was applied of —~430V and then
the voltage was switched to +65V (15% of —430V). During DCMSP
sputtering continuous pulses of 10 ms were applied, but with time
the target gets overcharged and when this occurs. The unit tries
three times to clear the charging arc additionally generating three
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Fig. 2. (a) Calibration of the Ag-thickness by HIPIMS sputtered Si-wafers as a func-
tion of time for currents of 1 A and 5 A. (b) Calibration of the Ag-thickness deposited
at 300 mA by DCMSP as a function of time on Si-wafers.

asymmetric pulses. The DCMSP at 300 mA on the 5 cm diameter
DCMPS Ag-cathode provides a current density of 15.3 mA/cmZ.

The polyester used corresponds to the EMPA test cloth sample
No. 407. It is a polyester Dacron polyethylene-terephthalate,
type 54 spun, plain weave ISO 105-F04 used for color
fastness determinations. The thermal stability of Dacron
polyethylene-terephthalate was 110°C for long-range opera-
tion and 140°C for times <1 min. The thickness of the polyester
was +£130 wm +10%.

The calibration of the Ag-nanoparticle film thickness by HIP-
IMS and DCMSP on Si wafers is shown in Fig. 2. The film thickness
was determined with a profilometer (Alphastep500, TENCOR). The
nominal values of the thicknesses of the Ag-nanoparticle films on
Si-wafers as well as the weight percentage of Ag on the polyester
at different sputtering times using DCMSP and HIPIMS is shown in
Table 1. The calibration traces in Fig. 2 for HIPIMS as well as for
DCMSP presented an error of +10%.

2.2. X-ray fluorescence determination of the Ag-polyester content

The Ag-content on the polyester was evaluated by X-ray flu-
orescence. By this technique, each element emits an X-ray of a
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Table 1
Relation between the sputtering time used during DCMS, DCMSP and HIPIMS, the %
Ag wt/wt and the film thickness.

Time (s) % Ag wt/wt Thickness (nm)
DCMSP 300 mA
20 0.0259 25
40 0.0430 50
80 0.0870 102
160 0.2050 204
HIPIMS 5A
13 0.0029 7
37 0.0086 20
75 0.0315 40
150 0.0630 80
HIPIMS
1A 2 0.002 2
1A 13 0.003 4
2A 3 0.014 7

certain wavelength associated with its particular atomic number.
The spectrometer used was RFX, PANalytical PW2400.

2.3. Bacterial inactivation of E. coli on polyester samples covered
by sputtered Ag film.

The samples of Escherichia coli (E. coli K12) was obtained from
the Deutsche Sammlung von Mikroorganismen und Zellkulturen
GmbH (DSMZ) ATCC23716, Braunschweig, Germany to test the
antibacterial activity of the Ag—polyester fabrics. The polyester fab-
rics were sterilized by autoclaving at 121 °C for 2 h. 20 pL aliquot
of culture with an initial concentration of 3.8 x 106 CFUmL™! in
NaCl/KCl (pH 7) was placed on each coated and uncoated (control)
polyester fabric. The samples were placed on Petri dish provided
with a lid to prevent evaporation. After each determination, the
fabric was transferred into a sterile 2 mL Eppendorf tube containing
1 mL autoclaved NaCl/KCl saline solution. This solution was subse-
quently mixed thoroughly using a Vortex for 3 min. Serial dilutions
were made in NaCl/KCl solution. A 100-p.L sample of each dilu-
tion was pipetted onto a nutrient agar plate and then spread over
the surface of the plate using standard plate method. Agar plates
were incubated lid down, at 37°C for 24 h before colonies were
counted. The bacterial data reported were replicated three times
and the media value of three experimental determinations is plot-
ted in Figs. 4 and 5. To verify that no re-growth of E. coli occurs
after the total inactivation observed in the first disinfection cycle,
the Ag-nanoparticle film is incubated for 24 h at 37 °C. Then bac-
terial suspension of 100 L is deposited on 3 Petri dishes to obtain
the replica samples of the bacterial counting. These samples are
incubated at 37 °C for 24 h. No bacterial re-growth was observed.

2.4. Composite transmission electron microscopy of Ag-polyester
samples

APhilips CM-12 (field emission gun, 300 kV, 0.17 nm resolution)
microscope at 120 kV was used to measure grain size of the Ag-film.
The textiles were embedded in epoxy resin 45359 Fluka and the
fabrics were cross-sectioned with an ultramicrotome (Ultracut E)
and at a knife angle at 35°. Images were taken in Bright Field (BF)
mode for the samples sputtered by DCMSP and HIPIMS.

2.5. X-ray diffraction measurements of Ag-nanoparticle film on
polyester (XRD)

The identification of the Ag-nanoparticle peaks was carried out
by means of an X'Pert diffractometer of the Philips, Delft, NL.

2.6. X-ray photoelectron spectroscopy of the Ag-polyester
samples (XPS)

An AXIS NOVA photoelectron spectrometer (Kratos Ana-
lytical, Manchester, UK) equipped with monochromatic AlKy
(hv=1486.6eV) anode was used during the study. The electro-
static charge effects on the samples were compensated by means
of the low-energy electron source working in combination with
a magnetic immersion lens. The carbon C1s line with position at
284.6eV was used as a reference to correct the charging effect.
The quantitative surface atomic concentration of some elements
was determined from peak areas using sensitivity factors [20,21].
Spectrum background was subtracted according to Shirley [22]. The
XPS spectra for the Ag-species were analyzed by means of spectra
deconvolution software (CasaXPS-Vision 2, Kratos Analytical, UK).

3. Results and discussion
3.1. X-ray fluorescence of Ag-polyester sputtered samples

The HIPIMS unit is shown in Fig. 1. The Ag-content of the Ag-
nanoparticle films for sputtered DCMSP and HIPIMS samples was
determined by X-ray fluorescence. The most effective E. coli inac-
tivation by a DCMSP sputtered sample during 160 s presented
Ag-loadings of 0.205 Ag wt%/polyester wt%. This is ~6 times higher
than the Ag wt%/polyester wt% found for HIPIMS samples sput-
tered for 75 s. The nominal thickness of the 160 s layer sputtered by
DCMSP layer was 204 nm and the thickness observed for the HIP-
IMS sputtered layers for 75s was 40 nm. This explains the lower
content in Ag in the HIPIMS-sputtered sample compared to the
DCMSP-sputtered sample. Both samples were of interest since they
led to complete E. coli inactivation within a similar time of ~2h as
shown in Figs. 4 and 5.

3.2. Ag-films optical absorption as a function of sputtering time

Fig. 3 presents the Ag-nanoparticle films sputtered by HIPIMS
for different times. The samples (a) polyester alone shows no color
in the absence of Ag. A light brown grey-color appears in sample
(b) shows dark-grey metallic Ag-color due to HIPIMS sputtered for
13 s at 5 A. The darker film on the polyester in Fig. 3c is due to the
longer sputtering time of 75s at 5 A.

The energy of Ag-ions is up to 30eV and the average energy
is 2 eV. In DCMS these energies are significantly lower with maxi-
mum of 2 eV and average of 0.1 eV. Although DCMSP energies can
reach more than 100eV due to the switch off of voltage at each
pulse, this energy is delivered to the gas ions, which deliver it to the
surface indirectly by bombarding the growing film. In HIPIMS the
energy of the Ag-ions build up the Ag-film, thus delivering energy
more efficiently to the growing Ag-particles on the surface. This
results in denser films, with less porosity or voids. It also results
in higher mobility on the surface and better ability to cover areas
of the fiber that are out-of-sight of the plasma source. We are not
set-up to measure the energy of the Ag-ions of the DCMSP sputter-
ing so we cannot determine the exact values of the energy in the
DCMSP experiments.

The Ag-atoms diffuse anisotropically on the textile surface and
the subsequent migration/aggregation of the Ag-particle is driven
by the high energy given to the Ag-ions leading to thermodynam-
ically stable agglomerates [23,24]. But the high energy given to
the Ag-ions can also be released when the Ag-ions arrive at the
polyester surface recombining with surface electrons or bonding
with the textile surface.

The color in Fig. 3 corresponds to the composite Ag/Ag,0. The
Ag,0 has been reported to have a band-gap (bg) 0.7-1.0eV vs
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Fig. 3. (a) Polyester alone. (b) Ag-HIPIMS 13s 5 A. (c¢) Ag-HIPIMS 75s 5 A. (b) Samples: (a) polyester alone, (b) 20 s sputtered DCMSP 300 mA and (c¢) 160 s sputtered DCMSP

300 mA.

SCE and an absorption edge of 1000nm [25]. Fig. 3a presents
two Ag-nanoparticle films deposited by HIPIMS for 13s coating
of 7 Ag-layers with an Ag wt%/polyester wt% loading of 0.0029 as
shown in Table 1. The HIPIMS sputtered sample for 75s shows a
darker color compared to the HIPIMS sputtered layers due to the
thicker Ag-nanoparticle films of 40 nm with a loading of 0.0315 Ag
wt%/polyester wt%, Fig. 3b) presents Ag-nanoparticle films sput-
tered by DCMSP at different times. We use the term Ag-nanoparticle
films since the films are continuous and composed of nano-sized
grains.

3.3. E. coli inactivation kinetics mediated DCMSP Ag-sputtered
polyester

Fig. 4 presents the results of the E. coli inactivation by Ag-
nanoparticle films DCMSP-sputtered at 300 mA. The most favorable
E. coli inactivation kinetics within 2 h is seen in Fig. 4 for sam-
ples sputtered for 160s. Taking 0.3 nm as the lattice distance of
Ag-atoms, about 10'> atoms/cm? can be estimated for one atomic
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-+ Ag-80s (4)
— —<Ag-160s (5)
T, 1.0E+06 [
£
o]
i
$)
= 1.0E+04 |
IS
S
uj (5)
1.0E+02
1.0E+00 - !
0 2 4 6 8 10
time (h)

Fig. 4. E. coli inactivation kinetics as a function of time on Ag-polyester DCP-
sputtered at different times applying currents of 300 mA.

layer. Since one atomic layer is ~0.2 nm thick and Table 1 indicates
that a thickness of 204 nm has been deposited in 160 s equivalent to
1020 layers then ~10!8 atoms/cm? are necessary in Fig. 4 to induce
the fastest E. coli degradation. The atomic rate of deposition with
DCMSP was 6.2 x 101> atoms Ag/cm?s.

3.4. E. coli inactivation kinetics mediated by HIPIMS sputtered
polyester

Fig. 5 presents the results for the E. coli inactivation by Ag-
nanoparticle films sputtered at different times by HIPIMS 5A.
HIPIMS sputtering for 13 s lead to the threshold value for complete
E. coli inactivation on an Ag-film 7 nm thick (Table 1). The thresh-
old coating of 7nm is equivalent to 35 layers with a content of
3.5 x 1016 atoms Ag/cm?2. The atomic rate of deposition with HIP-
IMS therefore is 2.7 x 101> atoms Ag/cm?s. DCMSP sputtering has
been reported to proceed with a degree of ionization Ag between
3%and 10% with a plasma electron density much lower than the one
taking place in the HIPIMS chamber [11,12,20,22]. This leads to dif-
ferent microstructures for the Ag-nanoparticle film on the polyester
fabric.
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Fig. 5. E. coli inactivation kinetics as a function of time for HIPIMS sputtered
Ag-polyester at 5A.
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Fig. 6. (a) Transmission electron microscopy of polyester fiber DCMSP sputtered for 160 s at 300 mA. E in stands for epoxide used during the preparation of the samples for
TEM analysis. (b) Transmission electron microscopy of Ag-polyester fibers sputtered by HIPIMS at 5A for 150s. E in stands for epoxide used during the preparation of the

samples for TEM analysis.

3.5. Electron microscopy of Ag-polyester fibers determined by
DCMSP and HIPIMS

Fig. 6a shows the composite TEM results for Ag-nanoparticle
film on a full fiber sputtered by DCMSP for 160s. The arrow on
the lower side indicates the incident direction of the Ag-particles
sputtered from the Ag-target in the magnetron chamber. A dark
>100nm thick is observed on the incident side along the axis of
the Ag-target. But only a 5-15 nm thick Ag-nanoparticle film was
found on the opposite side of the fiber in Fig. 6a. About 60-65% of
the full polyester fiber was covered with Ag-nanoparticles. These
nanoparticles are responsible for the transfer of electron/charges
between the Ag-nanoparticle film and the E. coli in suspension.

Fig. 6b shows the HIPIMS sputtered Ag-nanoparticle film at 5 A
during 150s. The thick Ag-nanoparticle film 70-90 nm reaches up
to 80-85% of the full fiber. At the bottom of the fiber only a thin
layer of Ag was observed.

In the preceding paragraph the Ag-nanoparticle film deposited
by DCMSP presented a larger thickness compared with thinner
HIPIMS film layers as described in Table 1. Such a comparison is
very problematic, since Ag-films with the same thicknesses should
be compared. The size of the Ag-particles does not correlate with
the Ag-film thickness as shown by Ag-layers obtained by EM and
reported in Fig. 6a and b. By DCMSP sputtering particles 5-15 nm
in size were observed when the Ag-nanoparticle film was about
100 nm thick, but also when the film showed a 5-15 nm thickness.
In the case of HIPIMS the Ag-nanoparticle film, the thick coating on
one side of the fiber and the thin coating on the opposite side of the
fiber presented Ag-particles with about the same size (Fig. 6b).

The increased kinetic energy of the Ag-ions and ion-flux
in the HIPIMS plasma is due to the increased current den-
sity of 100mA/cm? vs 15.3mA/cm? for DCMSP at 300 mA.
The lower Ag-deposition of 0.0315 Ag wt%/polyester wt%
obtained by HIPIMS compared to the DCMSP value of 0.2050 Ag

wt%/polyester wt% leading to E. coli inactivation within 2 h can be
attributed to the higher Ag-adatom mobility induced by HIPIMS.
By HIPIMS the Ag-ions reach the polyester fiber from all directions
in the plasma chamber [12,26] (see Fig. 1). HIPIMS is able to pro-
vide a much higher number of Ag neutrals and Ag-ions compared to
DCMSP [10-12]. The ion-energies reach up to 30 eV as measured by
energy-resolved mass spectroscopy measurements (not shown see
Section 3.6). This is the intrinsic energy of ions in the plasma deliv-
ered by the sputter process and conserved at high level by excessive
gas rarefaction caused by heating by the high instantaneous power
on the target. Electron densities of ~10'8 (e~/m3) were estimated
from the target current density.

In the magnetron sputtering chamber the ionization
Ar— Ar*+e~ leads to a second step e~ +Ag° — Ag*+2e~. The
high-speed electron collides with Ag® and kicks off a second
electron leading to the Ag-ion. In the case of DCMSP, with a low
content of Ag-ions the positive plasma is not strongly attracted to
the negatively biased polyester fabric. But In the case of HIPIMS,
the highly positive Ag-ions in the sputtering chamber are strongly
attracted towards to the negative biased polyester making it pos-
sible to reach a much larger fraction of the full polyester surface
compared to DCMSP-sputtering.

Ag-films on the polyester form by nucleation followed by
growth, starting from Ag-atoms and leading to clusters. As the
sputtering progresses these clusters grow, coalesce and finally lead
to the Ag-nanoparticle film consisting of many layers. Nucleation
seems to be the rate-determining step. The atomic layer(s) of the
crystal(s) are a product of the nucleation process of the small clus-
ters. The Ag-atoms diffuse anisotropically or isotropically on the
polyester leading to the formation associating into bigger units. In
our case, Ag metal/ions condense on the surface of the polyester
binding to more Ag atoms. This leads to the production of Ag-
clusters that become compact but not necessarily crystallographic
[27-29].
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3.6. Ion composition of plasma in sputtering obtained by mass
spectroscopy

Fig. 7 presents the ion-composition when sputtering Ag by HIP-
IMS in an Ar atmosphere showing the mass spectroscopy analysis.
The HIPIMS runs show that with increasing current the Ar*-ions
decreases and the Ag*-ions in the gas phase increase. The amount of
Ag-ionsincreased with peak HIPIMS discharge current. At discharge
currents greater than 5 Amps, Ag*-ions exceeded the amount of
Ar*-ions. The most interesting result is that HIPIMS discharges at
10 A peak current produced high quantities of Ag*-ions with a small
amount of Ag2*-ions. In Fig. 7 when applying 10 A in the HIPIMS
chamber, we observe the production of a small amount of Ag2*-ions
as shown by the datain the upper right corner of Fig. 7. In the current
experiments HIPIMS power densities are at least a factor of 4-10
higher than more traditional sputtering methods such as DCMSP.
Therefore, significant differences are expected between HIPIMS and
DCMP-sputtering especially at the higher end as illustrated by the
ion-flux composition in Fig. 7. The composition of HIPIMS at the
lowest current of 1A (current density of 20 mA/cm?) was similar
to the case of DCMSP sputtering with a current of 300 mA (current
density of 15.3 mA/cm?). In the presence of O, the Ag2*-ion leads
to AgO as reported recently [3].

3.7. X-ray diffraction of HIPIMS sputtered Ag-polyester (XRD)

Fig. 8 shows the XRD for Ag-nanoparticle films on polyester
sputtered by DCMSP for 20 s and 160 s. The cluster formation occurs
when Ag-atoms bind to other metal-atoms rather than to polyester.
The growth of Ag-adatoms into clusters in the case of the 20s
sample leads to near spherical but not necessarily crystallographic
Ag-clusters. At a longer sputtering time of 160s, a steep peak is
observed in Fig. 8 assigned to the Ag-metal peak at 0 = 38°. Ag-metal
nanoparticles have been reported with dimensions >1 nm[27]. HIP-
IMS sputtering for 13 s at 1 A indicate in the insert a low Ag-cluster
formation. These clusters grow into bigger aggregates when sput-
tered for 75 s at 5 A, but did not lead to Ag-metal formation. More
details describing the relation between the nano-crystallite parti-
cle size and lattice parameters of silver clusters have been recently
reported [28,29]. We have not looked in a detailed way in Fig. 8
into the effect of the microstructure changes introduced in the
Ag-nanoparticle HIPIMS sputtered for 75 s at 5 A leading to the for-
mation of a thick 40 nm film compared to a thin 4 nm film sputtered
for13sat1A.

Table 2
Atomic percentage surface concentration of Ag, O, C on HIPIMS sputtered polyester
as a function of time during E. coli inactivation.

Time Element % At. Conc.
HIPIMS 75s5A

0 min O1s 14
Cls 52
Ag 3d6 34

30 min O1s 19
Cls 56
Ag 3d6 25

120 min O1s 25
Cls 72
Ag 3d6 3

Table 3
Evolution of the C-C species and the oxidized species (C-OH, C-0OC, carboxyl) on
Ag-polyester sputtered for 75s at 5 A with HIPIMS.

Time Functionality Peak position Area % At.
(eV) Conc.
HIPIMS 75s 5A

0 min Cc-C 285.0 2902.5 61.7
C-OH 286.1 786.4 16.7

C-0-C 287.0 543.2 115

Carboxyl 289.1 474.0 10.1

60 min Cc-C 285.0 2211.1 56.8
C-OH 286.3 772.1 19.8

C-0-C 287.1 3434 8.8

Carboxyl 289.0 566.0 14.5

90 min Cc-C 285.0 1690.6 385
C-OH 286.8 911.2 20.8

C-0-C 288.1 532.3 121

Carboxyl 289.3 616.9 141

3.8. X-ray photoelectron spectroscopy of Ag-polyester samples
within the E. coli inactivation time

Table 2 shows the atomic surface concentration of O, C and
Ag for the HIPIMS sputtered sample for 75s at 5A. The increase
of the surface O is due to the appearance C-OH, C-O-C and car-
boxyl species as the E. coli inactivation time progresses as shown
in Table 2 due to bacterial oxidation [30,31]. At the same time, the
C-content increases with reaction time and the Ag on the topmost
10 surface layers (<2 nm) is seen to decrease due to the C-residues
left by the inactivated bacteria on the polyester surface.

—-—DCMSP 20s 300 mA

16000, . DCMSP 160s 300 mA
J
i
I 7000 —+—HIPIMS 13s 1 Amp
a1 T —<—HIPIMS 75s 5 Amps
[ g
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8 . | el
3 ‘\‘ ‘w‘ "-:\w‘_ y
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Fig. 8. X-ray diffraction of DCMS and HIPIMS sputtered Ag-polyester fibers sput-
tered under different conditions. For other details see text.
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Table 3 shows the peaks area of the C-C species (includ-
ing the reduced C-forms C=C, C-H) with (BE) of 285eV and the
deconvoluted oxidized C-forms of: C-OH, C-0O-C and carboxyl
functionalities with BE at 286.1 eV, 287.0eV and 289.1 eV respec-
tively [32]. The increase in the ratio C-OH + C-0-C + carboxyl/C-C
was: 0.62 at zero time; 0.76 (at 60 min) and 1.48 (at 90 min) during
the E. coli inactivation time [33]. The bacterial inactivation process
induces a progressive decrease of the C-C species in the polyester
(Table 3).

4. Conclusions

The results of our investigations have been summarized as fol-
lows:

e Low Ag content in the films sputtered by HIPIMS gives more effec-
tive E. coli inactivation compared to those sputtered by DCMSP.
The material saving of non-renewable Ag is shown in this study.

¢ The most effective E. coli inactivation by DCMSP sputtered for

160s had a loading of 0.2050% Ag/wt polyester ~7 times higher
than the loading required by HIPIMS of 0.0315% Ag wt/wt
polyester sputtered for 75s.

The HIPIMS deposited Ag-nanoparticle fibers present a differ-

ent microstructure compared to DCMSP sputtering. This allows

the bacterial inactivation to proceed in similar times compared
to DCMPS-samples in spite of having a much lower loading of

Ag/cm?.

¢ The nominal thickness of the Ag-HIPIMS film of 40 nm was about

5 times lower than the Ag-film 204 nm thickness attained with

DCMSP inducing a faster E. coli inactivation kinetics.

The HIPIMS sputtered Ag-films show uniformity, effective bacte-

rial inactivation performance and good adhesion.

e The Ag-films obtained by HIPIMS on the polyester show an
increased metallic character as a function of sputtering time as
shown by XRD.
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