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a  b  s  t  r  a  c  t

Ag–ZrN  films  were  deposited  on  polyester  by direct  current  pulsed  magnetron  sputtering  (from  now  on
DCMSP)  in  Ar  +  N2 atmosphere.  ZrN  on the  polyester  surface  interacts  with  Ag  leading  to Ag–ZrN  films.
These  composite  films  were  more  active  in  Escherichia  coli inactivation  compared  to  the  Ag-films  by  them-
selves.  The  E. coli  inactivation  kinetics  on  Ag–ZrN  polyester  surfaces  was  accelerated  >4  times  compared
to  samples  sputtering  only  Ag.  Sputtering  Zr  in N2 atmosphere  presented  no  antibacterial  activity  by itself
when  applied  for short  times  (< one  min).  The  Ag–ZrN  polyester  sample  sputtered  for  20  s at  300  mA led
to  the  fastest  antibacterial  E.  coli inactivation  kinetics  within  11/2  h. This  sample  consisted  of Ag-particles
with  sizes  of  15–40  nm,  within  a layer  thickness  of  30–45  nm  covering  ∼60–70%  of  the  polyester  fiber  in
the  direction  of  the  Ago/Ag-ion-flux  from  the  Ag-target.  An Ag sputtering  time  of  20  s  lead  to  the  optimal
ratio  of  Ag-loading/Ag  cluster  size  with  the highest  amount  of  Ag-sites  held  in exposed  positions  on  the
EM polyester  surface.  The  Ag-nanoparticles  sputtered  for times  >20  s agglomerated  to  bigger  units  leading
to longer  bacterial  inactivation  times.  The  Ag-atoms  are  shown  to be immiscible  with  the  ZrN-layer.  The
increase  in  thickness  of the  Ag–ZrN  at longer  sputtering  times  lead  to a concomitant  increase  in  rugosity
and  hydrophobic  character  of  the Ag–ZrN  sputtered  layers.  Several  up-to  date  techniques  have  been  used
to  characterize  the  catalytic  Ag–ZrN  film  providing  a  full  description  of  its structure.  The  Ag–ZrN  films
showed  a  uniform  metal  distribution  and  a semi-transparent  gray-brown  color.
. Introduction

In the last decades, there has been increased interest in inno-
ative antibacterial coatings due to the increasing resistance of
athogenic bacteria to synthetic antibiotics. This presents a seri-
us problem for humans its associated high health care cost. Silver
anoparticles (NPs) have been reported as antimicrobial agents
eposited in surfaces [1–10]. Recently magnetron sputtering has
een used as an effective method of functionalizing cotton and
olyester fabrics containing silver nanoparticles as Escherichia coli

nactivation agent [11–15].  Also Ag films have been reported to
revent bacterial colonization of glass surfaces [16,17] prosthe-
es and catheters [18], dental implants [19] and on several metal
olid surfaces [20]. Ag-nanoparticles provide large area-to-volume

atio and high reactivity being used in healing pads/textiles [4–9].
he sputtering of Ag-leads to uniform thin films composed of
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010-6030/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2011.12.004
© 2011 Elsevier B.V. All rights reserved.

nanocrystallites showing a high bactericide activity and adequate
film adhesion [7,21].

Recently reports have appeared in the literature that some Ag
or Cu based transition metal nitride (TmN) nanocomposites such
as Ag–TiN and Ag–ZrN [22–25].  Me–TmN (Me  = Ag, Cu, Pt) has been
investigated for biological applications showing the formation of
Ag–TmN bi-phased nanocomposites with separated Ag and cubic
fcc-TmN nanocrystallites. This occurs due to the non-miscibility of
the Ag atoms in the fcc-TmN phase due to the higher Ag-nitridation
energy compared to the TmN  formation energy.

We address in this study the experimental evidence for: (a) the
bactericide role of Ag and ZrN (or Zr) in sputtered films of Ag–ZrN,
(b) the role of Ag and Zr separately in the inactivation kinetics of
E. coli, (c) the optimization for the integration of these two  compo-
nents into a hybrid sputtered film with high antimicrobial activity,
(d) the detailed study of the Ag–ZrN film structure and (e) the
correlation of DCMSP sputtered Ag-surfaces with the antibacterial

kinetics, Ag–ZrN layer thickness, layer rugosity and hydrophobicity.

DCMSP has been used for the deposition of Ag–ZrN uniform,
highly active and adherent films on polyester leading to E. coli inac-
tivation. The development of high value added products such as the

dx.doi.org/10.1016/j.jphotochem.2011.12.004
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:john.kiwi@epfl.ch
dx.doi.org/10.1016/j.jphotochem.2011.12.004


4 y and Photobiology A: Chemistry 229 (2012) 39– 45

A
i

a
m
p
h

2

2

t
c
s
r
r
n
d
s
i
w
t
w

1
n
w
w

2
s

fl
c
a

2
s

S
A
a
4
T
3
u
P
d
d
c
s
0
T
f
�
a
m
b
w
a
s

Table 1
Nominal thickness of Ag-coatings on Si-wafers sputtered by DCMSP at 50 mA and
300  mA.

Samples (DCP) Time (s) Thickness (nm)

Ag
50 mA

2 0.35
5 0.875

10 1.75
20 3.5
80 14

320 56
600 105

Ag
300  mA

2 3
5 7.5

10 15
20 30
80 120
0 O. Baghriche et al. / Journal of Photochemistr

g–ZrN investigated in this study focusing on bactericide textiles
s increasing rapidly in the last few years [5,6,8,11–14].

The powder crystallite of Zr and Ag present sizes <100 nm being
ble to diffuse through biological cell-wall members. Although the
agnetron sputtering is carried out in closed chambers one has to

ay attention to the toxicology potential of these powders when
andling these powders open to air.

. Experimental

.1. Materials and Ag–ZrN sputtering on polyester by DCMSP

Ag–ZrN deposited on polyester fibers by DCMSP using simul-
aneously targets of Ag (99.99 at.%) and Zr (99.98 at.%) in confocal
onfiguration. The distance between the targets and the polyester
ubstrate was 10 cm and the diameter of the targets was 5 cm.  The
esidual pressure in the sputtering chamber was in the 5 × 10−5 Pa
ange. The working pressure (Ar + N2) was 0.5 Pa and the reactive
itrogen partial pressure was fixed at 10% to obtain cubic ZrN. The
eposition was performed at room temperature. The DCMSP Ag
puttering used two currents at 50 mA  (20 W)  and 300 mA (270 W)
n order to change the Ag-content in the Ag–ZrN film. The DCMSP

as operated at 50 kHz with 15% reversed voltage. The current on
he Zr target fixed was 290 mA  (100 W)  whereas that of the Ag target
as varied in the range 50–300 mA  (20–270 W).

The polyester used was Dacron, type 54 spun, plain weave ISO
05-F04 used for color fastness determination. The nominal thick-
ess calibration of the Ag–ZrN films as well as those of Ag and ZrN
as carried out on Si-wafer. The film thickness was determined
ith a profilometer (Alphastep500, TENCOR).

.2. X-ray fluorescence determination Cu-content on the cotton
urface

The Ag- and Zr-content of the polyester was evaluated by X-ray
uorescence. By this technique, each element emits an X-ray of a
ertain wavelength associated with its particular atomic number
nd registered in a spectrometer RFX, PANalytical PW2400.

.3. Bacterial inactivation of E. coli on Ag-polyester sputtered
amples

The samples of E. coli K12 was obtained from the Deutsche
ammlung von Mikroorganismen und Zellkulturen GmbH (DSMZ)
TCC23716, Braunschweig, Germany to test the antibacterial
ctivity of the Ag–ZrN-polyester fabrics. The polyester fabrics of

 cm2 square were sterilized by autoclaving at 121 ◦C for 2 h.
he 20 �L aliquots of the culture with an initial concentration of
.8 × 106 CFU mL−1 in NaCl/KCl were placed on each coated and
ncoated (control) polyester fabric. The samples were placed on
etri dish provided with a lid to prevent evaporation. After each
etermination, the fabric was transferred into a sterile 2 mL  Eppen-
orf tube containing 1 mL  autoclaved NaCl/KCl saline solution. The
oncentration of NaCl is 8 g/L and of KCl is 0.8 g/L. The cell suspen-
ions were diluted with a saline solution with 0.75% NaCl and KCl
.08% to allow the storage of the bacteria without osmotic stress.
his solution was subsequently mixed thoroughly using a Vortex
or 3 min. Serial dilutions were made in NaCl/KCl solution. A 100-
L sample of each dilution was pipetted onto a nutrient agar plate
nd then spread over the surface of the plate using standard plate
ethod. Agar plates were incubated, lid down, at 37 ◦C for 24 h
efore colonies were counted. The experimental points reported
ere a result of three individual experiments. To test the total

bsence of E. coli at the end point of the bacterial deactivation we
pread 100 �L of the incubated bacterial solution for 24 h at 37 ◦C
320 480
600 900

on three Petri dishes PCA and incubated these dishes for 24 h. The
results confirmed the total absence of bacteria.

2.4. Transmission electron microscopy of Ag-polyester samples

A Philips CM 12 (field emission gun, 300 kV, 0.17 nm resolution)
microscope at 120 kV was  used to measure the particles size of the
Ag-nanoparticles. The polyester 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 sputtered samples.

2.5. Atomic force microscopy (AFM)

The surface morphology was  investigated using an UHV VT SPM
(Omicron) working in noncontact mode (needle sensor).

2.6. Contact angle measurements

The contact angle of polyester and sputtered Ag–ZrN as a func-
tion of sputtering time were measured by means of a DataPhysics
OCA 35 instrument following the Sessile’s method for the analysis
of water droplets by this technique.

2.7. XPS measurements

An AXIS NOVA photoelectron spectrometer (Kratos Analyt-
ical, Manchester, UK) equipped with monochromatic Al K�

(h� = 1486.6 eV) 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 C 1s line with position at
284.6 eV 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. Spec-
trum background was subtracted according to Shirley (see Ref. [4]).
The XPS spectra were analyzed by means of spectra deconvolution
software (CasaXPS-Vision 2, Kratos Analytical UK).

3. Results and discussion

3.1. Thickness of the Ag-sputtered films on polyester and film Ag
and Zr-content
The values of the thicknesses of the Ag-film as a function of
DCMSP sputtering time at 300 mA is shown in Table 1 up to
600 s. Fig. 1 indicates that when using a current of 300 mA a
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Fig. 2. Visual appearance of Ag–ZrN polyester sputtered under different experimen-
tal conditions: (a) polyester alone, (b) DCMSP AgZr–N films 10 s at 50 mA,  (c) DCMSP
AgZr-N films 2 s at 300 mA, and (d) DCMSP AgZr–N films 20 s at 300 mA.
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ig. 1. Calibration of Ag in the Ag–ZrN film sputtered at 300 mA  for Ag and 300 mA
or  Zr on Si-wafers.

hickness of 180 nm was attained after 80 s. The standard devia-
ion in Fig. 1 for the Ag–ZrN layers calibrated on Si-wafers was
10%. Within 1 s 1.2–1.25 nm film Ag was deposited equivalent

o ∼6 layers of 0.2 nm each leading to a rate of Ag deposi-
ion of 6 × 1015 atoms/cm2 s. Taking the lattice distance of 0.3 nm
etween Ag-atoms. In this way an Ag-surface density of about
015 atoms/cm2 can be estimated.

The Ag- and Zr-content of the polyester sputtered samples was
etermined by X-ray fluorescence. Table 2 shows that the Ag-

ontent as a function of sputtering time at 50 mA  was low for Ag
nd only increased toward 20 s. For Zr, the values found were almost
onstant or below the detection level of the instrument of 0.0010%
r (w/w) polyester. An increased Ag-deposition was attained

ig. 3. (a) E. coli inactivation prepared by polyester by direct current magnetron sputter
nactivation prepared by polyester confocal direct current magnetron sputtering (pulsed)
0  mA.  (c) E. coli inactivation prepared by polyester confocal direct current magnetron spu
tmosphere at 300 mA  e. (d) Inactivation time of E. coli on Ag–ZrN polyester as a function
sputtering at 300 mA up to 20 s, depositing about 8 times more
Ag 20 s than when 50 mA was used. This is not surprising since at
higher energies (currents) as applied by DCMSP a higher density
flux of metal-ions/metal nanoparticles with energies >10 eV and

up to 100 eV has been reported recently by Lin et al. [26].

ing (pulsed) for different times with Zr in Ar + 10% N2 0.5 Pa atmosphere. (b) E. coli
 for different times using an Ag- and Zr-target in (Ar + 10% N2 0.5 Pa) atmosphere at
ttering (pulsed) at different times using an Ag- and Zr-target in (Ar + 10% N2 0.5 Pa)

 of the deposition time by DCMSP sputtered at 300 mA.
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Fig. 4. (a) TEM of polyester fiber. E stands for the epoxide used to enrobe the fiber during the sample preparation and P stands for polyester. For other details see text. (b)
T ◦ ttered
p onfoc
A

3

o
A
d
fi
s

EM  of a polyester P fiber cut at an angle of 35 embedded in an epoxy resin D , spu
olyester (P) fiber cutat an angle of 35◦ embedded in an epoxy resin D , sputtered c
g–ZrN  polyester for a sample sputtered 20 s at 300 mA.

.2. Ag-films visual appearance as a function of sputtering time

The polyester alone in Fig. 2a shows no color in the absence
f Ag–ZrN. A light gray-color appears in sample (b) indicative of

g clusters/nanoparticles deposited at 50 mA  for 10 s, (c) shows a
arker-gray metallic Ag-color due DCMSP applied 2 s at 300 mA  and
nally (d) shows a dark mostly Ag-deposit on the Ag–ZrN-polyester
puttered for 20 s at 300 mA.  (For interpretation of the references to
 confocally for 5 s with Ag and Zr in an Ar + 10% N2 0.5 Pa atmosphere. (c) TEM of a
ally for 20 s with Ag and Zr in an Ar + 10% N2 0.5 Pa atmosphere. (d) EDS spectra of

color in the text, the reader is referred to the web  version of the arti-
cle.) The Ag-atoms diffuse anisotropically on the polyester surface
[27] and the migration/aggregation of the Ag-particles is driven
by the sputtering energy leading to thermodynamically stable

agglomerates [28]. The color in Fig. 2d corresponds to the Ag2O/Ago

with a band-gap (bg) 0.7–1.0 eV. This allows for an absorption edge
up to about 1000 nm for the silver deposited on the polyester [29].
The strong preference for Ag binding other Ag-atoms rather than
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Table  2
X-ray fluorescence determination of percentage weight Zr and Ag per weight
polyester in DCMSP sputtered Zr–AgN polyester.

Sample Ag–ZrN
polyester

Time (s) wt%  Ag/wt
polyester

wt% Zr/wt
polyester

50 mA

2 0.0010 0.0010
5 0.0010 0.0010

10  0.0010 0.0010
20  0.0012 0.0010

2 0.0018 0.0010
5 0.0020 0.0010
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300  mA 10 0.0067 0.0011
20 0.0105 0.0012

olyester as the sputtering is applied for longer times leads to the
ormation of Ag-clusters. These clusters have been reported to be
nitially compact but no necessarily crystalline and are responsi-
le for to the darkening of Ag-film as a function of sputtering time
Fig. 2) [30].

.3. E. coli bacterial inactivation kinetics

Fig. 3a presents the E. coli inactivation kinetics when Zr was
puttered in an Ar + N2 (0.5 Pa) atmosphere on polyester. When
pplying sputtering times of a few seconds no the bacterial inacti-
ation was observed and by TEM analysis revealed no Zr-particles.
hese Zr-particles therefore had sizes <1 nm.  Subnanometric par-
icles of Fe and other metals presenting catalytic effects have been
eported by our laboratory effective in the degradation of organic
ompounds [31,32]. Only the ZrN samples sputtered for 15 min  pre-
ented bactericide properties. This observation will be discussed in
he context of the results presented for the inactivation of E. coli by
he Ag–ZrN-polyester in Fig. 3b–d.

Fig. 3b presents the experimental results for polyester coated by
r and Ag confocal sputtering in Ar + N2 atmosphere for 2 s, 5 s, 10 s
nd 20 s with at 50 mA.  It is readily seen that polyester alone has no
actericide action and that the E. coli inactivation kinetics becomes
aster at longer sputtering time due to the increased Ag-particle
ensity attained with longer sputtering times. Trace (6) shows that
hen Ag is sputtered alone for 2 s, 9 h were necessary to inactivate

. coli compared to a 2.5 h inactivation period observed when Ag and
r were sputtered simultaneously for 20 s at 50 mA.  Fig. 3b shows
hat Ag–ZrN polyester samples containing a ZrN nanocomposite
ith Ag are more effective in E. coli inactivation compared to the
g-nanoparticles by themselves.

Fig. 3c presents the faster inactivation kinetics attained by Ag/Zr
argets applying currents of 300 mA.  Fig. 3c shows an E. coli inacti-
ation time of 1.5 h on Ag/Zr polyester sputtered for 20 s. The profile
f trace (5) in Fig. 3c indicates that E. coli inactivation is a complex
rocess. We  suggest that this sample had the optimal ratio of Ag-

oading/Ag cluster size with the highest amount of Ag-sites held in
xposed positions active in the E. coli inactivation process. Table 2
ndicates that the amount of Ag sputtered at 20 s was ∼8 times
igher applying 300 mA  compared to 50 mA.  Ag sputtered alone as

 control experiment in Fig. 3c indicates an E. coli inactivation time
f ∼9 h. This shows the favorable effect of the ZrN during on the
g-clusters during bacterial inactivation process.

Fig. 3d shows that for samples sputtered above 20 s, the E. coli
nactivation kinetics became larger compared to samples sputtered
or 20 s. The Ag-agglomerates becomes bigger but the catalytic
ctivity per exposed atom decreased due to the Ag-agglomeration
rocess. At times below 20 s, there was not enough Ag on the

olyester to mediate the E. coli inactivation as shown in Table 2
y the X-ray fluorescence data.

The Ag-polyester samples are shown to lead to significant bac-
erial inactivation a shown in Fig. 3a–c. We  suggest that the ROS of
Fig. 5. (a) AFM image 600 nm × 600 nm of Ag–ZrN on Si-wafers sputtered at 300 mA
for 2 s. (b) AFM image 600 nm × 600 nm of Ag–ZrN on Si-wafers sputtered at 300 mA
for 20 s.

E. coli were modified by interaction with Ag+/Ago by the reactions
(1) and (2):

Ago + O2 → Ag+ + O2
•− (1)

Ag+ + O2
•− → Ago + O2 (2)

since H2O2 adsorbs on Ag/Ag2O, peroxide decomposition may  take
place [6–8]:

H2O2 + Ago → HO− + OHo + Ag+ (3)

3.4. Transmission electron microscopy of AgZr–N polyester
samples

Fig. 4a presents the electron microscopy (TEM) of polyester.

A bar-marker of 0.8 cm denotes the 20 nm scale in the insert. No
nanoparticles were observed on the polyester fiber.

Fig. 4b shows the TEM of an Ag–ZrN polyester sample sput-
tered for 5 s at 300 mA.  In Fig. 4b, the Ag-particles were 10–20 nm
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Fig. 6. Contact angle (CA) for Ag–ZrN polyester sputt

n diameters. Silver metallic particles have been reported to form
bove one nm [30]. The arrow in the upper right hand side in Fig. 4b
hows the Ago/Ag-ions flux direction reaching the polyester fiber.
overage of 60–70% of the polyester fiber was observed in the direc-
ion of the flux of the Ago/Ag-ions arriving from the Ag-target.

Fig. 4c shows the EM of an Ag–ZrN polyester sample sput-
ered for 20 s at 300 mA.  The Ag-particles presented diameter sizes
f 15–40 nm and were appreciably bigger compared to the Ag-
anoparticles sputtered for 5 s a shown in Fig. 4b. This shows
hat Ag-aggregates are formed in a process due to Ag growing on
ther Ag-particles rather than interacting with ZrN. This suggests
mmiscibility of the Ag-particles with small ZrN crystallites on the
olyester surface. A continuous deposit 30–45 nm thick of metal-

ic Ag-particles were observed and a silver coverage of ∼60–70% of
he polyester fiber in the direction of the Ago/Ag-ion-flux from the

g-target.

Fig. 4d presents the electron diffuse spectroscopy (EDS) for the
-ZrN polyester sample sputtered for 20 s at 300 mA.  The Cu-signals
riginate from the Cu-grid used as a support the EM sample. The
t 50 mA  for 5, 20 and 80 s. For other details see text.

Ag-peaks are seen to be more significant than the Zr-peaks, since
its abundance of this element is much higher than Zr as shown in
Table 2.

3.5. Atomic force microscopy of Ag–ZrN polyester sputtered at
different times (AFM)

Fig. 5 shows 600 nm × 600 nm AFM images recorded on Ag–ZrN
films sputtered on Si-substrates for 2 s and 20 s with 300 mA.  The
surface of the 2 s sputtered Ag–ZrN film in Fig. 5a is characterized
by the presence of dispersed small crystallites of <20 nm in diam-
eter and some large clusters >20 nm.  The surface morphology of
the 20 s sputtered Ag–ZrN film shown in Fig. 5b is qualitatively
different from the film sputtered for 2 s. Irregular crystallites of dif-
ferent sizes (20–60 nm)  are observed. These crystallites are well

separated each other and the surface coverage is not homogenous
as it is noticed from the large contrast in the z-scale. The crystallites
are assigned to Ag, as the amount of ZrN is low and their size <1 nm
as described in Fig. 4. The ZrN films on polyester are amorphous.
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ith increasing the deposition time, the film thickness was seen to
ncrease (Table 1). The increase in thickness brings an increase in
he surface roughness. The root mean square (rms) values changes
ith increasing sputtering times 1.8 �m at 5 s to 2.8 �m at 2 s and

.2 �m at 80 s.

.6. Contact angle measurements (CA)

Fig. 6 presents the contact angle for different Ag–ZrN samples
n Si-wafers. No polyester was used for the contact angle mea-
urements since the water droplet penetrated too quickly into the
olyester and disappeared almost entirely at zero time. Samples
puttered for 5 s at 50 mA  presented a contact angle of 64.4◦ at
ime zero. This contact angle decreased with the contact time on the
i-wafer surface due to the hydrophilic OH groups present on the Si-
afers. The Ag–ZrN sputtered Si-wafers become more hydrophobic

fter 20 s sputtering time as seen in the second rows showing an
nitial contact angle of 73.3◦. Finally a contact angle of 101◦ was
bserved at time zero for 80 s sputtered samples. These samples
ere more hydrophobic due to the higher amount of Ag on the

i-wafers.
The increase in surface layer thickness and droplet contact angle

r hydrophobicity is concomitant with an increase of surface layer
oughness of the sputtered Ag-layers. We  have recently identified
he active Ag-ions active on Ag-layers responsible for E. coli inac-
ivation [7]. A 20 s DCMSP sputtered sample presented a higher
umber of Ag-layers with a concomitant higher rugosity compared
o samples sputtered for 2 s. This leads to a faster E. coli inactivation
ime as shown in Fig. 3a and b.

.7. X-ray photoelectronic spectroscopy of Ag–ZrN polyester
urfaces (XPS)

The percentage atomic concentration at time zero for polyester
lone were: C 1s 76.4% and for O 1s 23.6%. Due to the DCSMP-
puttered Ag and Zr after 2 s the percentage atomic concentration
hanged to C 1s 60.6%, O 1s 23.6%, Ag 3d 13.6% and Zr 3d 2.1%.
t 20 s sputtering, the percentage atomic concentration showed a
ignificant increase in the Ag topmost 10 layers, with values: C 1s
3.4%, O 1s 10.6%, Ag 3d 63.6% and Zr 3d 2.5%. The Ag 3d5/2 peak
as found at 368.1 eV [33]. The charge effects compensation was

arried out according to Shirley [34]. Zr 3d5/2 peaks were detected
t BE of 182 eV for the 2 s and also the 20 s Ag–ZrN samples corre-
ponding to zirconia [35]. ZrO2 appears when the Zr in the Ag–ZrN
s exposed to air (O2). Zirconia IR peaks at ∼500 cm−1 were found
or Zr-cluster sizes ≤6 Å have recently been reported [35]. No signal
or N was detected in the topmost 10 layers (2 nm)  by XPS on the
olyester surfaces indicating that the amounts found were below
he detection limit for N in the XPS spectrogram. In Fig. 4b and

 the Zr was not detected since the limit of resolution by the TEM
mployed was  ∼1 nm.  The Zr 3d5/2 peak was detected for the 2 s
nd the 20 s Ag–ZrN sputtered samples corresponding to zirconia
t BE 182 eV [35]. ZrO2 appears when the Ag–ZrN on the polyester
as exposed to air (O2). The zirconia IR peak at ∼500 cm−1 with

luster sizes ≤6 Å has recently been reported [35].

. Conclusions

A sputtered Zr-promoted polyester coated with Ag–ZrN led to a
faster E. coli bacterial inactivation compared with an Ag–N sur-
face.

Higher energies (currents) of 300 mA  used during the confocal
Ag–ZrN sputtering on polyester led to a higher Ag-deposition
compared with 50 mA  currents having beneficial effect on the
antibacterial E. coli inactivation time.

[
[

Photobiology A: Chemistry 229 (2012) 39– 45 45

• Ag–ZrN film sputtered at 300 mA  for 20 s was able to inactivate
E. coli within 11/2 h.

• This study presents the first experimental evidence relating the
thickness of the Ag–ZrN layer to the Ag-grain sizes, the hydropho-
bic and roughness properties of the Ag–ZrN film. These properties
are shown to be controlling parameters affecting the observed
E. coli inactivation kinetics.
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