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Abstract. Silver nanoparticles embedded in ZnO matrix were deposited onto fused silica substrates using
high pressure (~40 Pa) d.c. sputtering techniques. The particle size in the films was tailored by varying the
system pressure and substrate temperature, while the metal volume fraction was controlled by adjusting
the relative time of sputtering of the targets. Blue-shift of the surface plasmon resonance peak was observed
with the reduction in size and volume fraction of metal particles. A surface plasmon peak in the absorption
spectra was found to be absent in the films with particle size and metal concentration below a critical value.
A sharp absorption edge in the absorbance spectra within the UV-VIS range indicated semiconducting
behavior of the ultrafine silver particles. Films deposited at lower substrate temperature showed a narrow
distribution of nanoparticles, nearly spherical in shape. Increase in substrate temperature resulted in a
non-uniform size and shape in the films due to the agglomeration of the nanoparticles. These size and
shape distributions have a profound effect on the optical absorbance spectra and result in a broad and
asymmetric surface plasmon band. A shape distribution introduced in the Maxwell-Garnett or Bruggeman
effective medium theory was found to give a reasonable description of the experimentally observed optical
absorption spectra.

PACS. 78.67.-n Optical properties of low-dimensional, mesoscopic, and nanoscale materials and structures

— 78.67.Bf Nanocrystals and nanoparticles

1 Introduction

Composite films consisting of nanosized metal particles
embedded in various matrices show novel physical prop-
erties conducive to potential applications in various opto-
electronic devices [1-4]. Nanoparticles can be used as the
building blocks for photonic or microelectronic devices
that possess high frequency signals. Extensive work has
now been done on different metal nanocomposite sys-
tems. These nanocomposite films exhibit large third or-
der nonlinear susceptibility near the surface plasmon res-
onance frequency with fast photonic or microelectronic
devices that possesses high frequency signals. In recent
years there has been considerable interest in investigating
surface plasmon resonance of these systems, comprising of
silver or gold nanoparticles embedded generally in a SiO,
dielectric matrix [5-8]. The frequency of the surface plas-
mon resonance depends on the dielectric properties of the
metal and the embedding material [9,10] as well as on the
size and shape of the metal nanocrystallites.

Several attempts have been made to date to model
the optical absorption spectra by taking into account the
effect of size and its distribution [1,11-15]. In contrast,
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the effect of shape distribution on the optical proper-
ties and effective dielectric constant has drawn less atten-
tion. The effective medium theory introduced by Maxwell
Garnett [16] and Bruggeman [17] considered spherical or
ellipsoidal shape of the nanoparticles to model the opti-
cal absorption spectra. Later, Gao et al. [18] considered a
shape distribution to describe the effective dielectric con-
stant of a two component composite material in which
one of the components had a shape (ellipsoidal) distribu-
tion. The present study focuses on the dependence of the
surface plasmon resonance frequency on size, shape and
dielectric properties of the silver nanoparticles embedded
in zinc oxide matrix.

2 Experimental

Silver and ZnO targets (99.999%) were sputtered sequen-
tially in argon plasma at a system pressure of ~40 Pa to
deposit Ag/ZnO nanocomposite films. The films were de-
posited onto fused silica substrates at different substrate
temperature and deposition times. The temperature of the
substrate, placed on a heavy copper block serving as the
substrate holder, could be varied by pouring liquid ni-
trogen in the dewar attached to the substrate holder and
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monitored/ controlled by a copper-constant thermocouple
through an on/off electronic temperature controller. The
targets were pre-sputtered with a shutter located between
the target and the substrate before actual deposition was
made. Duration of deposition of the individual layers was
monitored and controlled by this shutter. The depositions
were carried out at 1.5 KV and 50 mA with the target
(2.5 cm dia) and substrate distance of ~2.5 cm. Films
were deposited simultaneously under identical deposition
conditions onto freshly cleaved NaCl substrates for TEM
studies, fused silica and glass for optical and AFM studies.
A Hitachi H-600 transmission electron microscope and a
Hitachi U-3410 spectrophotometer were used to record the
TEM images and optical absorbance respectively. XRD
traces were recorded by a Seifert 3000P diffractometer.

3 Results and discussion

Ultra-fine metal particles embedded in dielectric matrix in
thin film form are generally characterized by the presence
of a very large surface to volume ratio of metal nanocrys-
tallites constituting the film. The size of the crystallites
and intercrystallite distance could be modulated by the
deposition condition. The intercrystallite distances are de-
termined by the volume fraction of the metal particle load-
ing in the insulating matrix and as such it behaves like a
disordered system. Thus, the properties of these systems
are different from those in the bulk with long range order
and interaction effects play a major role in the electronic
properties [5—8] of the granular metal films.

The interaction between the small metal nanocrystal-
lites with the external electromagnetic field induced by
light is known to result in a coherent oscillation of the
conduction (free) electrons (mainly within the surfaces),
called the surface plasmon resonance (SPR). The parti-
cle size and shape of the metallic material and its sur-
rounding environment would largely modulate the SPR in
these films. During sputtering at a higher pressure than
the normal sputtering regime, the particles ejected from
the target will undergo numerous collisions with the ar-
gon gas atoms. Gas collisions will lower the ejected kinetic
energy of the sputtered material and as such will convey
less thermal energy to the substrate. Since the kinetic en-
ergy of the sputtered silver atom is low compared with
that of its latent heat, the release of surface energy will
be through the release of latent heat. The silver parti-
cles would then subsequently nucleate on the substrate by
rapid condensation to form ultrafine particles. The arrival
rate of the ejected material could thus be lowered by dif-
fusion losses, by suitably adjusting the input power, and
hence one could avoid agglomeration of silver particles on
the non-affinitive base (glass/silicon). Thus, it would be
possible to deposit a series of films with different grain
sizes and inter-grain separations by varying the pressure
and substrate temperature during deposition.

The effect of particle size, shape, metallic volume frac-
tion and effective dielectric behavior of the surrounding
matrix on the surface plasmon resonance was studied by
depositing three sets of silver films embedded into ZnO
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matrix as above. The films were deposited at substrate
temperatures (Ts) ~ 233 K, 253 K and 273 K respectively.
At each Ty, the silver target was sputtered for different du-
rations ranging from 5-180 s, keeping the sputtering time
for the ZnO target fixed at ~360 s such that at each sub-
strate temperature, films with different silver nanocrystal-
lite loading could be obtained. Thus, by sequential sput-
tering of the silver and ZnO targets and varying substrate
temperature (Ts) and deposition time (¢), it would be pos-
sible to deposit films with different particle size with dif-
ferent metal volume fraction (f) without any major ag-
glomeration occurring in the deposited films. The average
thickness of the films was estimated to vary between 5 nm
and 20 nm.

Figures la—e shows the TEM images, diffraction pat-
terns and the corresponding size distribution of three rep-
resentative nanocomposite films deposited at Ts = 253 K
with deposition time (t) ~150 s (Fig. 1la) and ~180 s
(Fig. 1b) and at Ts = 273 K for ~150 s (Fig. 1c). One
may observe a typical increase in silver nanoparticle load-
ing with increase in sputtering time of silver with a narrow
distribution of particle size. Effect of grain growth is de-
picted by the representative micrograph (Fig. 1c) for a
film deposited at higher temperature (~273 K) with sput-
tering time of silver ~150 s. Significant grain growth due
to increased adatom mobility with the increase in sub-
strate temperature is distinctly visible from the micro-
graphs of the films deposited at Ty = 253 K (Fig. 1a) and
T, = 273 K (Fig. 1c) when the deposition time was kept
constant at ¢ = 150 s. The diffraction patterns indicate
that films are preferentially oriented and preferred orien-
tation increased as the number density of silver particles
increased (Fig. 1c). Figures 1d and e show the lattice res-
olution picture of the film whose micrograph is shown in
Figure la. As the sizes of the silver and ZnO nanoparti-
cles are different, it was difficult to focus at the boundary
showing simultaneously lattice resolved pictures for both
of the materials. Figure 1d shows the lattice resolution
picture of silver particles and Figure le shows the lattice
resolved picture for adjacent ZnO which clearly indicates
the existence of preferentially oriented ZnO crystallites.
The lattice spacing of nano-Ag obtained from the above
micrograph (Fig. 1d) is 0.24 which matches well with that
for (111) planes of cubic lattice of the bulk. Figure le
shows two adjacent ZnO crystallites oriented in (002) and
(100) with lattice spacing of 0.28 nm and 0.30 nm respec-
tively. It appears that the lattice is dilated more for ZnO
(~6.5%) than for silver (~2%).

Figure 2 shows the XRD pattern of a representative
film deposited at Ty = 273 K with deposition time ~120 s.
The XRD trace is dominated by a strong peak of Ag at
20 ~ 38.1° for reflections from (111) planes followed by a
smaller ones at 26 ~ 42.2°, 64.4° and 77.3° for reflections
from (200), (220) and (311) planes respectively. Peaks re-
lated to ZnO are also visible at 26 ~ 32.4°, 50°, 59°, 66.9°
and 72.4° for reflections from (100), (102), (110), (112)
and (004) planes respectively.

The optical absorbance spectra of the nanocomposite
films deposited at Ty, = 273 K, 253 K and 233 K are
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Fig. 1. TEM micrographs along with the particle size distribution of three representative films deposited at Ts = 253 K with

images of a representative film (T ~ 273 K; ¢ ~ 150 s) showing lattice spacing for: (d)
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Fig. 2. XRD spectrum of a representative film with Ts = 273 K
and deposition time 120 s.

shown in Figures 3a—c respectively. Keeping the substrate
temperature fixed, the films were deposited at different
deposition times as indicated in the above figures. The ab-
sorption peaks due to the surface plasmon resonance effect
could be seen to be red-shifted with the increase in silver-
volume fraction f (i.e. with sputtering time of Ag) for all
the three sets of films deposited at three different depo-
sition temperatures. The absorption bands are also broad
and become asymmetric with increasing volume fraction
of silver nanocrystallites. The observed red shift of the
plasmon band is a characteristic feature of the composite
films having large volume fraction of silver nanoparticles
which may be attributed to the increased electromagnetic
interaction between the particles [19,20] and a change in
the effective permittivity of the surrounding matrix. The
observed shift in the peak position of the surface plasmon
bands for films deposited at different T but at a fixed
time are shown in Figure 4. The surface plasmon peak
position could be seen to be blue-shifted with decrease
in Ty (i.e. with reduction of particle size). It may be ob-
served (Figs. la—d) that the inter-particle, distances be-
came smaller with the increase in number density of silver
particles, and the silver nanoparticles still remain isolated
from each other. A single absorption peak corresponding
to dipolar interaction between the particles dominates the
optical absorbance spectra. Thus, presence of higher order
multipole interaction among the nanoparticles that would
manifest into a splitting of the single absorption peak into
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Fig. 3. Optical absorbance spectra of nano-composite silver
films deposited at (a) Ts = 273 K, (b) Ts = 253 K, (¢) Ts =
233 K with different deposition time respectively.
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Fig. 4. Variation of surface plasmon resonance peak (Amax)
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several peaks, and new features in the absorbance spectra
could be ruled out [21].

A  number of theoretical models were pro-
posed [9,22-30] and experiments were carried out to
understand the observed peak shift (either blue-shift or
red-shift) and its broadening with decreasing size. The
blue-shift was attributed to contraction of the lattice
induced by surface stress [29], effect of surface poten-
tial [31], changes of optical interband transitions between
the discrete energy levels, changes of electron band
structure etc. The red shift is regarded as the spill-out of
the s-electrons in free electron metal [32], increase in the
effective mass of the conduction electrons etc. Besides
the above effects, deviation from perfect spherical shape,
and irregular size distribution would profoundly effect
the large inhomogeneous broadening [33].

It may be observed from Figures 3a—c that when the
films are deposited for smaller durations (~15 s), surface
plasmon peaks with low intensity start appearing for all
the films deposited at different substrate temperatures.
These films have very low metal loading with large in-
tercrystalline distances. Thus, these silver nanocrystal-
lites would behave like isolated nanocrystallites in which,
due to the quantum confinement effect, the energy bands
would be discrete in nature and the energy levels would
be widely spaced. This would result in the reduction in
the number of electrons to be transferred to the surface
plasmon states and single electron excitations between the
quantized energy levels would take place [7]. Thus, instead
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Fig. 5. Optical absorbance spectra of nanocomposite silver
films with deposition time 5 s and Ts = 233 K, 253 K, 273 K
respectively.

of the collective oscillation of the electrons, plasmons will
be confined to isolated ultrafine grains [34] and will be
largely broadened. It may be noticed that with the in-
crease of deposition temperature, the surface plasmon res-
onance peak in the absorbance spectra became stronger
for films deposited at higher substrate temperature. It
may also be noted here that films with still lower silver
loading (i.e. sputtering time for silver ~5 s), no surface
plasmon peaks were observed for all the films deposited at
different substrate temperature. The optical absorbance
spectra of these films resembled that of semiconductors
(Fig. 5) having a sharp absorption edge with a direct band
gap [35]. Also, the absorption edge changed to lower wave-
length for films deposited at decreasing substrate temper-
ature from 273 K to 233 K. This would mean that the sur-
face plasmon resonance state would be suppressed giving
rise to a sharp absorption edge corresponding to semicon-
ducting optical properties when the nanocrystallite size
and metal concentration drop below a critical value. Now,
if we look at the plot (Fig. 6) of the first derivative of
transmission coefficient (7)) with wavelength (A) for the
films deposited at different temperatures but at a fixed
time ¢ ~ 5 s, one can observe that the peaks in the
dT,/d\ versus A spectra are shifted (Fig. 6) to higher
wavelength (i.e. lower energy). This peak position would
correspond to the band gap (E,) of the nanocomposite
silver films, and the change in band gap with decreasing
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deposition temperature (i.e. with decreasing particle size)
derived as above indicates blue shift (inset of Fig. 6).

It may be noted here that the optical extinction spec-
tra of these systems were found to be described well by
Mie’s theory [1,11,36]. The Mie theory generally accounts
well for the size of the isolated metal particles in the op-
tical spectra but is restricted to spherical shape only. It
was observed that the plasmon-derived resonance of silver
nanocrystallites became stronger and broader as the vol-
ume fraction of silver nanocrystallites increased. The res-
onance peak also shifted towards higher wavelength with
the increase in the loading of silver nanocrystals in ZnO
matrix. This behaviour is in agreement with the TEM
observation and indicates that the size of the nanocrystal-
lites increases, and the size-distribution of the nanocrys-
tallites broadens, with the increase in loading of silver
crystallites. It may be interesting to see how the opti-
cal absorbance behavior of these composite films could
be represented by the effective medium theory predicted
by Maxwell-Garnett [16,37,38]. The MG theory is strictly
valid in the limit of d/A < 0.1 along with very small inter-
particle distances for spherical particles. According to the
MG theory the effective complex dielectric constant €. for
a composite system containing spherical metal particles
embedded in a host matrix is defined by:

em(142f) 4 2e0(1 - f)
Fe =0 em(1—f)+eo2+f) M)
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The complex dielectric constant ¢, is related to the refrac-
tive index n. and absorption coefficient k. via the follow-
ing equations:

Ec = ng =g + i€y (2)
2k and e = 2nck,. (3)

(&
The absorption maximum occurs at wavelength that sat-
isfies the following relation:

(1—fle1+ (24 f)eo =0. (4)

From Figures 3a—c it is clear that there exists a red shift
with increasing loading of silver which in turn increases
the f. But the simulated surface plasmon resonance max-
imum obtained through equations (1-4) cannot explain
these properly. The experimental spectra are not symmet-
ric about the maximum which cannot be represented by
the spherical grain approximation in original M-G theory.
Thus, the M-G model appears to be inadequate to rep-
resent the optical absorbance with particles of different
size and nonspherical shape. The modified theory called
the dynamical MG (DMG) theory [38,39] is supposed to
take into account the finite size and shape of the particles
and the result obtained in the light of this DMG theory is
described below.

To study the effect of particle shape on the surface
plasmon resonance in these films, we have selected a rep-
resentative film deposited at higher substrate temperature
(whose micrograph is shown in Fig. 1) when the shape of
the nanocrystallites deviated significantly from spherical
nature due to enhanced adatom mobility resulting in co-
alescence of the adjacent nanocrystallites. The films de-
posited at higher T indicated a broad distribution of size
and shape (prolate) due to the coalescence of the adja-
cent nanoparticles. This would give rise to an anisotropic
mixture of the metal nanoparticles and insulating matrix.
To take into account the size as well as the shape simul-
taneously, a size dependent depolarization factor was in-
troduced by Gao et al. [18] into the Maxwell-Garnett the-
ory and the modified theory (dynamical Maxwell-Garnett
theory) was used to evaluate the optical properties of the
gold nanocomposite material [39]. The depolarization fac-
tor played a crucial role in determining the optical absorp-
tion features.

Assuming the particles to be ellipsoidal, a distribution
function P(L) was introduced to rationalize the theoreti-
cal description of the depolarization coefficient:

A
P(L) = m (5)

where A (= 1/7) and L (0 < L < 1) are the normalization
constant and equivalent depolarization factor respectively.
The two extreme values of L i.e. L — 0 and L — 1 deter-
mine a needle-like (prolate) and plate-like (oblate) shape
of the particles. The depolarization factor depends criti-
cally on the axial ratio of the ellipsoidal particles [39,40].
Thus, Gao et al. [18] obtained the dielectric constant in
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the limit of Maxwell-Garnett approximation as:

i:1+f(\/€m/5071) (6)
€o 1+f(\/€o/5m*1)'

The differential effective medium approximation along
with shape dependence in Bruggeman type homogeneous
matrix, was formulated as:

€o

Se : (7)

o 1-f+(1+f) [

Now, taking into account the shape distribution, the
absorbance spectra were computed by using equation (7)
based on the Bruggeman modified model. Here, the shape
of the particles is considered to be ellipsoidal having a
distribution as indicated in equation (5). Figure 7 shows
the simulated absorption spectrum of a representative film
(deposited at 273 K for 120 s) having nearly similar pro-
late crystallites shown in Figure 1c. One can easily observe
that the simulated absorption spectrum (Fig. 7) obtained
from equation (7), i.e. the differential Bruggeman-type
of effective medium approximation describes the experi-
mental absorbance spectra more faithfully. The inhomoge-
neous broadening due to fluctuation in shape is considered
well with this approximation. It may be noted here that
the fit of the experimental data with equation (6) is still

o LHfH(-f) )=
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quite poor in the higher wavelength region (Fig. 7). Nev-
ertheless, incorporation of the shape distribution in our
nanocomposite films was found to be more effective to
enable interpretation of the experimental observations for
optical absorption. It is interesting to observe the compar-
ison between the experimental and simulated absorption
spectra (Fig. 8) for a film (whose micrograph is shown in
Fig. 1a) having nearly isolated spherical silver nanocrys-
tallites. The Maxwell-Garnett model seemed to describe
the experimental data more faithfully than that of the
Bruggemann modified model which considered elliptical
nanocrystallites. Thus, it is quite clear that the shape of
the nanocrystallites would modulate the surface plasmon
resonance in these systems.

It is necessary to mention here that as well as parti-
cle size and shape, the surrounding matrix/support (i.e.
ZnO) will also influence the energy as well as the width
of the surface plasmon resonance [7,30,41]. In computing
the absorbance spectra, it was assumed that nanosized
Ag and ZnO had the same value for the dielectric con-
stants as their bulk. Also, dipole—dipole interaction was
only considered while one may not rule out quadrupole
and higher multipole interactions between nanoparticles
in this system. The discrepancy in the higher wavelength
region may also be ascribed to that fact that light scat-
tering from larger particles would predominate over the
light absorption at the higher wavelength [42]. In fact,
the metal-support interaction introduces a shift in the en-
ergy of the metal valence orbitals and thereby changes the
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electron density of the metal nanoparticles which in turn
would modify the electronic properties of the nanoparti-
cles. The local change in the electronic density does affect
the effective dielectric constant of the supported metal
nanoparticles, and hence their optical absorbance profile.
This interaction is also critically dependent on the chem-
ical nature of the supported matrix and associated chem-
ical interface effects associated with it. Hovel et al. [30]
have described how the chemical interface damping arising
out of the chemical properties of the interface, and energy
transfer between cluster and the support by temporary
charge transfer reactions, can alter the plasmon resonance
of the supported metal nanoparticles. Mojet et al. [41] also
demonstrated the effect of the chemical nature of the sup-
port on the spectroscopic and catalytic properties of the
noble metal catalysts.

4 Conclusions

Nanocomposite silver films of various volume fractions
with a very narrow size distribution of particles were pre-
pared by high pressure sputtering techniques. The opti-
cal absorption peak corresponding to the surface plasmon
resonance showed a red shift with increasing particle vol-
ume fraction but blue shifted with the decrease in particle
size. However when the particle size and volume were re-
duced to a critical value, the surface plasmon band was
suppressed and instead showed a sharp absorption fea-
ture corresponding to semiconducting properties with a
direct band gap. Surface plasmon resonance spectra were
also simulated by Mie theory, and Maxwell-Garnett effec-
tive medium theory. The film containing a distribution of
particle size and shape results into an inhomogeneously
broadened surface plasmon resonance in the optical ab-
sorption spectra. A simple M-G or Bruggeman approach
considering the spherical shape of the nanoparticles could
not faithfully represent the experimentally observed sur-
face plasmon resonance in films in which shape of the
nanocrystallites deviated from spherical nature. Consid-
eration of particle shape distribution accounted for the
inhomogeneous broadening of the plasmon band of the
nanocomposite films.
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