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Alternative Ag and SiO2 multilayers are prepared by using radio frequency magnetron sputtering. The Ag particles

are found to diffuse toward and mostly accumulate near the surface of the Ag—-SiO2 composite film via a rapid thermal

treatment. Different shapes of the Ag particles are obtained by changing the thickness of each Ag and SiO2 layer. The

response absorption property of the Ag composite film is also investigated. We relate the resonance absorption to the

surface level and the Fermi level. To induce the obvious resonance absorption in an Ag composite film, it is necessary

to maintain special shapes with sharp edges and wide terraces and to maintain the particle sizes ranging from 0 nm to

100 nm.
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1. Introduction

Nanocomposite films consisting of metal particles,
such as Au, Ag, Cu, and Al, provide great potential
The induced
surface-plasmon resonance (SPR) of the metal par-

for future optoelectronic applications.

ticles is responsible not only for a strong absorption
band, but also for the strong enhancement of the local
electric field.l"? The magnitude of the enhancement
factor is almost 10'4.[1:2] Since the volume of the high
enhancement is limited to a few nanometers between

the Ag particles,?!

only particles near the surface play
a role for the enhancement.

As demonstrated in last decades, the Ag—SiOo
and other composite films, in which most Ag parti-
cles are embedded inside the dielectric matrices, have
been grown by using physical techniques.*~11 Tt is
impossible to use the localized energy due to the con-
finement of the local field. In our work, after preparing
the Ag/SiOy multilayer, the Ag nanoparticles diffuse
towards and mostly accumulate near the surface of
the composite film via a rapid thermal treatment. We
have shown the process of the rapid thermal treat-
ment in a previous paper.'?) In the present paper,
Ag nanoparticles of dissimilar shapes are obtained by
changing the thickness of each Ag and SiO5 layer and
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the annealing time. By investigating the response ab-
sorption, we set up a bridge between the surface state
and the optical properties of the Ag nanoparticles. We
find that not all Ag nanoparticles but only those that
have sharp edges and wide terraces are able to exhibit
obvious response absorption. It is important to deny
the previous statement!®! that the response absorption
certainly happens as long as the size of the particles
is small enough.

2. Experimental details

In our work, the Ag and the SiOs layers of the
films were alternatively prepared by using magnetron
sputtering. The Ag particles were found to diffuse to-
ward the surface during the thermal treatment. Both
the silver and the SiOy targets (4N) were sputtered
intermittently in argon plasma in a vacuum chamber
at a pressure of 3 Pa. The films were grown on a glass
substrate at ambient temperature. The base pressure
was 5x107* Pa. The radio frequency (RF) powers
for growing Ag and for growing SiOy were 20 W and
80 W, respectively. The corresponding growth rates
were 60 A/min and 8 A/min7 respectively. Different
Ag particles were fabricated by changing the thickness
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of each Ag and SiOs layer. The growth parameters of
the samples are listed in Table 1.

Table 1. Growth parameters of Ag/SiO2 samples.

Sample 1 2 3 4
(Ag, SiOg2) thickness/nm (1, 5) (2,4) (2,10) (4, 20)
Runs 4 4 2 1

Thermal annealing was performed in the nitrogen
atmosphere, and the heating rate was 100 °C/s. All
samples were annealed at 500 °C. The annealing time
was obtained from the following formula:

T =d x 7/4 (min), (1)

where d is the thickness (nm) of each SiOs layer and

—! corresponds to the diffusion speed of

7/4 nm-min
the Ag particle in the SiOy matrix. The annealing
temperature and the annealing time were determined

by the experiment in our previous work.!*?]

3. Results and discussion

3.1. Generation of nanoparticles with
different morphologies

The images of the Ag particles in the composite
films were obtained by using atomic force microscopy
(AFM), and their size distribution was obtained by
analysing the individual Ag particles in the AFM im-
ages. The optical absorption spectra of the Ag—SiOq
films were measured in a range of 300-800 nm with a
resolution of 1 nm.

Fig. 1. AFM images of samples 1 (a), 2 (b), 3 (c), and 4 (d).

The AFM images of samples 1, 2, 3 and 4 are
shown in Figs. 1(a)-1(d), respectively. On one hand,
if the annealing time remains unchanged, there is no
obvious increase in the particle size with the increase
of the thickness of each Ag layer, as shown in sample
2 compared with sample 1 (see Figs. 1(a) and 1(b),
a detailed explanation is to be given in Figs. 2(a)
and 2(b) below). However, the particle density obvi-
ously increases and the aspect ratio a/b significantly
decreases. On the other hand, a comparison of sample
3 with sample 2 (see Figs. 1(b) and 1(c)) shows that
if the thickness of each Ag layer is kept at 2 nm and
the annealing time is changed, particle size increases
prodigiously with the increase in annealing time, while
the density decreases to a considerable extent. The
particle size mostly depends on the Ag particle diffu-
sion length. As the annealing time increases, particles
form a facet parallel to the substrate (as shown in
Fig. 1(c)), atoms could easily migrate on the facet.
Thus the particles tend to be in a critical size namely,
the particle size distribution departs from the Gauss
distribution (as shown in Fig. 2(c)), and the Ag par-
ticle is stable in that situation.
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Fig. 2. Size distributions of Ag particles for samples (a)
1, (b) 2, (c) 3, and (d) 4.

Another phenomenon is also found in our work.
Despite of the increase in the thickness and in the dif-
fusion length of Ag with respect to those of sample 3,
there is no considerable increase in size for sample 4.
The reason for this is given below.

As for the limitation aggregation on the facet, the
only way for particle amalgamation is if the whole par-
ticle jumps onto facets of other particles. The special
amalgamation is clearly shown in Fig. 3. As a result
of all particles being approximately the same size and
the random movement of the top particles, the bound-
ary of the top particles probably turns close to or goes
out of the bottom boundary, especially for the edges of
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the particle. According to the theory given by Giesen
et al.,'3 the Enrlich-Schwoebel barrier (ESB) for the
interlayer mass transport vanishes for w < w,, where
w is the width of the terrace between two layers in
the Ag particle microstructure. The critical width w
will be explained in the next part. According to the
theory, the special amalgamation with facets leads to
the easier mass transport, and the edges of the par-
ticle can easily decay. Finally, the ellipsoidal shape
of the particles turns into the cuboid shape shown in
Fig. 1(d).

Fig. 3. Image of Ag particles amalgamated.

The phenomenon that the particle size increases
with the increase in diffusion length is blocked by the
emergence of the facet. Simultaneously, the particle
size distribution departs from the Gauss distribution.

3.2. Optical resonance absorption

Here we discuss the relationship between the op-
tical properties and the number of the electrons on the
Fermi level (Er). Under an electromagnetic field, the
composite films will exhibit the response absorption
and the enhancement of the local electric field. On
one hand, the response absorption appears as a result
of the hoping of electrons from Fpr to the SPR level,
therefore the intensity of the response absorption de-
pends mostly on the number of the electrons on Fp.!%
On the other hand, the magnitude of the enhancement
is also related to the number of the electrons on Eg.
According to the previous work,['* the enhancement
is induced by the charge on the surface of the Ag par-
ticle. The larger enhancement is attributed to a larger
number of electrons on the surface of the Ag particle.
However, only the electrons near Er can run up to the
surface in a weak electromagnetic field,!*®! such as that
of an optical field. In other words, a large number of

electrons in Fr leads to more charge on the surface of
a particle in an electromagnetic field. Consequently,
a strong enhancement of the local field occurs.

As noted above, both the response and the local
enhancement rely mostly on the number of the elec-
trons near Er. The factors influencing the number
of the electrons on Er will be centralized. It is rec-
ognized that the termination of a lattice by a surface
gives way to a surface level Ey formed by new elec-
tronic states, whose wave functions are located at the
surface.['%) Commonly, Fj is not equal to Ex. The gap
between them can be obtained by using the Kohn—

Sham equation, 6]

{ v veﬁ<p<r>,r>}soi<r> — Epi(r), (2)

p(r) =2 Z i (r)[*ns, (3)

where p(r) indicates the electron density, n; is equal
to 1 for an occupied state and 0 for an unoccupied
state. The V,g indicates the effective potential and

can be obtained from the following equation,?!

Vet (p(r),7) = V(1) + Vae (p(1)) , (4)

where V(r) is the sum of the electronic potential in
the Ag™ field and the electron Hartree potential, and
Vie(p(r)) is the exchange—correlation potential of the
electron with a density of p, which belongs to the
chemical potential. Generally, the Vic(p(r)) is larger
in the bulk than on the surface of the Ag clusters due
to the larger electronic density in the bulk. In this
situation, electrons will migrate from the bulk to the
surface, namely, from Fr to Ey. Hence the new Fermi
level B, appears, as shown in Fig. 4.1'7]

Er

’

EF __________________

Fig. 4. Energy bands of the metal particle.

For the optical properties we discussed, Ef. corre-
sponds to Fg. The optical properties rely mostly on
the number of electrons on Ef instead of on Ew. The
particle sizes of samples 1 and 2 are almost the same,
therefore we assume that the numbers of the electrons
on their Ey are the same. The number of the electrons
on Ef depends mostly on the occupation status of the
surface state and on the gap between Er and Ey. The
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gap is produced by the difference of the electron den-
sity between the surface and the bulk according to
Egs. (2)—(4).
cle corresponds to the larger difference of the electron

Generally, the sharper edge of a parti-

density between the surface and the bulk, and more
electrons are induced on the Ef, level. The theory is
well proved by the difference between the resonance
absorption spectra of samples 1 and 2.
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Fig. 5. Absorption spectra of samples 1 (a) and 2 (b).

The intensity of the response absorption obviously
decreases for sample 2 compared with that for sample
1, despite the increased density and number of the Ag
particles. The phenomenon is due to the sharper edges
and the increase of the ellipsoidal-shape Ag particles
in sample 1.

To analyse the effect of the terrace between the
steps on optical properties, the absorption spectra of
samples 3 and 4 were measured. According to the
Giesen’s theory,'3 a terrace corresponds to a node

e.13:18:19] Thyg the wave function

in the surface stat
of a surface state is confined to a narrow terrace be-
tween two steps, and the ground state energy of the
surface state is pushed up to above Fr. Hence the
occupation of the surface state changes from a maxi-
mum value on the large terrace to zero. The critical
width w, corresponds exactly to the terrace width be-
low which the surface state is pushed up to above Er
due to the quantum confinement. The phenomenon
that the occupation of the surface state decreases will
lead to the decrease of the number of the electrons on
Ef.. According to the above theory, the intensity of
the response absorption is distinctly weakened. The
phenomenon is shown in Fig. 6. Although the particle
density of sample 4 is increased as compared with that
of sample 3, the intensity of the response absorption
is contrarily weakened, which results from the narrow

terraces in sample 4.
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Fig. 6. Absorption spectra of samples 3 (¢) and 4 (d).

4. Conclusion

The particle size relies mainly on the diffusion
length (the thickness of SiO2) and the corresponding
annealing time. On one hand, the aspect ratio a/b
decreases and the density of particles increases, as the
On the other
hand, the size of the particle significantly increases

thickness of each Ag layer increases.

and the density relatively decreases before forming
facets. Contrarily, the particle size no longer increases
with the increase of the diffusion length after the form-
ing of facets on particles. Correspondingly, the size
distribution of the Ag particles departs from the Gauss
distribution. If the annealing time increases, the el-
lipsoidal shape of the particles turn into the cuboid
shape.

Through investigating the response absorption
spectra of all samples, we find that the optical prop-
erties are notably related to the surface state, which
corresponds to the shapes of the Ag particles near the
surface of the film. The particles with sharper edges
and wider terraces between steps have stronger inten-
sity of the response absorption. When the width of
the terrace is below a critical size w,, the intensity is
significantly weakened due to the decrease of the oc-
cupation of the surface state. To induce the obvious
response absorption in an Ag—SiOs composite film, it
is necessary to keep the particle sizes ranging from 0
nm to 100 nm and to maintain their specific shapes
with sharp edges and wide terraces.
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