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Abstract

In this work, we present a more complete description of the optical properties of the silver nanoparticles formed in silver
oxide thin films. Ag/Ag,0 composites were synthesized by treating silver thin films manufactured by thermal evaporation
method with oxygen plasma afterglow. The results showed that exposing silver thin films to oxygen plasma afterglow leads
to a monocrystalline structure of silver oxide. Consequently, the relationship between the crystal size and the characteristics
of the plasmon optical absorption peaks was studied. A slight degradation of plasmon peaks of the individual silver
nanoparticles was observed. We suggested that this degradation might be due to the mutual interaction between the indi-
vidual silver nanoparticles located near the Ag,O grain shell and the larger silver nanoparticles in neighboring grains. We
found that the degree of degradation is related to the Ag,O grain size. On the other hand, the origin of each fluorescence peak

in the Raman spectra of the prepared films was determined.

Keywords Silver oxide - Thin film - Plasmons - Thermal evaporation - Oxygen plasma afterglow - Raman spectroscopy

Introduction

The increased interest in the synthesis and characterization of
plasmonic silver nanoparticles (AgNPs) loaded semiconduc-
tor films (AgNPs/semiconductor composites) is due to the
unique modifications to the optical properties of the semicon-
ductor material caused by the silver nanoparticles that are
mainly related to the surface plasmon resonance (SPR) of
silver nanoparticles. In this direction, the use of silver is prom-
ising because of its tunable and strong SPR from the visible to
near infrared spectral regions [1-3]. The resonance effect oc-
curs due to light-driven collective oscillations of conduction
electrons in metallic Ag nanoparticles [4—7], or in other words,
due to the interaction of the incident light with the electron
density surrounding AgNPs [8].

AgNP doping systems find various applications in many
fields such as surface plasmon, optics, electronic devices, pho-
tonics, catalysis, photography, biosensing, photocatalytic
technique, catalyst, surface-enhanced Raman scattering, solar
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cells, sensor, optical data storage medium, and plasmon cir-
cuitry [9-28]. Each of these applications requires special en-
gineering of AgNPs plasmonic response that depends on their
shape, size, dielectric environment, and on mutual electro-
magnetic interactions among adjacent particles [29].

In Ag/Ag,0 composites, any agglomeration in the Ag plas-
monic system due to the nature of material processes used can
have an effect on the measured fluorescence emission. Many
previous works [30, 31] confirmed that, both, the bandwidth
and the position of the plasmon absorption band are strongly
depending on the Ag,O particle size. The silver nanoparticle
fluorescence emissions show different characters with chang-
ing excitation wavelength [32]. Zheng and Dickson [33]
found that only the small silver clusters synthetic by photore-
duction method could yield strong fluorescence; on other
hand, they found that the larger nanoparticles synthetic
through reduction with NaBH, were essentially non-fluores-
cent. Maali et al. [34] reported that, in the case of spin-
coated silver nanoparticles, the coupling of silver and
silver oxide clusters controls the luminescent properties
of individual silver particles.

Investigating the relationship between the silver oxide
nanoparticle size and the characteristics of the plasmon optical
absorption peaks is very important, because this relationship is
the basis for the engineering design of Ag/Ag,O composites,
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which make them suitable for specific applications. In this
work, we show that obtaining a monocrystalline structure
helps to obtain a good evaluation of the relationship between
the crystal size and the characteristics of the plasmon optical
absorption peaks in Ag/Ag,O composites synthesized by ox-
ygen plasma treatment of silver thin films. In addition, we
highlight an unprecedented contribution that includes the abil-
ity to obtain information on the size of silver oxide nanopar-
ticle from the optical absorption spectra of the individual sil-
ver nanoparticle surface plasmons.

Experimental
Sample Preparation

Pure Ag thin films (99.99%) with thickness of 316 nm
were deposited at room temperature onto thoroughly
cleaned n-type Si (100) and glass substrates from a
high-purity Ag (99.99%) target by using thermal evapora-
tion unit (JSM200) at a low work pressure of 5 x 10 Pa.
The substrate was placed above the source in the direction
of silver vapor flux. The target current was 225 A. The
duration of the deposition process was 15 min. Each de-
posited films was placed in an evacuated Pyrex tube and
then was exposed to a reactive oxygen plasma afterglow
(OPA) stream at specific plasma power in order to ox-
idize the silver atoms. The O, plasma was generated
using Microwave SAIREM GMP 20 KEDS. More de-
tails about the plasma generation system are explained
in previous works [35-37]. Table 1 contains plasma
exposure conditions for each sample.

Sample Characterization

Crystallite structure of the films was measured by X-ray
diffraction (XRD) using (Stoe StadiP) transmission X-
ray diffractometer employing a Cu Ko«; (A=
1.54060 A) source. The vibrational modes present in
the films were determined using Micro Raman Jobin-
Yvon (LabRAM HR) with 514.5 nm laser excitation

source. Scanning electron microscopy (TSCAN,
Vega\\XMU) with SEM HYV of 20 kV was performed
to determine surface morphology and the thickness of
the films. The optical transmittance and absorption spec-
tra were recorded with a UV—Vis spectrophotometer
(Cary 5000).

Results and Discussion

Figure 1 shows the SEM images of the prepared samples.
It is clear from this figure that sample A (P=250 W)
has a structure composed of porous sphere-shaped clus-
ters of nanoparticles. In the case of sample B (P=
500 W), we notice a high degree of clustering associat-
ed with an important reduction in porosity. These clus-
ters combine to form a branch chain structure. It can be
seen that the films treated at higher microwave plasma
powers (samples C (P=750 W) and D (P=1000 W))
have columnar structures with larger clusters compared
with the rest of the samples. On the other hand, as
plasma power is increased to 1250 W (sample E), there
is a significant reduction in the degree of clustering in
addition to the disappearance of the columnar structures
and an increase in porosity. In comparison with sample
A, it can be observed that sample E consists of uniform
clusters of smaller sizes with a lower porosity ratio.
Consequently, the dramatic changes in the structure
when applying plasma energy of 1250 W may be due
to Ag,O decompose to metallic Ag and O,.

X-ray diffraction measurements were carried out on
the silver oxide thin films. The XRD profiles of these
samples are shown in Fig. 2. As seen in this figure,
strong X-ray diffraction peak situated at 20 =33.3° in
all spectra. This peak is related to the (111) crystal
plane of cubic-Ag,O phase (CSM card no. 75-1532).
This peak is dominant in the XRD spectra of the sam-
ples B, C, and D, so the oxide layers in these samples
are monocrystalline. The intensity of cubic-Ag,O phase
peak (the ratio between the area and the full width at
half maximum (FWHM)) increases with increasing of

Table 1 The plasma exposure

conditions for each sample Sample code  Distance from the Plasma power (W)  Plasma pressure (Pa) ~ Plasma processing
discharge center (cm) time (min)
A 25 250 300 30
B 25 500 300 30
C 25 750 300 30
D 25 1000 300 30
E 25 1250 300 30
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Fig. 1 The SEM images of the prepared samples
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Fig. 2 The XRD spectra of the
prepared samples
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the plasma power in the region from 250 to 1000 W
(Fig. 3). Otherwise, the treatment with plasma power of
1250 W leads to a decrease in the intensity of this peak,
indicating the decomposition of Ag,O to metallic Ag
and O,. Decomposition processes explain the appear-
ance of the cubic silver peaks in the spectrum of the
sample E (CSM card no. 87-597). These peaks also
appear in the spectrum of the sample A where oxygen
content is low compared with other samples. When
using a plasma power of 1250 W, oxygen ions in the
plasma stream obtain kinetic energy that enables them

to breakdown Ag—O bonds when they collide with the
newly formed silver oxide molecules.

On other hand, the grain size (D) of Ag,O nanoparticles
was estimated from XRD spectra by using the Scherrer equa-
tion [38].

KA
- pcosO (1)

where K is the Scherrer constant (K=0.89), A is the X-
ray’s wavelength, 3 is the full width of half maximum of

Fig.3 The XRD peak intensity of
the (111) crystal plane of cubic-
Ag,0 phase as a function of
plasma power
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Fig. 4 The average grain size of
Ag,0 particles as a function of
plasma power 40 -
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the Ag,O diffraction peak, and 0 is the diffraction angle.
The grain size was found to be in the range 5.3-38.8 nm.
Figure 4 illustrates the grain size as a function of micro-
wave plasma power. In this figure, one observes a strong
grain size dependence on the plasma power where the
grain size increases with plasma power lower than
1250 W. However, a dramatic decrease in grain size oc-
curs when applying a plasma power of 1250 W.

The optical absorption spectra of the oxygen plasma—
treated Ag thin films are shown in Fig. 5. We notice that,
outside the surface plasmon absorption region (A > 500 nm),
the optical absorption is almost equal for all oxygen-rich films
(samples B, C, and D), with a value of about 72%. On the
other hand, the films with metallic structure (samples A and E)
have lower absorption, which decreases with increasing

T T 9 | 1
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porosity. In the region (A <500 nm), spectra spacing of
oxygen-rich samples as a result of appearance of plasmon
absorption bands can be observed. The formation of these
bands contributes to making absorption more sensitive to the
oxygen content in the film. We noticed that for all spectra, this
region contains the following contributions:

(i) A relative intense plasmon absorption peak located ap-
proximately at A =308 nm, which is related to the indi-
vidual silver nanoparticles. By looking at Fig. 5, it can be
seen that this peak has two adjacent maxima, which
means that this peak is the result of overlapping two
peaks (peak 1 and peak 2). In other words, there is a slight
degradation of the plasmon absorption peak belonging to
the individual silver nanoparticles.

Fig. 5 The optical absorption
spectra of the prepared Ag,O thin
films
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(i) Awide plasmon absorption peak (peak 3) located around
A =343 nm is due to the surface plasmon resonance of
larger Ag nanoparticles. This peak is more pronounced
in the spectra of samples C and D.

In order to characterize the three peaks mentioned above, a
fitting process was performed for each peak adoption of the
Gaussian and Lorentzian shape. The output of the fitting pro-
cess is illustrated in Fig. 6. It can be seen that the plasma
power has significant effects on the main characteristics of
each peak (position, FWHM, and intensity).

The calculated intensity for each peak (integrated
peak area) as a function of plasma power has been
shown in Fig. 7. We found that the P; peak intensity
increased with increasing of plasma power in the region
from 250 to 1000 W. This trend is associated with the
decrease of intensity of both P; and P, peaks. An op-
posite behavior is obtained when a power of 1250 W is
applied. This may be related to the decrease in both the
Ag-O bond fraction and Ag,0 particle grain size at this
point (Figs. 3 and 4).

Figure 8 shows the relative intensity of the P, and P, peaks
(the ratio p,/p;) as a function of plasma power. In comparison
with Fig. 4, we notice that both the grain size and the p,/p,
ratio have opposite behaviors with the increase of plasma
power. Therefore, it is useful to investigate the relationship
between the grain size and the p,/p; ratio (Fig. 9).

It is obvious that, with the exception of sample (A) which
has metallic nature (due to its low oxygen content), the ratio
po/p1 decreases as the grain size increases, and this is associ-
ated with increased oxygen content in the film. We have found
that, with the exception of sample (A), our data fit well with
the following equation:

P2/p1 = ‘X—B-Xz (2)

where oc=(4.652) and 3 =(0.0001).

This equation is amazing because it predicts the ex-
istence of a strong relationship between the topographi-
cal characteristics (particle size) and the optical proper-
ties of surface plasmons (the degradation ratio p,/pp).
This equation predicts that the ratio p,/p; decreases as
the grain size increases, and that the P, peak will dis-
appear when the grain size becomes equal to 68.21 nm.
In addition, based on this equation, it can be expected
that in the case of the super-smooth structure (x=
0 nm), the p,/p; ratio becomes equal to 4.652 nm.

The interpreting of this equation requires determining
the origin of the peaks P, and P,. With this respect, our
perception is that the P; peak belongs to the individual
silver atoms located inside the grain, which are free
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Fig. 6 The deconvoluted Plasmon absorption peaks for the prepared
samples
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atoms that do not interact with silver configurations in
the neighboring grains. While the peak P, is formed as
a result of the presence of individual silver atoms locat-
ed on the grain boundary layer, which are slightly af-
fected by silver configurations in the neighboring grains.
Consequently, it is expected that the intensity of this
peak will decrease when the area of gaps between the
grain and the neighboring grains increase (the film
structure becomes porous). The amount of the intensity
decreases depend on the grain size. This is because as
the grain size increases, the area of the gaps between
the grain and the surrounding grains increases. The area
of these gaps (pores) is directly proportional to the grain
cross-sectional area, which in turn is proportional to X2,
where x is the grain size or the grain diameter. The
increase in the pore area leads to a decrease in the
number of the silver configurations surrounding the
grain and consequently a reduction in the intensity of
the external effects on the silver atoms of the type P,.
We conclude that, the term — .x* that apparent in Eq.
(2) represents the decreasing in the ratio p,/p; due to
the formation of grains with grain size (x).

In Fig. 10, it is observed that in the plasma power
range of 250 to1000 W, increasing plasma power causes
an asymmetric broadening of P; peak. This broadening
is associated with the incorporation of oxygen in the
silver network. A dramatic decrease in the FWHM of
P; peak occurs at the power of 1250 W due to the
significant reduction in the oxygen content at this pow-
er. In the case of P; and P, peaks, increased plasma
power is associated with a slight decrease in the width
of these peaks.

Fig. 7 The relative area of the
plasmon response peaks as
functions of plasma power
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Figure 11 shows P, P,, and P; peak positions as
function of plasma power. We notice that when a power
of 500 W is applied, a significant blue shift occurs in
the position of P; peak while maintaining an almost
constant value for the full width at half maximum of
this peak (Fig. 10). This shift occurs because the film
acquires the characteristics of semiconductor due to in-
corporation of additional amounts of oxygen into the
silver film and the forming of Ag—O bounds. It is clear
that the positions of P; and P, peaks (which belong to
individual silver atoms) are not affected by this trans-
formation. In another hand, red shifts occur when in-
creasing the plasma power in the range 250-1000 W
for the peaks P; and P, and in the range 500-1000 W
for the peak P;. This shifts associate with increasing the
full width at half maximum of the P; peak, while the
widths of the peaks P; and P, remain almost constant
(Fig. 10). Previous works [39, 40] show that this type
of shift occurs because the increase of %Ag content
leads to the decrease of the average distance between
the nanoparticles, which red shifts the SPR peak due to
the interparticle coupling effect on SPR. In our case, the
factor that increases is the concentration of the large Ag
nanoparticles (peak 3 in Fig. 7). In addition we can also
distinguish that blue shift occurs in the position associ-
ated with a decrease in width for each peak when ap-
plying a plasma power of 1250 W. This shift is distin-
guished from other shifts, as it is associated with de-
creasing grain size (Fig. 4). This type of shift occurs
due to decreasing of the large Ag nanoparticle concen-
tration and to quantum size effects [41].
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Fig. 8 The p,/p; ratio as a
function of plasma power
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Figure 12 shows the variation of Raman spectra with
plasma power. We notice that there are no characteristic
peaks in the spectrum of the sample treated at 250 W. In
the spectra of other samples, the broad band extending
from 400 to 600 cm™ ' is may be attributed to the presence
of Ag—O bonds with different vibration modes [42, 43].
The presence of metallic silver may be the reason for not
obtaining clear and separate peaks in this range. In anoth-
er hand, by comparing with Fig. 3, we notice that, in
Fig. 12, the maximum intensity of each Raman spectrum
is proportional to the film oxygen content.

Fig. 9 The p,/p; ratio as a
function of grain size
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Our aim here is not to prove the formation of Al-O
bonds because this was accomplished based on X-ray
diffraction spectra (Fig. 2), but rather to investigate the
emergence of fluorescence peaks formed due to the in-
teraction of the laser beam with silver nanoparticles. In
this regard, we observed the emergence of two major
fluorescence peaks (o« and (3 peaks) which are indicated
in Fig. 12 (The arrows indicate the boundaries of the f3
band for each spectrum.). The « peak is located on
992.83 cm™' with a FWHM of about 18 cm™'. We no-
tice that, when moving from the bottom to the top of
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Fig. 10 The full widths at half
maximum of the three surface
plasmon resonance peaks as
functions of plasma power 140
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Fig. 12, the 3 band swells and expands which causes it
to overlap with the peak «. By comparison between
Figs. 6 and 12, we noticed that the growth of the indi-
vidual silver nanoparticle peak (the sum of P; and P,
peaks) is associated with the growth of the o« peak in
Raman spectrum, as well as the growth of the P3 peak
associated with the growth of (3 peak in Raman spec-
trum. Therefore, we conclude that o« peak concerns the
vibrations of individual silver atoms, while (3 peak be-
longs to the larger silver nanoparticles.
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The o peak in the spectrum of the B sample has a small
spectral width (18 cm ") and appears clearly without overlapping
with any other peak. This peak disappears in the spectra of the
silver-rich samples (samples A, D). In samples with high oxygen
content, & peak overlaps with (3 peak, and this makes it unclear.
The unique spectral characteristics of our samples (especially
sample B) make the method of preparing these samples promis-
ing in the field of the optical storage mediums, which are also
called plasmon memories and are expected to have more capac-
ity than the conventional optical storage medium [26].

Fig. 11 The positions of the three
surface plasmon resonance peaks
as functions of plasma power
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Fig. 12 Raman scattering spectra
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Conclusions have potential as materials capable of supporting

In this work, we used the oxygen plasma treatment of silver
thin films for the preparation of high quality silver oxide
(Ag,0) thin films having controlled structure on the nano-
scale. The optical and structural properties of the prepared
films were investigated where we obtained unique results,
which we summarize in the following points:

1. Exposing silver thin films to oxygen plasma afterglow
leads to a monocrystalline structure of silver oxide (cu-
bic-Ag,O phase).

2. The oxygen plasma power has significant effects on the
main characteristics of each plasmon resonance peak (po-
sition, FWHM, and intensity).

3. A slight degradation of plasmon peaks of the individual
silver nanoparticles was observed. We suggested that this
degradation might be due to the mutual interaction be-
tween the individual silver nanoparticles located near the
Ag,0 grain shell and the larger silver nanoparticles in
neighboring grains. We found that the degree of degrada-
tion is related to the Ag,O grain size.

4. We found that, the majority of samples displayed a strong
emission peak in Raman spectrum centered on
992.83 cm™' with a FWHM of about 18 cm™' related to
individual silver nanoparticles.

5. The fluorescence peaks of the individual silver
nanoparticles indicate that our samples appear to

@ Springer

optical storage medium mechanisms.
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