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Oxygen stabilized W—Ag films for environmental antibacterial applications
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Abstract: Oxygen was added into sputter deposited tungsten films to reduce residual stress of the films, and silver with
content up to 14.3 at.% was further added for antibacterial functionalization. The films were analyzed by SEM-EDX,
XPS and XRD. Only X-ray diffraction peaks from S-W or W30 phase were detected for the films. Oxygen and silver
existed mainly as solid solution atoms in the films. Silver addition decreased hardness (still >10.3 GPa) and elastic
modulus of the films. The potentiodynamic polarization demonstrated lower corrosion current density of the WO film
than that of the tungsten film, and silver changed corrosion behavior of the films. The Ag-depleted tungsten oxide layer
on the film surface suppressed the release of silver ions in water. The WOAg films had good antibacterial activity with
E.coli bacteria. The WOAg films would be useful in environmental and other antimicrobial applications.

Key words: tungsten film; tungsten oxide; silver segregation; residual stress; antibacterial coating

1 Introduction

Bacteria and virus related infections pose a
great threat to the people worldwide [1,2].
Pathogenic bacteria and virus spread through
breathing, speaking, coughing, sneezing, and sweat
contact, etc., in clinical, public, family and other
environments [3—5]. It is of crucial significance to
stop the spread of pathogenic microbes by efficient
measures including antimicrobial agents. The
inorganic antibacterial agents, e.g. metallic ions
type and photocatalytic type [6—9], have the
advantages of good structural stability, high
antimicrobial efficiency and enough bio-safety.
Among the metallic elements exhibiting
bactericidal property (Ag, Cu, Zn, W, etc [6,7,9,10]),
silver is a well-known and effective antimicrobial
with a wide spectrum against many kinds of

drug-resistant bacteria, even virus [1] and good
cytocompatibility [11—13].

Vapor deposited nitride and diamond-like
carbon films are known to possess high hardness,
good chemical stability and wear resistance, and
therefore silver is added into these ceramic coatings
for antibacterial applications. For example, TiN—
Ag [14], TaN—Ag [15] and DLC-Ag [16,17] films
prepared by magnetron sputtering exhibited high
mechanical properties and good antibacterial
property. However, silver segregation often occurs
for the ceramic—silver coatings [14—17] due to
different natures of the film matrix and silver. The
segregation of silver nanoparticles would enhance
antibacterial property, but raise the biosafety
concern of silver. Therefore, silver-containing
transition metal antibacterial films are developed,
e.g. Ti—Ag films [18,19], Nb—Ag film [18] and
W-Ag films [20].
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It is known that tungsten is a hard, anti-
bacterial [10] and well biocompatible metal [21,22].
Our previous study showed that W—Ag films had
high hardness and good antibacterial activity, but
adhesion of W film was affected by the
compressive residual stress [20]. It was reported
that the addition of oxygen released compressive
residual stress of the WO films [23]. In this work,
oxygen was added into the sputter prepared W—Ag
films with silver content up to 14.3 at.% in order to
avoid the negative effect of residual stress.
Microstructure, film hardness, anticorrosion
behavior and antibacterial property of the coating
samples were systematically studied for the
potential environmental and other antimicrobial
applications.

2 Experimental

2.1 Sample preparation
The WOAg films were prepared on slide glass,
silicon wafers and stainless steel plates (316L,
10 mm x 10 mm x 1.0 mm) by a reactive magnetron
sputtering system (UDP—650, Teer Coatings Ltd.,
Fig. 1). The substrates were cleaned by degreasing
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Fig. 1 Schematic drawing of UDP coating system (Teer
Coatings Ltd.)
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and ultrasonic cleaning. In the deposition system
one W and one Ag targets (purity >99.9%) were
fixed for film preparation. After plasma cleaning
using pure Ar gas, the films were deposited with Ar
flow rate 30 mL/min, oxygen flow rate 30 mL/min,
tungsten target current 4.0 A, silver target current
0—-0.8 A, substrate bias —50 V and deposition time
110 min. The substrate holder was rotated at
10 r/min  during plasma cleaning and film
deposition. The WOAg film samples were noted as
AX and AX-Y, in which X meant silver target
current and Y was the silver content (Table 1).
Tungsten film (noted as O00) and WAg film with
4.2 at.% silver were also prepared for comparison.

2.2 Material characterization and antibacterial

test

Film thickness and surface roughness of the
samples were measured with a surface profilometer.
Surface of the film samples was analyzed with
scanning electron microscopy (SEM, FEI Quanta
600F) equipped with energy-dispersive X-ray
analysis (EDX) and X-ray photoelectron
spectroscopy  (XPS, VG K-Alpha, AlK,).
Cystallographic structure of the coating samples
was analyzed by X-ray diffraction (XRD, X’Pert
PRO, Cu K,). Mechanical properties of the coatings
were measured by a Nano Indenter, G200.
Anticorrosion behavior of the stainless steel group
samples was assessed with an electrochemical
workstation. The coated glass samples with the size
of 12.5 mm x 12.5 mm were immersed in 10 mL
deionized water at room temperature (25 °C) for
different time, and the ion concentrations were
measured by the inductively coupled plasma mass
spectrometry (ICP-MS, Nexlon 350D, PE).

Antibacterial property of the samples was
assessed by the agar plate counting method against
E.coli, which are typical Gram negative bacteria

Table 1 Deposition parameters, thickness (7), deposition rate (R), chemical composition and surface roughness (R,) of

WOAg films on Si(111) substrate

Sample 0, ﬂow.re}te/ I(Ag)/ T/ R/ o W content/ O content/  Agcontent/  R./
(mL-min ") A um (nm-min") at.% at.% at.% nm

000 0 0 0.86 7.8 91.7 8.3 1.0
A00 30 0 1.80 16.4 40.9 59.1 1.2
A02 30 0.2 1.92 17.4 38.0 60.3 1.7 1.0
A04 30 0.4 2.54 23.1 34.7 59.8 5.5 1.0
A06 30 0.6 2.59 23.6 31.1 59.5 9.4 1.2
A08 30 0.8 2.95 26.8 27.2 58.5 14.3 2.2
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encountered in environmental, food and biomedical
applications. The detailed experimental process was
described in Ref. [20]. The samples were tested at
least twice independently.

3 Results and discussion

3.1 SEM-EDX, film thickness, roughness, XRD

and XPS analyses

The WO and WOAg films on glass, silicon and
steel substrates are adherent and smooth. The SEM
surface images in Fig. 2 show that, the surface of
Sample AO00 is rather smooth, nanoparticles are
observed for Samples A02—AO08, and the number of
particles increases with Ag target current. In the
backscattered electron image (Fig. 2(e)), the lower
gray level of the nanoparticles indicates that they
consist of mainly silver. The nanoparticles grow
larger due to Ostwald ripening after ageing for 2.5
years. The areal EDX analysis indicates that silver
content of the films increases with the silver target
current, e.g. being 5.5 and 14.3 at.% for A04 and
AO08 (Table 1). The oxygen content is nearly
constant, being around 60 at.%. The film thickness
measured by the surface profilometer ranges from
0.86 to 2.95 um, and the deposition rate increases
with oxygen flow rate and silver target current.
However, the surface roughness of the films is kept
as low as 1.0—2.2 nm (Table 1).

(2)

For the films deposited on silicon substrate,
the diffraction peaks at 26=35.5°, 39.9° and 43.9°
can be ascribed to (200), (210) and (211) peaks,
respectively of cubic W (-W, ICDD file #47-1319)
or W30 phase (ICDD file #41-1230 [24], Fig. 3).
The silver peaks are not detected for Samples
A02—A06, but a broad hump centered at 26=38.1°
appears for Sample A0S, which is ascribed to
Ag(111) plane.

The cubic crystal structure of the W film
(Sample O00) is not changed even when oxygen
flow is increased to 30 mL/min (Sample A00).
Oxygen atoms thus exist in W lattice as interstitial
atoms due to their small size (radius 66 pm)
compared with that of W atoms (radius 130 pm). It
was suggested that f-W is a metastable phase with
the interstitial oxygen as stabilizer [25]. It was
reported that the addition of oxygen above 30 at.%
nearly released the compressive residual stress of
the WO films [23]. Tungsten and silver are
immiscible due to the large positive enthalpy in
mixing [26], but W has similar atomic radius to that
of Ag (134 pm). It is postulated that silver mainly
forms the meta-stable solid solution with WO films
under the energetic ion bombardment during film
growth.

Surface composition of Samples A00—A08
was examined by XPS analysis, with the spectra of
Sample A06 shown in Fig. 4. Strong W 4f double

Fig. 2 Surface secondary electron images of WOAg films on silicon substrate: (a) A00; (b) A02; (c) A06; (d) A0S;
(e) Backscattered electron image of Sample A08 after ageing for 2.5 years
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Fig. 3 XRD patterns of W, WO and WOAg film samples
with silicon substrate

peaks at 37.9eV (4fsz) and 35.8 eV (4fy,) are
indicative of tungsten oxide (WO3) on the surface
of the film. The small peak at 33.6 eV is likely
related to metallic tungsten (4fs, peak,
corresponding to 4f;, peak at 31.5eV). The
widening of the peaks after 30 s sputter etching
reveals the sub-oxidation states of tungsten below
the top surface layer. In O 1s spectra, the main peak
at 530.7 eV is attributed to oxygen atoms in W—O
lattice, and the shoulder peak at 532.3 eV may
come from the surface-adsorbed oxygen species
such as O™ [26,27] during the stay in air before XPS
test. In Ag 3d spectra, the double peaks are located
at 374.1 eV (3ds») and 368.1 eV (3dss). Thus, silver
exists mainly in metallic state in the film.

The elemental ratios of the films measured by
EDX and XPS are comparatively shown in Fig. 4.
The O/W atomic ratio of Samples A00—AO0S8
obtained by XPS (2.6—3.2) is much higher than that
of Sample A0O obtained by EDX (being 1.4). This
reveals further oxidation of tungsten and
enrichment of oxygen on top surface of the WOAg
films during ageing in air, like the case of W film
(Fig. 5(a)). As for the Ag/W atomic ratio, the values
obtained by XPS are much lower than those
obtained by EDX for Samples A04—A08. This
indicates depletion of silver on top surface of these
films. In comparison, the WAg film with 4.2 at.%
Ag measured by EDX has the similar Ag/W ratio
obtained by XPS (Fig. 5(b)). Thus, serious silver
segregation for the ceramic-silver coatings [14—16]
does not occur for the present WOAg and WAg
films. The even vertical distribution of silver in the
films would ensure sustainable release of silver ions
and reliable biological properties of the films.

(a) 135.8

42 40 38 36 34 32 30
Binding energy/eV

(b) . 530.7

0s . ) . )
536 534 532 530 528 526
Binding energy/eV

(c) 368.1

0s ) ) ) )
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Fig. 4 XPS high-resolution W 4f (a), O 1s (b) and
Ag 3d (c) spectra of Sample A06 with silicon substrate

before and after 30 s sputter etching

3.2 Nanohardness and corrosion tests

Hardness of the films was measured by
nanoindentation. The load—displacement curves of
the film samples are shown in Figs. 6(a—c). It can
be seen that the curves coincide with each other for
Samples AO00—AO08, but the curves are not
overlapped for O00. Sputter deposited tungsten film
has high compressive residual stress, the grown
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Fig. 6 Load—displacement curves (a—c) and nanohardness and elastic modulus (d) of film samples with silicon substrate
measured with maximum displacement of 250 nm during loading: (a) O00; (b) A00; (c) A0S

film is not smooth on the surface and even cracking
and peeling off will occur. The rough surface has
varied the indentation curves. Hardness of the pure
W film is as high as 17.3 GPa, and the addition of
oxygen decreases the hardness to 15.0 GPa
(Fig. 6(d)). With the further addition of silver, the
hardness is gradually decreased to 10.3 GPa for
Sample A08. The films are still much harder than
the pure silver film (HV 240 [20]). The elastic
modulus also shows the decreasing trend with the

addition of oxygen and silver. The high hardness
and modulus would be good for wear resistance of
the WOAg coatings.

Corrosion behavior of the steel samples was
assessed by potentiodynamic polarization test
(Fig. 7). The coated samples have lower corrosion
potential (¢,), larger corrosion current density (Jo)
and passive current density (J,) values than the
polished sample (Table 2), indicating the lower
anticorrosion property of the W-based films. The
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Fig. 7 Potentiodynamic polarization plots of polished, W,

WO and WOAg coated stainless steel samples

Table 2 Corrosion data of polished and coated stainless

steel samples

formation of tungsten oxide (Fig.4) and the
depletion of silver (Fig. 5) on the film surface.

Table 3 Accumulated silver and tungsten ion
concentrations for Samples WAgs> and A06
(W31.1059 5Ag9.4) measured by ICP-MS

Time/ Ag concentration/107°

W concentration/107¢

d WAgs A06 WAg:2 A06
0.5 474 3.24 4.13 12.20
1 26.54 4.97 9.07 21.53
3 38.34 8.40 26.47 29.54

Sample Jo/(uA-ecm2) @o(vs SCE)/V  Jy/(uA-cm 2)*

Polished 0.05 —-0.20 0.08
000 1.94 —0.45 96.52
A00 0.40 —0.54 29.62
A02 1.45 —0.49 21.84
A04 7.55 —0.45 15.80
A06 6.71 —0.40 14.12
A08 9.28 —-0.35 18.99

*at0.14 Vvs SCE

WOAg film samples show similar polarization
plots, and the ¢, value shifts in the noble direction
with the addition of silver. Specially, the current
peaks at 3, 16 and 22 mV are observed for Samples
A04, A06 and A0S, respectively. The current peaks
at around 0.08 V were found for the silver-
containing ceramic coatings (DLC—Ag [16], TiO»—
Ag [28], MgO—Ag [29], etc) due to the dissolution
of silver nanoparticles. The present current peaks
evidence nanocomposite structure of the WOAg
films, which was observed by SEM.

3.3 Immersion and antibacterial tests analysis
Samples A06 and WAgs> were soaked in
10 mL pure water for up to 3d, and the
accumulated ion concentrations weare measured by
ICP-MS (Table 3). Sample A06 (W31.10505Ag04)
released less silver ions and more tungsten ions
than sample WAga », although the former has higher
silver content. This can be explained by the

The bactericidal activity of the film samples
was assessed against E.coli by agar plate counting
method. Sample A00 and the glass control show
many colonies, but for the Ag-containing film
samples, the quantity of colonies is gradually
decreased with the increase of silver content. The
antibacterial ratios are 70%, 71%, 86% and 83% for
Samples A02—AO08, respectively by taking glass
sample as the reference (Fig.8). If the ions
releasing rates are similar in water and in the
bacterial suspension, the Ag and W concentrations
are calculated to be 0.52 and 1955 pug/mL,
respectively for Sample A06. The value of
0.52 pg/mL is comparable with the reported
minimum silver concentration to kill E.coli for
Ag-doped CaP nanoparticles (0.62 ug/mL [30]),
and is lower than the silver concentration limit for a
powerful fungicide (5.4x107° [31]). Apart from
silver, tungsten element also contributes to the
antibacterial activity of WOAg and WAg [20] films.
The mechanical and biological merits of WOAg
films would benefit their potential antimicrobial
applications in environmental and other fields.

4 Conclusions

(1) The sputter deposited tungsten film added
with oxygen (~60 at.%) has better adhesion and
surface smoothness. Oxygen and silver (up to
14.3 at.%) exist mainly as solid solution atoms in
the WOAg films, and silver nanoparticles are also
observed on the film surface.

(2) The incorporation of silver decreases
hardness and changes corrosion behavior of the
films. The addition of oxygen has suppressed the
release of silver ions from the film in water. The
films show good antibacterial activity to E. coli.
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Fig. 8 Representative antibacterial test results of WOAg film samples with glass substrate against E. coli by plate
counting method: (a) Glass control; (b) A00; (c) A02; (d) A04; (e) A06; (f) A08

(3) These features would be beneficial for
potential antimicrobial applications of the WOAg

films in environmental and other antimicrobial
fields.
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