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Abstract

In this paper, we explore the band gap properties of Ag/Ag,0 composites synthesized by oxygen plasma treatment of silver
thin films as well as the band gap properties of silver nanostructures formed within these composites. The band gap of silver
nanoparticles was calculated based on a previous unique result including that the luminescence spectra of the prepared Ag/
Ag,0 composites contain only features that characterize the various structures of silver nanoparticles. The results obtained
showed the formation of energy bands of silver nanoparticles within the energy band structure of the prepared films. Based
on the observed features of the luminescence spectra, distinguished energy gaps were found for both individual silver nano-
particles and larger silver nanoparticles. Moreover, the energy gap of individual silver nanoparticles is not significantly
affected by neither the size of the silver oxide particles nor the power of the oxygen plasma.

Keywords Silver oxide - Optical transmission spectra - Luminescence spectra - Silver nanoparticles - Thermal evaporation -

Band gap - Oxygen plasma afterglow

Introduction

The doping of various solid materials with silver nanoparti-
cles is highly beneficial in many fields comprising applica-
tions in optoelectronics, solar cells, surface chromatography
optics, imaging, photocatalysis, surface-enhanced Raman
scattering, data storage media, etc. [1-8]. Conversely, the
employment of surface plasmons of materials doped with
silver nanoparticles requires examining the interactions
between these particles, along with investigating the effect
of their size, shape, and the nature of the dielectric material
on the response of surface plasmons [9—18].

In our previous work [19], silver thin films were
synthesized by thermal evaporation of silver samples. Then,
the silver films were exposed to oxygen plasma currents
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at various powers. The optical absorbance spectra of the
prepared samples were analyzed. The results show that the
plasmon power has significant effects on the properties
of the plasmon resonance peaks (position, spectral width,
and intensity). On the contrary, a slight degradation was
observed in the individual plasmon peaks of the silver
nanoparticles. It has been suggested that this decomposition
occurs due to the mutual interaction between individual
silver nanoparticles located near the shell of Ag,O grains
and larger nanoparticles located in neighboring grains.
The results also showed that the degree of decomposition
is related to the size of the silver oxide (Ag,0) particles.
On the other hand, we found in another work [20] that the
individual silver nanoparticle peak degradation observed
in the optical absorption spectra has a mirror image in the
photoluminescence spectra. In addition, the results showed
that this degradation arises due to the mutual interaction
between the individual silver nanoparticles located near the
Ag,0 grain shell and the larger silver nanoparticles inside
the grain, and it is related to the silver oxide grain size [20].

A previous study [21] dealing with the optical properties
of silver nanoparticles showed that these particles possess
a direct band gap of 2.51 eV. It is found that the band gap
of silver nanoparticle-doped materials depends on the size
and shape of the nanoparticles. The model predicts that the
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band gap increases with decreasing nanoparticle size of the
semiconductor material [1, 12, 22, 23]. On decreasing the
size, the electron gets confined to the particle (confinement
effects) leading to increase in band gap. With reducing
size of the particle, the density of states becomes more
quantized, and the band gap shifts to higher energies (shorter
wavelengths) [4, 24]. In this article, we employ the unique
optical and structural properties of Ag/Ag,0 composites in
order to demonstrate the formation of energy bands of silver
nanoparticles and investigate their influence on the band gap
properties of silver oxide films.

Experimental
Sample Preparation

Thin films of silver with a thickness of 316 nm were depos-
ited at air temperature on silicon and glass substrates by
thermal evaporation of silver targets using the JSM200 sys-
tem. Technical details of the sedimentation processes using
the thermal evaporation system can be found in our previous
works [25-27]. The prepared silver films were subjected to
reactive oxygen plasma afterglow (OPA) at a certain plasma
power in order to obtain the compositions. Molecular oxy-
gen plasma was generated using a SAIREM GMP 20 KEDS
microwave with various powers in the range of 250-1250 W.
Table 1 shows the plasma capacity for each of the treated
samples.

More details about the plasma generation system are
explained in previous works [25-27].

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 optical transmittance and absorption spectra were
recorded with a UV-vis spectrophotometer (Cary 5000).
The photoluminescence (PL) spectra were recorded at room
temperature using a He—Cd laser with an excitation wave-
length of 325 nm. A grating monochromator (1200 groves/
mm) and cooled photomultiplier tube PMT were also used
to measure PL spectra.

Table 1 The plasma capacity

Sample label Plasma power
for each of the treated samples

A 250.00 W

B 500.00 W

C 750.00 W

D 1000.00 W

E 1250.00 W
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Fig. 1 The optical transmission spectra of the prepared Ag,O thin
films

Results and Discussion

The optical transmission spectra of the oxygen plasma-treated
silver thin films are shown in Fig. 1. We notice that, outside the
surface plasmon absorption region (A > 500 nm), the optical
transmission is almost equal for all oxygen-rich films (samples:
B, C, and D), with a value of about 28%. On the contrary, the
samples with metallic structure (samples A and E) have higher
transmission. Sample A is more transparent than sample E
because of its higher porosity [19]. 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 transmission more sensitive
to the oxygen content in the film.

Optical transmittance spectra were used to calculate the
band gap (Tauc gap) for all samples. The band gap is calcu-
lated from Davis and Mott equation [4, 28, 29]:

ahv = A(hv — Eg)*? (1)

where hv is the energy of the incident light, E, is the
estimate of the band gap, and A is a constant. Therefore,
E, can be found by plotting the variation of (ahv)? against
hv, where the extrapolation of the linear region of the curve
with X-axis gives the value of band gap of thin film. Figure 2

120

{athv)?

Fig.2 (ahv)® as a function of Av for all samples
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Table 2 The band gap values

; Eg (eV)
of Ag/Ag,0 composites and all
silver nanostructures Sample label Ag/Ag,0 Total AgNPs L AgNPs TAgNPs TIAgNPs(1) IAgNPs(2)
composites
A 3.770 2.436 2.386 2.855 2.796 2.886
B 3.722 2.872 2.543 2.855 2.776 2.890
C 3.700 2.837 2.557 2.837 2.768 2.882
D 3.599 2.449 2.398 2.872 2.828 2.903
E 3.759 2.281 2.205 2.837 2.844 2.845

shows the method of calculating of the band gap for all
samples. The band gap values for all samples (Ag/Ag,O
composites) are listed in Table 2.

In our previous work [20, we found that the luminescence
spectra of our samples (Fig. 3) do not have features specific
to silver oxide and that all features appearing in these spectra
are due to silver nanoclusters. We found that each of these
spectra can be deconvoluted into two main peaks, the “I”
peak and the “L” peak. The “I” peak is due to the presence
of individual silver nanoparticles, while the “L” peak is due
to the presence of larger silver nanoparticles.

Figure 4 shows an example of the PL spectrum
deconvolution process that concerns the spectrum of
sample D that was treated at 1000 W.

We also found that peak I results from the summation
of two sub-peaks, peak 1 resulting from individual silver
nanoparticles located within the silver oxide grain and peak 2
resulting from individual silver nanoparticles located near the
grain shell. Figure 5 shows the peaks “1” and “2” resulting
from the deconvolution process of the “I” peak in the PL
spectrum of the sample C that was treated at 500 W [20].

The important result of our previous work [20] is that
each of the peaks that appeared in the fluorescence spectra
has a mirror image in the optical absorption spectra.

It is known in the PL spectra that the position of the
peak indicates the value of the band gap [24]. Accord-
ingly, we have included in Table 2 the band gap values
for the following components: total silver nanoparticles
(total Ag NPs), individual silver nanoparticles (I Ag NPs),
larger size silver nanoparticles (L Ag NPs), individual sil-
ver nanoparticles located within the grain (I Ag NPs (1)),
and individual silver nanoparticles located near the grain
shell (I Ag NPs (2)). The band gap of silver nanoparticles
(total Ag NPs) can be observed in Fig. 2, especially in the
curves of both C and D samples, where a broad shoulder
is formed in the range from 3.2 to 3.6 eV.

Figure 6 shows the band gap of Ag/Ag,0 composites and
total silver nanoparticles (total Ag NPs) as a function of
plasma power.

It has been observed in the composites of Ag/Ag,0 that
the band gap decreases slightly with the increase in the
plasma power, but it returns to increase when W=1250 W
(sample E) due to a decrease in the rate of the silver oxida-
tion reaction [19]. The essential outcome is drawn clearly in

this figure showing that the formation of silver nanoparticles
E leads to the formation of energy bands belonging to these
ND
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Fig.3 The luminescence spectra of the prepared samples
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Fig.4 The deconvoluted PL spectrum of the sample D
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Fig.5 Peaks “1” and “2” resulting from the deconvolution process of
the “T” peak in the PL spectrum of the sample C

particles within the band gap of each sample. Moreover, it
has been found that the band gap of the silver nanoparti-
cles (total Ag NPs) is more affected by the plasma power. It
exhibits a unique behavior that alternates between increasing
and decreasing, resulting in maxima for the band gap in the
region at 500-750 W.

It has been found in our previous work [19] that the
plasma power affects the grain size, so in order to disprove
the behavior of the band gap in Fig. 6, we investigated the
relationship between the band gap and the silver oxide grain
size (Fig. 7).

The effect of size on the band gap is clearly visible in
the case of the Ag/Ag,0 composites where the band gap
decreases with the increase of the silver oxide grain size;
this is consistent with the results of quantitative studies of
the properties of nanomaterials [24]. On the other hand, it
seems that the effect of the size is also present in the case
of the total silver nanoparticles (total Ag NPs), especially in
the case of samples rich in oxygen (samples B, C, and D).
The points close to the coordinate principle are for samples
with low oxygen content (samples A and E). It is clear from
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Fig.6 The band gap of Ag/Ag,0 composites and total silver
nanoparticles (total Ag NPs) as a function of plasma power
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Fig.7 The band gap of Ag/Ag,0O composites and total silver
nanoparticles (total Ag NPs) as a function of Ag,0 grain size

the figure that these samples have their own size effect as
the band gap decreases with the increase of the grain size
according to a special approach that differs from that of the
rest of the samples.

Figure 8 shows the band gap of silver nanoparticles (total
Ag NPs, I Ag NPs, and L Ag NPs) as a function of plasma
power. It appears from this figure that the band gap of I Ag
NPs is not significantly affected by the plasma power, while
larger nanoparticles which have a lower band gap are greatly
affected by the plasma power, and it behaves similar to the
behavior of the total Ag NPs.

On the other hand, the distance from the curve of the total
nanoparticles (bold line) can be used to estimate the density
of silver nanoparticles. In the case of oxygen-rich samples
(samples B and C), the density of individual nanoparticles
is higher due to their proximity to the solid curve, while in
other samples, the density of larger nanoparticles is higher.

Figure 9 illustrates the relationship between the band
gap of silver oxide nanoparticles (total Ag NPs, I Ag NPs,
and L Ag NPs) and the silver oxide grain size.

—o—Total Ag NPs m | AgNPs LAg NPs
3
[ ]
2.8 "
= 2.6
A
& 24
2.2
2 T T T T
250 450 650 850 1050 1250
P{w)

Fig.8 The band gap of silver nanoparticles (total Ag NPs, I Ag NPs,
and L Ag NPs) as a function of plasma power
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Fig.9 The band gap of silver nanoparticles (total Ag NPs, I Ag NPs,
and L Ag NPs) as a function of silver oxide grain size

This figure shows that the band gap of I Ag NPs is
not significantly affected by the silver oxide grain size,
while larger nanoparticles which have a lower band gap
are greatly affected by the silver oxide grain size, and it
behaves similar to the behavior of the total Ag NPs.

Figure 10 shows the relationship between the band gap
of silver oxide nanoparticles (I Ag NPs (1) and I Ag NPs
(2)) and the silver oxide grain size.

In general, the band gap of individual silver nanoparti-
cles near the shell of a silver oxide grain (I Ag NPs (2)) is
wider than that of individual silver nanoparticles located
inside the grain (I Ag NPs (1)).

The absorption spectra of our samples [19] previously
revealed that the ratio p,/p, (which is the relative intensity
of the I Ag NPs (2) peak and I Ag NPs (2)) is related to the
oxide particle size (x) through the relationship:

pa/py = a—px? 2

where o= (4.652) and =(0.0001).
This relationship excludes the sample (A) and indicates
the decrease of the ratio p,/p, as the grain size increases.
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Fig. 10 The band gap of silver oxide nanoparticles (I Ag NPs (1) and
1 Ag NPs (2)) as function of plasma power

Fig. 11 AEg as a function of the ratio p,/p,

The p,/p, ratio is a measure of the degree of degradation
of the optical absorption peak of individual silver
nanoparticles [19]; therefore, it can be useful to investigate
its relationship with AEg (Fig. 11), where:

AEg = Eg(IAgNPs(Z)) - Eg(IAgNPs(l )) 3

Moreover, Fig. 11 shows how the curve goes through
two phases, increasing and decreasing, and it reaches its
maximum in the range of 2.39-2.65 on the p,/p; axis.
It has also shown the point behavior from left to right
according to the decrease in oxygen content, except for the
last point of sample E, which has a higher oxygen content
than sample A in spite of having a porous structure [19].

In our previous work [19], we found that the super-soft
structure is obtained when p,/p; =4.652. In Fig. 11, this
value is close to the point of intersection of the curve with
the p,/p, axis, and it corresponds to a zero value of AEg.
However, the intersection point with the axis of AEg cor-
responds to the state of non-degradation, which is the disap-
pearance of the peak p,, where p,/p, =0.

Conclusions

In this work, we subjected thin silver films deposited on
silicon and glass substrates by thermal evaporation method
to oxygen plasma streams of various powers in order to
obtain Ag/Ag,0 composites. The optical properties (lumi-
nescence and transmission spectra) of the prepared samples
were investigated. The data of the optical property study
were linked with the data of the structural analysis in order
to give an integrated description of the band gap for each of
the Ag/Ag,0 composites and silver nanoparticles. Unique
results were obtained and summarized as follows:

1. The energy gap of the Ag/Ag,0O composites decreases
with the increase of silver oxide grain size.
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2. Formation of energy bands of silver nanoparticles within
the energy band structure of the Ag/Ag,O composites
has been observed.

3. The energy gaps of the individual silver nanoparticles
were distinguished from those of the larger silver nano-
particles.

4. The impact of size on the energy gap is evident for both
the total silver nanoparticles (total Ag NPs) and the
larger silver nanoparticles (L Ag NPs).

5. The energy gap of the individual silver nanoparticles
(total Ag NPs) is not significantly affected by neither
the size of the silver oxide particles nor the power of the
oxygen plasma.

6. Silver nanoparticles within the silver oxide grains have
a wider band gap compared to those near the grain shell.

7. For the super-soft structure, the band gap of silver nanopar-
ticles within the grain is equivalent to those near the shell.
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