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1. Introduction

Abstract

In this work, Ag/Ag,O composites were synthesized by treating
silver thin films manufactured by thermal evaporation method with
oxygen plasma afterglow. In order to verify the antibacterial
behavior of these composites, inhibition zone tests were realized
for Staphylococcus aureus. The results showed that individual
silver nanoparticles at concentrations that can be controlled by the
stoichiometric ratios of the Ag/Ag>,O composites, were the main
factor in the inhibition of bacteria. In addition, we found that the
degree of degradation of individual silver nanoparticles absorption
peaks represented a suitable criterion for determining the bacterial
inhibition activity of the prepared silver oxide films. The results
also showed that the sample treated at 1000 watts gave the highest
rate of bacterial inhibition. This research includes an attempt to
correlate the bacterial inhibition activity of silver oxide thin films
with the structural and spectroscopic properties of these films.

Silver nanoparticles (AgNPs) in AgNP/semiconductor composites cause unique modifications to
the optical properties of the semiconductor. These modifications arise because of the formation of
surface plasmon resonance (SPR) due to light-driven collective oscillations of conduction electrons
in metallic AgNPs [1-8], which has the advantage of being both tunable and strong [8]. Therefore,
the use of silver nanoparticles in Ag/Ag,O composites is promising in many fields such as surface
plasmon optics, catalysis, photonics, biosensing, photography, photo-catalytic technique, surface-
enhanced Raman scattering, and in electronic devices such as sensors, solar cells, plasmon circuits
and optical data storage medium [1-31].
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In the case of AgNP doping systems such as Ag/Ag,O composites, any agglomeration in
the plasmonic system of silver atoms due to the nature of the materials used may affect the measured
luminescence and optical absorption spectra. Chiua [30] found that both the position and bandwidth
of the plasmon bands in absorption spectra are strongly dependent on silver oxide (Ag,0O) grain size.
Silver nanoparticle fluorescence emission spectra exhibit different characteristics when the laser
excitation wavelength is varied [32]. In the same context, Zheng and Dickson [33] reported that only
small Ag clusters synthesized by the photo-reduction technique could lead to intense fluorescence.
In addition, they found that larger size of the nanoparticles synthesized by reduction with NaBHy4
was non-fluorescent. Maali et al. [34] found that in the case of silver nanoparticles prepared by spin-
coating method, the coupling of silver atoms and silver oxide clusters determine the photo
luminescent properties of the individual Ag particles.

In our previous work [21], we used oxygen plasma treatment of Ag thin films in the
preparation of silver oxide (Ag,O) thin films of high quality. The structural and optical properties
of the prepared thin films were investigated. The results showed that exposing Ag thin films to
oxygen plasma led to a monocrystalline structure of cubic-Ag,O phase. It was also clearly shown
that the plasma power has significant effects on the characteristics of all plasmon resonance peaks
(position, spectral width and intensity). On the other hand, a slight degradation of the individual
silver nanoparticles plasmon peaks was observed. It has been suggested that this decomposition
occurs because of the mutual interaction between the individual silver nanoparticles located near
Ag,0 grain shell and the larger Ag nanoparticles located in the neighboring grains. The results also
showed that the degree of degradation was related to the grain size of silver oxide (Ag0).

One of common bacteria is Staphylococcus aureus which is a gram- positive, coagulase-
positive, and golden color in culture [31]. It causes a wide range of clinical infections, and is resistant
to B-lactam antibiotics. In this work, we attempt to establish relationships between the inhibitory
activity of silver oxide films for Staphylococcus aureus and the structural and spectral properties of
these films. Exploring and evaluating these equations will assist in determining appropriate
parameters when manufacturing antibacterial systems.

2. Materials and Methods

2.1 Sample preparation

Pure silver metal thin films were deposited at room temperature onto thoroughly cleaned n-type Si
(100) and glass substrates from a high-purity Ag target using a thermal evaporation system
(JSM200). The substrate was placed above the target in the direction of the vapor flux. Table 1

contains the deposition process parameters.

Table 1. The deposition process parameters

Work Target Deposition Target Deposition The film
pressure current time purity temperature thickness
5x10* Pa 225 A 15 min 99.99% 25°C 316 nm

The oxidation process was done by placing each silver film in an evacuated pyrex tube and
exposing it to a stream of oxygen plasma afterglow at a specific plasma power. The oxygen plasma
stream was generated using a microwave SAIREM GMP 20 KEDS. More details about the plasma
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generation system are available in previous work [35-37]. Table 2 contains the conditions of oxygen
plasma exposure for each sample.

Table 2. The conditions of oxygen plasma exposure for each sample

Sample The film - discharge center OPA plasma gas Processing
label distance power pressure time
a 0.25m 250 W 300 Pa 30 min
b 0.25m 500 W 300 Pa 30 min
c 0.25m 750 W 300 Pa 30 min
d 0.25m 1000 W 300 Pa 30 min
e 0.25m 1250 W 300 Pa 30 min

The antibacterial activity of the prepared silver oxide thin films for S. aureus was evaluated
by inhibition zone tests, which provides a qualitative measure of antibacterial activity based on the
ratio between the growth inhibition zone area and the thin film area. A colony of S. aureus was taken
from a fresh solid bacterium culture medium (Miieller-Hinton agar) and was added to 20 ml of
Miieller-Hinton broth. Then, the resultant suspension was incubated overnight at 37°C and 120 rpm.
A volume of 1 ml of 1 x 10’CFU ml™! cell suspension was added to 14 ml of Miieller-Hinton agar
at 45°C before pouring onto petri dish. Then, square samples of the different coatings were placed
on the agar plates and incubated for 24 h at 37°C [31, 38].

2.2 Sample characterization

The crystallite structure of the prepared thin films was determined using a (Stoe StadiP) transmission
X-ray diffractometer, employing a Cu Ko source (A = 1.54060 A).

3. Results and Discussion

X-ray diffraction measurements were carried out on the prepared silver oxide thin films. Figure 1
shows an example of the measured XRD spectra for sample (a), which was treated at 250 W. As
seen in Figure 1, a strong X-ray diffraction peak is situated at 20 = 33.3 degree, and is related to the
(111) crystal plane of Ag,O cubic phase (CSM Card No: 75-1532). We noticed that this peak is
dominant in the XRD spectra of the samples b, ¢ and d. Consequently, we concluded that the oxide
layers in our samples were monocrystalline. More details about the characterization of the XRD
measurement results are explained in our previous work [21]. Here, it is sufficient to include the
values of the relative peak intensity (the oxide ratio) and the grain size of Ag>O particles (Table 3)
for each sample.

One common technique for evaluating the antibacterial activity of coatings is the halo
formation method [31, 38], in which the appearance of a halo around a film placed on the surface of
a bacterial colony is an indication of the formation of an inhibition zone of bacterial growth. In this
work, we investigated the possibility of using samples prepared as described in Table 2 as
antibacterial coatings. We adopted a criterion for measuring the effectiveness of inhibition, which
is the ratio between the area of the effective inhibition zone (S') and the area of the film (S). Table
4 contains S, S' and S'/S of all the prepared thin films that were used in the bacterial inhibition tests.
In addition, Figure 2 shows the region of plasma inhibition in the case of the sample treated at 250
W (sample a).
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Figure 1. The XRD spectrum of the sample (a)

Table 3. The relative peak intensity and the grain size of Ag,O particles for each sample

Sample Ag20 XRD peak intensity The Ag20 particles grain size
a 1.1831 5.347 (nm)
b 2.681 33.012 (nm)
c 3.642 34.941 (nm)
d 3.765 38.847 (nm)
e 1.805 7.412 (nm)
Table 4. The values of S, S' and S'/S of all the prepared thin films.
Sample label S S' S'/S
(cm?) (cm?)
a 3.90 6.00 1.538
b 4.68 6.16 1.316
c 2.08 3.08 1.481
d 2.60 4.20 1.615
e 5.20 0.00 0.000
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Figure 2. The region of plasma inhibition in the case of the sample treated at 250 W
(sample a)

Figure 3 illustrates the ratio S'/S as a function of microwave plasma power. We noticed
that there was no specific approach to the relationship between the S'/S ratio and the plasma power
as the S'/S ratio value ranged between 1.32 and 1.62 for a, b, ¢ and d samples. We noticed that using
a plasma power of 1250 W led to a dramatic decrease in the S'/S ratio, which became equal to zero.
This behavior can be explained by the low concentration of individual silver nanoparticles in this
sample.
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Figure 3. The ratio S'/S as a function of microwave plasma power

In the XRD spectrum, the oxide ratio in the film was proportional to the intensity of the
Ag>0 peak. Figure 4 illustrates the ratio S'/S as a function of Ag,O XRD peak intensity. We noticed
that with the exception of sample (a), which had a metallic nature (due to its low oxygen content),
the S'/S ratio increased with increasing silver oxide concentration. The same behavior can be seen
in Figure 5, which represents the S'/S ratio as a function of the Ag,O grain size. However, it seems
that, the S'/S ratio appears to increase linearly with increasing grain size.
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Figure 5. The ratio S'/S as a function of Ag,0O grain size

In Figures 5 and 6, point A (which represents a relatively high inhibition condition) is on
the left side, which is the opposite side of the ratio S'/S decreasing trend. This gives the impression
that both grain size and XRD Ag,O peak intensity cannot be considered appropriate in all cases as
measures of inhibition efficiency.

The measurement of the degradation of the individual silver nanoparticle plasmon peaks,
which has been accurately described in our previous work [21], may be suitable for estimating the
inhibitory activity of the bacterial growth. This degradation, which is related to the grain size of
silver oxide, occurs due to the mutual interaction between the individual silver nanoparticles located
near Ag>O grain shell and the larger Ag nanoparticles located in the neighboring grains [21]. This
degradation is measured using the ratio P»/P;, which is equal to the ratio between the areas of the
two peaks resulting from the degradation process [21]. Figure 6 shows the inhibition ratio S'/S as a
function of the degradation ratio P»/P;.
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Figure 6. The ratio S'/S as a function of the ratio P»/P;

An interesting behavior can be observed in Figure 6 where the ratio S'/S decreases as the
ratio P»/P; increases, in a consistent manner. This result indicates that the inhibition activity is
related to P»/P; ratio. Accordingly, we conclude that individual silver nanoparticles are the main
inhibitory centers. The more these atoms are isolated from the effects of neighboring silver
configurations, the more effective the inhibition. On the other hand, it can be noted that the point
(A) is located near the parabola formed from the rest of the experimental points. However, this point
corresponds to a relatively high level of inhibition. It is close to the rest of the points, which makes
it included in any criterion for the quality of inhibition that adopts a minimum value of the ratio
P,/P1.

What is particularly noteworthy here is that the sample (a) has an inhibitory effect, unlike
sample (e), even though they have close values for grain size and silver oxide content. In fact, the
explanation for this difference in the effectiveness of inhibition lies in the difference in the
morphological structure of these two samples. While the higher concentration of silver metal leads
to the attenuation of the plasmonic action in the sample (e), the porous structure and gaps within the
structure reduce the effect of silver metal clusters in the case of the sample (a) [21]. In addition, the
sample (a) contains a smaller percentage of larger Ag nanoparticles compared to the sample (e) [21].
These differences might lead to better interaction between the film surface and bacteria.

4. Conclusions

In this work, we tested the antibacterial activity of silver nanoparticles in Ag/Ag,O composites
synthesized by oxygen plasma treatment of silver thin films. We obtained unique results, which can
be summarized as follows:
1. Individual silver nanoparticles are the main factor in the inhibition of bacteria.
2.  With the exception of samples with a lower oxidation level, the inhibition efficacy is
proportional to the Ag>O grain.
3. The degree of degradation represents a suitable criterion for determining the bacterial
inhibition activity of the prepared silver oxide films.
4. In the case of samples with low oxidation rates, the morphological structure plays an
important role in determining ability to inhibit bacteria.
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