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The plasmonic behavior of metallic nanoparticles is explicitly dependent on their shape, size and
the surrounding dielectric space. This study encompasses the influence of ZnO matrix, morphol-
ogy of Au nanoparticles (AuNPs) and their organization on the optical behavior of ZnO/AuNPs–
ZnO/ZnO/GP structures (GP: glass plate). These structures have been grown by a multiple-step
physical process, which includes dc sputtering, thermal evaporation and thermal annealing. Differ-
ent analytical techniques such as scanning electron microscopy, glancing angle X-ray diffraction,
Rutherford backscattering spectrometry and optical absorption have been used to study the struc-
tures. In-situ rapid thermal treatment during dc sputtering of ZnO film has been found to induce
subtle changes in the morphology of AuNPs, thereby altering the profile of the plasmon band in the
absorption spectra. The results have been contrasted with a recent study on the spectral response
of dc magnetron sputtered ZnO films embedded with AuNPs. Initial simulation results indicate that
AuNPs–ZnO/Au/GP structure reflects/absorbs UV and infrared radiations, and therefore can serve
as window coatings.

Keywords: Surface Plasmon Resonance, Optical Absorption, Gold Nanoparticles, ZnO Thin
Films, Window Coatings.

1. INTRODUCTION
Metallic structures of sub-wavelength dimensions are char-
acterized by a strong absorption band in the visible region
of the electromagnetic spectrum. The extinction cross-
section experiences a resonant enhancement due to the
interaction between the light induced surface plasmons
and the perturbing radiation, manifesting in the local-
ized surface plasmons resonance (LSPR) phenomenon.1�2

The attributes of LSPR such as, the resonance posi-
tion, FWHM, absorption maximum and modes exhibit an
explicit dependence on the metallic material, the shape
and size of the nanostructure as well as on the dielec-
tric constant of the surrounding medium. For instance, Au
nanoparticles (AuNPs) in water exhibit LSPR at ∼520 nm,
whereas, Ag nanoparticles (AgNPs) in the same dielec-
tric space show LSPR at ∼420 nm.3 Prolate metallic

∗Author to whom correspondence should be addressed.

nanoparticles, on the other hand are typical examples of
nanostructures that exhibit shape dependent LSPR. For
instance, Au nanorods show two LSPR modes: Trans-
verse and longitudinal modes. The former is located at
∼520 nm while the resonant position of the latter, depend-
ing on the aspect ratio, falls in the spectral region from
visible to near infrared. The material dependence as well
as the matrix dependence of LSPR, under dipole approx-
imation can be described by the resonance condition,
��1+2�r � = 0, where �1 and �r are the real parts of
the dielectric function of the nanoparticle and the sur-
rounding matrix respectively. For non-spherical nanopar-
ticles, the resonance condition is slightly modified and is
expressed as �1 = −��r .

4 The parameter � accounts for
the shape of the nanoparticles and is a function of aspect
ratio. This relation leads to morphology and space depen-
dent LSPR characteristics. The freedom of manipulating
the outcome of the interaction by any of the parameters
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discussed has been a guiding principle in the field of
plasmonics.3�5

By incorporating metal particles in transparent conduct-
ing oxide (TCO) matrix, the functional property of the
former can be used to improve the functionality of the
two-phase composite system. Xiao et al.6 ion implanted
ZnO films grown on SiO2 substrates with Ag ions, leading
to the formation of AgNPs in ZnO film. The authors found
a large increase in the photoluminescence intensity in ZnO
films embedded with AgNPs and attributed it to the res-
onant coupling between the surface plasmons of AgNPs
and the spontaneous emission of ZnO. Recently, Yu et al.7

reported bactericidal activity on AgNPs-TiO2 composites
formed using sol–gel technique. They observed that the
composite films showed enhanced bactericidal activity
compared to TiO2 films, both under dark and UV illumi-
nation. Chen et al.8 proposed a structure for light-emitting
diodes, consisting of metal/polymer layer/GZO/AgNPs/GP
structure (GP: glass plate GZO: gallium doped zinc oxide).
The authors observed a substantial increase in the elec-
troluminescence intensity due to the strong coupling of
excitons with localized surface plasmons. The composite
system consisting of AuNPs dispersed in ZnO matrices
have shown large non-linear optical coefficients.9�10 Ryas-
nyanskiy et al.9 have used rf sputtering of a composite
target consisting of ZnO and Au wires to form ZnO films
embedded with AuNPs and studied their nonlinear opti-
cal response. They found the real part of third-order non-
linear optical susceptibility to be −14�7× 10−8 esu, at
532 nm. Ning et al.10 reported nonlinear optical measure-
ments on AuNPs–ZnO composite films formed on quartz
substrate using nanosphere lithography. The real and imag-
inary parts of the third-order nonlinear susceptibility were
reported to be 1�15× 10−6 esu and −5�36× 10−6 esu
respectively, at 532 nm. Moreover, AuNPs embedded ZnO
films were shown to have potential for optical filters.11

The present work is concerned with the optical behav-
ior of multilayer structures in which AuNPs–ZnO com-
posite is an integral part. Recently, we have reported
the optical response of AuNPs embedded in dc mag-
netron sputtered ZnO films.12 Here, we present the spec-
tral response of AuNPs embedded in dc sputtered ZnO
films. The microstructure and dielectric function of dc
sputtered ZnO films were found to be different from that
of dc magnetron sputtered ZnO films, and this served as
a motivation to study the optical response of dc sput-
tered ZnO films embedded with AuNPs in detail. Interest-
ingly, with increase in AuNPs size in dc sputtered ZnO
films, the LSPR peak positions, absorption maxima and
FWHM have exhibited different magnitude of variation.
Hence, after each step of fabrication of the multilayer
structure glancing angle X-ray diffraction (GXRD), scan-
ning electron microscopy (SEM) and optical transmittance
measurements have been made in order to understand the
observations.

2. EXPERIMENTAL DETAILS
A multiple step process involving deposition of ZnO films
and Au films, and thermal annealing was used to form
ZnO films embedded with AuNPs. Initially, a thin ZnO
film is deposited by dc sputtering on glass plate (GP)
and is denoted as ZnO/GP. Sputtering was done at con-
stant power mode (100 W) in the presence of argon (1%)
and oxygen (99%) gas mixture. The target was 4 N pure
circular Zn disc (3′′ in diameter and 0�25′′ in thickness).
The base pressure achieved in the chamber was ∼2×
10−6 mbar. The chamber pressure during sputtering was
5×10−2 mbar. On ZnO/GP, a thin Au film of desired thick-
ness is then deposited by thermal evaporation, resulting
in Au/ZnO/GP structure. This was followed by anneal-
ing at 400 �C in flowing oxygen for 2 hours. During
annealing, the Au film dewets and eventually agglomer-
ates into randomly distributed AuNPs on the surface of
ZnO film. This structure is denoted as AuNPs/ZnO/GP.
Finally, a sufficiently thick ZnO film was sputtered over
the AuNPs/ZnO/GP structure. The resultant structure was
treated as AuNPs–ZnO composite film in between two
ZnO films and is denoted as ZnO/AuNPs–ZnO/ZnO/GP
structure. This configuration has been mainly used for
all the analyses including Rutherford backscattering spec-
trometry (RBS).
The samples were characterized by different analyti-

cal techniques. Glancing angle X-ray diffraction (GXRD)
measurements were carried out in a PANalytical (model:
X’Pert PRO) XRD unit using Cu-K� radiation. The glanc-
ing angle was optimized to collect maximum intensity and
was kept fixed at 1.5� for all the samples. The reflec-
tions from GXRD pattern were indexed and compared
with the JCPDS standards. Surface morphological studies
were performed by scanning electron microscopy (SEM),
and compositional homogeneity and interface properties
were studied by RBS. SEM measurements were carried
out on films grown on Si substrates using FEI (model:
Quanta 200) scanning electron microscope. RBS measure-
ments were carried out using the Singletron 3 MV accel-
erator facility at the Centre for Ion Beam Applications
(CIBA), National University of Singapore, Singapore. Nor-
mally incident 4He++ ions of energy 2 MeV and current
∼5 nA were used as incident ion beam. The backscat-
tered particles were collected at an angle of 170� using a
surface barrier detector. Optical response of the films was
studied using UV-VIS-NIR optical spectroscopy. Transmit-
tance measurements at normal incidence were made using
Jasco V-570 spectrophotometer in the wavelength range
200–2500 nm.
The optical constants of the films have been extracted

from the transmittance spectra by adopting suitable dielec-
tric function models, using a computer code.13 For ZnO
films (ZnO/GP), a composite dielectric function that com-
bines the Drude model with O’Leary–Johnson–Lim, (OJL)
model was considered. Drude model describes the optical
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absorption in the near infrared region that is dominated
by free carriers. The UV-VIS region of the transmit-
tance spectrum is described by the OJL model that
accounts for the band-to-band transition. The OJL model
assumes parabolic conduction and valence bands, with
exponentially decaying tail states. The optical response
of the remaining structures (Au/ZnO/GP, AuNPs/ZnO/GP
and ZnO/AuNPs–ZnO/ZnO/GP) involved stack-by-stack
modeling. In all cases, the dielectric function of ZnO film
has been described by a combination of OJL and Drude
terms. It is important to note that all the three structures
consist of a two-phase composite system. Since a thin
film of Au is deposited over ZnO film, the Au film can
be treated as Au-Air composite film, essentially a semi-
continuous Au film. Thus, the Au/ZnO/GP structure is
modeled with a layer stack of Au-Air composite on ZnO
coated GP (Au-Air/ZnO/GP). Similarly, AuNPs/ZnO/GP
structure is visualized as AuNPs-Air/ZnO/GP structure.
The resulting structure formed after the deposition of ZnO
film over AuNPs-Air/ZnO/GP structure, as described ear-
lier has been modeled as AuNPs–ZnO composite sand-
wiched between ZnO films.
While the plasmonic properties of spherical nano-

structures, can be described by Mie theory, an exact ana-
lytical solution cannot be obtained for nanostructures of
lower symmetry such as cubes, triangles or spheroids. Var-
ious numerical methods have been developed to under-
stand the plasmonic behavior of such nanostructures. Some
of the notable examples include discrete dipole approxi-
mation (DDA), finite difference time domain (FDTD) and
finite element method (FEM). All three numerical meth-
ods, depending upon the problem, can be used to get the
near-field distribution of electric field as well as the scatter-
ing cross section. Since the aim here is to study the optical
response of nanostructure in terms of the dielectric func-
tion of the composite media, effective medium theory has
been used. Optical responses of Au-Air, AuNPs-Air and
AuNPs–ZnO composite media can be described within the
framework of classical effective medium theories because
the extension of nanostructures is much smaller than the
wavelength of incident radiation.1 Therefore, the compo-
sites can be associated with an effective dielectric function,
�eff , which governs the light propagation inside the two-
phase (heterogeneous) system. Because of the randomness
associated with the shape, size and inter-particle separa-
tion of AuNPs in the composite media, direct evaluation
of optical constants using simple mixing formula consist-
ing of average of dielectric function of constituents and
volume fractions is difficult.
Optical response of two-phase composite systems has

been analyzed using Bergman-Milton formulation14 with
the help of a computer code.13 For Au, the dielec-
tric function data available in the literature15 is used.
Bergman formulated an integral representation of effec-
tive dielectric function for two-phase disordered compos-
ite by solving some exact inequalities. In Bergman-Milton

representation, �eff is expressed in terms of a positive spec-
tral density function, g�m�, which is characteristic of the
geometry and is given by,

�eff

�r

= 1−
∫ 1

0

g�m�

s−m
dm (1)

where, the material constants enter through complex vari-
able s, known as reduced dielectric function. The numerical
analysis of the integral in Eq. (1) is facilitated by discretiz-
ing the integral under suitable conditions.16 �eff can then
be expressed in terms of �r , the dielectric constant of the
matrix, volume fraction and a parameterized term which in
turn can be written in the form of a continued fraction.16

The continued fraction contains s and few parameters that
are related to the moments of g�m�. The continued frac-
tions can be used to construct the spectral density appear-
ing in the Stieltjes integral (Eq. (1)) and henceforth, useful
information in the context of shape, size and organization
of the nanoparticles can be extracted, as has been discussed
in Ref. [12], in addition to the extraction of �eff .

3. RESULTS AND DISCUSSION
Figures 1(a)–(d) summarize the variation in GXRD pat-
terns obtained at different stages of growth of dc sputtered
ZnO films embedded with AuNPs. The pattern for as-
deposited ZnO film on glass plate (Fig. 1(a)) shows three
peaks corresponding to reflections from (100), (002) and
(101) planes of ZnO. Figure 1(b) shows the GXRD pat-
tern for Au/ZnO/GP structure obtained after the deposition
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Figure 1. Evolution of GXRD pattern during different stages of for-
mation of dc sputtered ZnO films embedded with AuNPs. (a) ZnO/GP,
(b) Au/ZnO/GP, (c) AuNPs/ZnO/GP and (d) ZnO/AuNPs–ZnO/ZnO/GP
structures.
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Figure 2. SEM images (a) ZnO/Si, (b) Au/ZnO/Si, (c) AuNPs/ZnO/Si and (d) ZnO/AuNPs–ZnO/ZnO/Si structures.

of ∼6 nm thick Au film over ZnO film. An additional
peak appears at the 2� value, 38.5� and is identified as
Au (111) plane. Further, there is noticeable increase in the
intensity of 002 ZnO peak. Figure 1(c) shows the pattern
obtained after annealing the Au/ZnO/GP structure that is
crucial to AuNPs formation. As seen from Figure 1(c),
annealing has increased the Au 111 peak height, which
is expected.17 GXRD pattern obtained after depositing the
top ZnO film (Fig. 1(d)) shows that there is significant
increase in the intensity of ZnO peaks. This is because
of the net increase in interaction volume for X-rays, as
both the top and bottom ZnO films will contribute to the
diffracted X-ray intensity.
SEM images taken after each stage of formation of dc

sputtered ZnO film embedded with AuNPs are displayed
in Figures 2(a)–(d). SEM image of the as deposited film
is displayed in Figure 2(a). The micrograph shows grains
without any specific shape, unlike the dc magnetron sput-
tered ZnO thin film that exhibited nanometer grains.12

Formation of larger ZnO grains and different morphol-
ogy in case of dc sputtered ZnO film is attributed to dif-
ferent growth conditions. In dc sputtering, the substrate
is constantly bombarded by high energy secondary elec-
trons and subsequently the substrate temperature reaches
∼450 �C.18 Hence the ZnO grains may coalesce together
and form larger grains. Figure 2(b) shows the SEM image
taken after the deposition of ∼6 nm thick Au film.

The morphology of the Au film is featureless, which after
annealing turns into well-defined, but randomly distributed
nanoparticles (Fig. 2(c)). The AuNPs are oriented predom-
inantly along (111) direction as the corresponding GXRD
pattern showed significant increase in the intensity of Au
111 peak. Further, as discussed earlier, the growth in the
direction normal to the substrate may also enhance the
diffracted X-ray intensity. Figure 2(d) represents the SEM
image of the ZnO/AuNPs–ZnO/ZnO/Si structure, which
is obtained after the deposition of a relatively thicker top
ZnO film. The ZnO film completely covers the AuNPs.
A close observation of Figure 2(d) reveals that certain
areas on the surface have features that resemble the mor-
phology of the as-deposited ZnO film (Fig. 2(a)).
Quantitative information regarding thickness and ele-

mental composition of different layers can be derived from
RBS.19 The samples for RBS studies were grown on Si
substrates with thermally grown SiO2 (SiO2/Si substrates).
SiO2/Si were chosen instead of Si so as to avoid interface
formation during ZnO deposition. Any interface formed
would increase the number of unknowns during analysis.
The ZnO/AuNPs–ZnO/ZnO/SiO2/Si structure was studied
by RBS. Conventional procedure available for analyzing
RBS spectrum, however, cannot be used for simulating the
RBS spectrum of ZnO/AuNPs–ZnO/ZnO/SiO2/Si structure
since conventional method assumes homogeneous mixture
of different elements at atomic level. When there is no
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lateral homogeneity, i.e., when the sample consists of inho-
mogeneous mixture of two or more phases, the assump-
tion of uniformity at atomic level in any plane parallel to
the surface is no more applicable. Therefore, conventional
simulation may not reproduce the RBS spectra satisfacto-
rily and if it does, the results may be erroneous.20

The sample under study consists of an inhomogeneous
mixture of AuNPs and ZnO, sandwiched between ZnO
films. As the incident ion beam with diameter of ∼1 mm
traverses the layer containing ZnO and AuNPs, some part
of the beam may encounter the homogeneous ZnO film all
through its path, until it meets the substrate. Some other
part of the same beam may encounter Au (in the middle
layer) before reaching the substrate. In such a situation,
a simple method21 based on weighted sum of two different
homogenous structures can be used. The ZnO/AuNPs–
ZnO/ZnO/SiO2/Si structure is decomposed into two hypo-
thetical structures with homogeneous individual layers:
One with a thick ZnO film over SiO2/Si substrate and
the other with a thin Au film sandwiched between ZnO
thin films. Thus, the RBS spectra of ZnO/SiO2/Si and
ZnO/Au/ZnO/SiO2/Si structures were first generated inde-
pendently (with conventional simulation method) and the
net yield was then calculated as a weighted sum of these
two individual yields as,

Ynet = xYZnO/SiO2/Si
+ �1−x�YZnO/Au/ZnO/SiO2/Si

(2)

Apart from the thickness and composition of the ele-
ments in the individual layers, the weight (x) was also var-
ied. In addition, the option “fuzzing” was used to account
for the layer roughness.
RBS spectrum of dc sputtered ZnO film embedded with

AuNPs, formed with initial effective Au film thickness of
∼5 nm is displayed in Figure 3. The open circles denote
the experimental data, while the continuous line through
the data points denotes the simulated data. The distinct
single peak that appears just beyond 1.6 MeV is due to
Au. The yield due to Zn appears as a broad peak with a
dip nearly in the middle. The front edge of the Zn peak
is due to the Zn atoms on the surface of the top ZnO
film, while the back edge is due to Zn atoms present
at the boundary between ZnO film and SiO2. The dip
is due to the AuNPs–ZnO layer in which the concentra-
tion of Zn is low, compared to the other regions of the
ZnO film. There are two Si edges, which are marked by
arrows in Figure 3. The edge appearing at higher energy
value is due to Si atoms from SiO2 film and the other
is due to the Si atoms from the Si substrate. The yield
due to oxygen appears as a superimposed broad peak on
the Si plateau. It has contributions from oxygen atoms
from both ZnO and SiO2. The simulations yield a value of
0.83 for the weight parameter (x). Although, the weighted
sum method reproduces the experimental data well, further
refinements are necessary for exact calculation. Moreover,
due to the assumption of a thin continuous Au film (with
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Figure 3. Typical RBS spectra of ZnO/AuNPs–ZnO/ZnO/SiO2/Si
structure. Open circles denote the experimental data and the continu-
ous line through the data points represents the XRUMP simulation by
weighted sum method.

the boundaries/interface being sharp), the vertical height
of AuNPs may be underestimated. Nevertheless, the RBS
simulation of ZnO/AuNPs–ZnO/ZnO/SiO2/Si structure by
weighted sum method does help in providing elemental
composition of the film and gives confirmation, in accor-
dance with GXRD and SEM studies, that annealing of thin
Au film leads to the formation of AuNPs. For instance,
the thickness of Au film obtained from the simulation was
∼32 nm, which is larger than the effective thickness of the
initial Au film (∼5 nm) in Au/ZnO/SiO2/Si structure by a
factor of 6, casting evidence that annealing has led to huge
increase in the out-of-plane height of Au. The result, as
will be seen in the following paragraphs, also corroborates
the optical analysis.
The results obtained from the numerical fit to the optical

transmittance spectra recorded after each stage of fabrica-
tion of dc sputtered ZnO film embedded with AuNPs are
displayed in Figure 4. The open symbols and the contin-
uous lines denote the experimental data and the fit to the
data respectively. The average transmittance of ZnO/GP
structure is more than 80% in the visible and near infrared
regions, and the characteristics are similar to the dc mag-
netron sputtered films.12 The transmittance of Au/ZnO/GP
structure (open squares, Fig. 4(a)) falls considerably in the
near infrared region and shows a dip at ∼750 nm. This
indicates the formation of discontinuous Au film which is
considered as Au-Air composite film for the purpose of
analysis. The corresponding spectral density function (dark
line, Fig. 4(b)) shows a peak close to origin and it suggests
that the Au film structure is close to forming percolative
network.
The distinct minimum in the transmittance spectrum

(open diamonds, Fig. 4) of AuNPs-Air/ZnO/GP struc-
ture at ∼564 nm reflects the formation of AuNPs and it

J. Nanosci. Nanotechnol. 15, 1805–1814, 2015 1809
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Figure 4. (a) Transmittance spectrum of (©) ZnO/GP, (�) Au/ZnO/GP, (♦) AuNPs/ZnO/GP and (�) ZnO/AuNPs–ZnO/ZnO/GP structures. The con-
tinuous line through the data points denote fits to the data. (b) Spectral density function of Au-Air (dark line), AuNPs-Air (dark grey lines) and
AuNPs–ZnO (light grey line) composite films. (c)–(e) Effective dielectric function of composite films. �1

eff and �2
eff are denoted by dark and grey lines

respectively.

manifests as shift of the peak in g�m� (dark grey line,
Fig. 4(b)) towards higher m. The shift of LSPR minimum
to ∼610 nm (open triangles, Fig. 4(a)) brought by the
addition of top ZnO film is seen as a right-shift of peak
in g�m�, apart from reduction of its strength (light grey,
line Fig. 4(b)). Further, as seen from Figures 4(c)–(e), �1

eff

shows anomalous dispersion while �2
eff shows absorption

corresponding to LSPR wavelength. The relevant parame-
ters obtained from the fit are summarized in Table I. It is
to be noted here that the thickness of Au-Air compos-
ite and the volume fraction of Au (step 2) were 10.4 nm
and 61% respectively which changed significantly after
Au/ZnO/GP was annealed. The thickness of AuNPs-Air

Table I. Parameters obtained from the fit to transmittance spectra.

Thickness (nm)
Structure considered

Fabrication step for analysis Bottom ZnO film Composite film Top ZnO film Au volume fraction (Vf )

Step 1 deposition of ZnO film ZnO/GP 207 – – –
Step 2 deposition of Au film Au-Air/ZnO/GP 207 10.4 (Au-Air) – 0.61
Step 3 annealing at 400 �C AuNPs-Air/ZnO/GP 207 55.3 (AuNPs-Air) – 0.12
Step 4 deposition of top ZnO film ZnO/AuNPs–ZnO/ZnO/GP 207 62.5 (AuNPs–ZnO) 164 0.09

composite increased to 55.3 nm whereas the volume frac-
tion of Au reduced to 12%. Upon addition of the top
ZnO film (step 4), the AuNPs-Air composite changes to
AuNPs–ZnO composite with 62.5 nm in thickness (an
increase by a factor of 6, w.r.t the initial Au film thickness)
and the volume fraction of Au decreases further from 12 to
9%. These observations can be understood based on mass
conservation of Au. For a given surface area of the sub-
strate and mass of Au, when the thin Au film agglomerates
to form AuNPs (step 3), redistribution of Au takes place
in the form of growth along the vertical direction. This
process must occur at the expense of surface area cover-
age, essentially leading to increase in the space available
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Spectral density functions for the AuNPs–ZnO composite film formed
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in between AuNPs. The changes in step 4 indicate that,
during dc sputtering the AuNPs undergo additional phys-
ical changes. The principal reason is the bombardment
of AuNPs by secondary electrons and other high-energy
species, and the consequent increase in substrate tempera-
ture to ∼450 �C during the deposition of top ZnO film.18

Hence, the AuNPs undergo additional thermal treatment
during sputter deposition of ZnO film. It may be noted
here that the maximum temperature to which the initial
Au films are taken to induce agglomeration and formation
of AuNPs is ∼400 �C which is less than the temperature
reached when the ZnO films are grown.
In order to study the effect of initial Au film thick-

ness, ZnO/AuNPs–ZnO/ZnO/GP structures were fabri-
cated with Au films of three different initial thicknesses.
Figure 5 shows the absorbance spectra of ZnO/AuNPs–
ZnO/ZnO/GP structures with Au films of mass thick-
ness ∼6 nm (open circles), ∼10 nm (open squares) and
∼15 nm (open triangles). The continuous lines drawn
through the data points in Figure 5 denote the theoretical
fit. As the film thickness increases, the LSPR maximum
shows red-shift in wavelength and appears at 610, 634 and
650 nm for structures fabricated with 6, 10 and 15 nm
thick Au films respectively. The corresponding spectral
density functions are displayed in inset to Figure 5. Dis-
placement of absorbance maxima towards higher wave-
length and a corresponding systematic shift in g�m� peak
towards lower m values accompanied by decrease in peak
height is the signature of the presence of larger AuNPs in
AuNPs–ZnO composite films.12 The physical significance
lies in the fact that increase in initial Au film thickness
leads to the formation of larger AuNPs (AuNPs of lower

symmetric shape) with lesser number density. The interfer-
ence of higher order modes is induced then and the LSPR
peak shifts to longer wavelengths as a result.1

With a view to probe the effect of number den-
sity of particles on LSPR profile, ZnO/AuNPs–ZnO/ZnO/
AuNPs–ZnO/ZnO/GP structure, a “two-stack” structure
having two AuNPs–ZnO composite films has been studied.
Figure 6(a) shows the transmittance spectrum of two-stack
and ZnO/AuNPs–ZnO/ZnO/GP structures together with
the fits (dark lines through the symbols). In Figure 6(a),
the open circles denote the spectrum of two-stack struc-
ture, while the open squares denote that of ZnO/AuNPs–
ZnO/ZnO/GP structure. The latter spectrum was included
for the sake of comparison. The thickness of the Au
films used to form both AuNPs–ZnO layers was kept
same and was ∼10 nm. The two-stack structure shows
an increase in the transmittance minimum. There is no
noticeable shift in the LSPR position, but the LSPR peak
is quite broad and extends to about 1200 nm. The increase
in absorption strength without shift in the peak position
indicates that there is definite and significant increase
in the number density of particles. The broadening may
be due to the increase in the number density of parti-
cles having larger average size. Further insight into LSPR
profile can be gained from the SEM image (Fig. 6(b))
obtained after annealing the second Au film, i.e., the image
of AuNPs/ZnO/AuNPs–ZnO/ZnO/Si structure. The sur-
face morphology resembles that of AuNPs/ZnO/Si struc-
tures, which is displayed in Figure 2(c). But, there is
noticeable increase in the particle size, which confirms
the conclusions drawn based on the LSPR minimum in
the transmittance spectrum (Fig. 6(a)). Since the thick-
ness of the ZnO-spacer film is sufficiently large (pl. see
Fig. 2(d) for the SEM image of the surface of spacer film)
this structure is assumed to have the layer sequence viz.,
ZnO/AuNPs–ZnO/ZnO/AuNPs–ZnO/ZnO/GP, for the pur-
pose of numerical fit. However, attempts to model with
two AuNPs–ZnO composites having identical character-
istics were unsuccessful. A satisfactory fit to the exper-
imental data required the two AuNPs–ZnO composite
be treated as independent layers with different spectral
density functions. In other words fit was possible, only
when the microstructure of the two AuNPs–ZnO media
were assumed to be different, in spite of the fact that
Au films used were of same thickness (10 nm). Thus,
the structure considered can be written as ZnO/(AuNPs–
ZnO)2/ZnO/(AuNPs–ZnO)1/ZnO/GP, where the subscripts
denote the order (position) of the two composite media,
which have same constituents with different microstructure
and volume fraction. Inset to Figure 6(a) shows the spec-
tral density functions of the two AuNPs–ZnO composite
films. In Figure 6(a), g1�m� and g2�m� denote the spectral
density function of the bottom, viz., (AuNPs–ZnO)1 and
the top viz., (AuNPs–ZnO)2 composite films respectively.
The spectral density functions differ significantly and the
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Figure 6. (a) Transmittance spectrum of (�) ZnO/AuNPs–ZnO/ZnO/GP structure and (©) ZnO/AuNPs–ZnO/ZnO/AuNPs–ZnO/ZnO/GP structure.
The dark lines through the symbols denote fits. (Inset) Spectral density function of the bottom (dark line) and the top (grey line) AuNPs–ZnO composite
films in ZnO/AuNPs–ZnO/ZnO/AuNPs–ZnO/ZnO/GP structure. (b) SEM image of AuNPs formed over ZnO/AuNPs–ZnO/ZnO/Si structure, the SEM
image of which is displayed in Figure 4.21(d). The Au film thickness is ∼6 nm.

difference may arise due to the difference in size/shape
and physical arrangement of AuNPs in (AuNPs–ZnO)1 and
(AuNPs–ZnO)2 composite films. A possible reason may
be that the surfaces offered to the growth of Au film and
hence to the formation of AuNPs are not identical.
It is interesting to compare the optical characteristics

of ZnO/AuNPs–ZnO/ZnO/GP structures fabricated with dc
sputtered ZnO films and dc magnetron sputtered ZnO films
reported in Ref. [12]. Although the trends observed in the
optical characteristics are mostly similar, certain impor-
tant differences are noticed. First, the LSPR minimum
observed for AuNPs embedded in dc sputtered ZnO films
are symmetric and they remained so (Fig. 5), even when
thickness of the initial Au film was 15 nm, which is the
maximum thickness used. However, the LSPR peaks in
structures with dc magnetron sputtered ZnO films were
asymmetric and the asymmetry increased with thickness of
the initial Au film.12 The other differences are presented in
Figures 7(a)–(c), which summarize the variations of LSPR
maximum (	max), absorbance value (Amax) correspond-
ing to 	max and FWHM of the LSPR peak, respectively
with respect to initial Au film thicknesses. The open and
filled symbols correspond to ZnO/AuNPs–ZnO/ZnO/GP
structures for dc magnetron sputtered ZnO and dc sput-
tered ZnO films respectively. The dashed and dotted lines
through the symbols are to guide the eye. As seem from
Figure 7(c), varying the initial Au thickness from 6 nm to
15 nm the 	max varied from 610 nm to 650 nm only for
structures formed with dc sputtered ZnO (filled circles),
whereas in the case of structures formed with dc mag-
netron sputtered ZnO films a variation of 5 nm to 10 nm
in initial Au film thickness produced a shift in 	max from
612 nm to 684 nm (open circles). The absorbance value
(Amax) corresponding to 	max is higher for samples formed
with dc sputtered ZnO (filled square, Fig. 7(b)) in com-
parison to those with dc magnetron sputtered ZnO (open

square, Fig. 7(b)). The variation in FWHM is significantly
higher for dc magnetron sputtered ZnO films embedded
with AuNPs (open triangles, Fig. 7(a)) indicating higher
losses in the films. The sensitivity of LSPR shift and
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Figure 7. Variation of LSPR maximum (	max�, absorbance value cor-
responding to 	max (Amax� and FWHM of the LSPR peak for structures
formed with dc magnetron (open symbols) and dc sputtered (filled sym-
bols) ZnO films. The dashed and dotted lines through the data points are
to guide the eye.
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pronounced FWHM indicate that the AuNPs embedded
in dc magnetron sputtered ZnO films are of lower sym-
metry than those embedded in dc sputtered ZnO films.
For asymmetric nanoparticles, surface plasmons are
unevenly distributed which, in turn gives rise to modes
other than that due to dipole. Intervention of higher order
modes decreases the dipole resonance strength and fre-
quency, and leads to dynamical broadening of LSPR
profile.
It is an established fact that LSPR position of asym-

metric nanostructure exhibits greater sensitivity than that
of symmetric nanostructure of comparable size.4�22�23

In the work of Mock et al. the effect of AgNPs shapes
viz., sphere, triangles and cubes, on LSPR properties
was demonstrated.22 It was found that the sensitivity
(=d	p/dn, 	p being the LSPR wavelength) of Ag nano-
triangles (350 nm/RIU) was more than Ag nanospheres
(160 nm/RIU). As another example to the particle shape
effect on LSPR properties, Sun and Xia23 showed that Au
nanospheres and Au nanoshells of the same/comparable
diameter exhibit different refractive index sensitivity. Au
nanoshell typically exhibited sensitivity of 409 nm/RIU
whereas, nanospheres of comparable diameter showed sen-
sitivity of only 60 nm/RIU. Farland et al.4 also docu-
mented that as the symmetry of nanostructure is reduced
from sphere to rod-like, the refractive index sensitiv-
ity is increased.4 In other words, it is also equiva-
lent to say that in a fixed dielectric background, as
the nanostructure size is increased, the extent of LSPR
shift (sensitivity) will be more for elongated or distorted
or oblate shaped particles than near spherical shaped
nanostructures.
The primary reason behind formation of AuNPs with

less asymmetry in dc sputtered ZnO film is the additional
rapid heat treatment which the AuNPs (in AuNPs/ZnO/GP
structure) receive during the top ZnO film deposition
(Table I). Prior to top ZnO deposition, as in the case of
AuNPs in dc magnetron sputtered films, an asymmetric

400 800 1200 1600 2000
0.0

0.2

0.4

0.6

0.8

1.0

T
, R

, A

Wavelength (nm)

(b)

400 800 1200 1600 2000
0.0

0.2

0.4

0.6

0.8

1.0

Wavelength (nm)

T
, R

, A

(a)

Figure 8. Characteristics of AuNPs–ZnO/Au/GP structures simulated assuming (a) the AuNPs–ZnO composite film to face the incident radiation and
(b) the glass plate to face the incident radiation. In both figures, the dark line, grey line and the light grey line denote the transmittance, reflectance
and absorptance respectively.

AuNPs had formed by agglomeration (Fig. 2(c)). Rapid
heat treatment during top ZnO film deposition, as dis-
cussed earlier, leads to a net increase in the average size
of the AuNPs along the vertical (normal to substrate)
direction and, in accordance with mass conservation, a net
decrease in the average width (Table I). Therefore, the
in-situ heat treatment may leads to reshaping of larger
hemispherical AuNPs into near-spherical nanoparticles.
AuNPs sandwiched in dc magnetron sputtered ZnO films,
however, retain oblate shapes due to the absence of any
such in-situ rapid heat treatment.12

It is of relevance to discuss the applications of the
composite films consisting of ZnO films embedded with
AuNPs. As an example, window coatings based on these
composite films are considered theoretically. The typ-
ical structure chosen for window coating applications
is AuNPs–ZnO/Au/GP. The effective dielectric function
data used was that obtained for the AuNPs–ZnO formed
with 6 nm thick Au film, and is shown in inset B in
Figure 4. The thicknesses of the composite and the Au
films are 100 nm and 30 nm respectively. These thick-
nesses were chosen so that there is finite transmittance
in the visible region. Figure 8(a) shows the transmit-
tance spectra of AuNPs–ZnO/Au/GP structure taken with
AuNPs–ZnO composite film facing the incident beam.
In Figure 8(a), the simulated transmittance, reflectance and
absorptance spectra are denoted by dark line, grey line
and light grey line respectively. It is important to note
that reflectance increases sharply below 400 nm and is
∼40% at 200 nm. Further, the transmittance is negligibly
small below ∼300 nm while the absorptance is signifi-
cant. This indicates that the coating reflects about 50% of
the UV radiations while the rest is absorbed. Similarly,
beyond 1200 nm more than 80% of the incident radiation
is reflected back. In other words, the structure does not
allow the harmful UV radiation to pass through and also
reflects back the unwanted infrared radiation. On the other
hand, when the incident radiation falls on the glass side
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(Fig. 8(b)), about 70% of the radiation above 500 nm is
reflected back. These are typical characteristics expected
of window coatings used in hot climates. In addition, the
coating, as mentioned earlier rejects UV radiation.

4. CONCLUSIONS
Evolution of the surface microstructure during differ-
ent stages of ZnO/AuNPs–ZnO/ZnO/GP fabrication was
investigated by combined GXRD, SEM, and optical
absorption measurements. The AuNPs–ZnO composite
medium consisting of randomly distributed AuNPs in
ZnO matrix, in fact, evolved from an inverse geome-
try. A percolative-type Au-free space composite was first
formed, which on annealing and subsequent ZnO depo-
sition yielded AuNPs–ZnO composite. A semi-empirical
approach based on Bergman’s spectral density formula-
tion was used to analyze the transmittance spectra and to
extract the effective dielectric function of two-phase com-
posite films. The results obtained were contrasted with
the results of similar structures formed with dc magnetron
sputtered ZnO films. Although the trends observed in opti-
cal absorption are similar for both films, certain impor-
tant differences were noted and further analyses of the
same lead to a definite conclusion that AuNPs embedded
in dc sputtered ZnO films are of different geometry than
that of AuNPs embedded in dc magnetron sputtered ZnO,
although both have been grown with same initial Au film
thickness and subjected to identical annealing treatment
for agglomeration. It was recognized that in addition to the
thickness of initial Au film, the in-situ rapid heat treatment
during dc sputtering of ZnO films lead to significant alter-
ation in the shape, size and distribution of AuNPs, which
in turn cast subtle changes in the LSPR profile. For dc
sputtered ZnO films embedded with AuNPs, spectral sig-
nature from near-spherical shaped AuNPs is observed, at
variance with what was observed for dc magnetron sput-
tered ZnO films embedded with AuNPs. The embedded
films can be grown over large area with relative ease and

interestingly, initial results obtained from numerical simu-
lations show that AuNPs–ZnO/Au/GP structure can serve
as window coats with reasonable characteristics.
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