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Controlling the transmission at the surface plasmon resonance
of nanocomposite films using photonic structures

A. Suarez-Garcia,a) R. del Coso, R. Serna, J. Solis, and C. N. Afonso
Instituto de Óptica, C.S.I.C., Serrano 121, 28006 Madrid, Spain

~Received 6 March 2003; accepted 30 June 2003!

The transmission of nanocomposite thin films formed by Cu nanocrystals embedded in an
amorphous aluminum oxide (Al2O3) matrix has been enhanced in the vicinity of the surface
plasmon resonance wavelength, by the design of one-dimensional photonic structures. The
nanocrystals are distributed in layers, whose separation and periodicity are used to control the
optical response of the films. It is found that at the SPR a transmission enhancement up to 36% can
be achieved with respect to a film with an homogeneous distribution of the nanocrystals. These
photonic structures have been successfully produced by pulsed laser deposition. ©2003 American
Institute of Physics.@DOI: 10.1063/1.1605797#
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Nanocomposite thin films formed by metal nanocryst
~NCs! embedded in a dielectric matrix show attractive op
cal properties at the surface plasmon resonance~SPR! wave-
length due to dielectric and quantum confinement effects.1 In
the vicinity of this wavelength, the linear optical respon
exhibits a strong absorption band and the nonlinear opt
response shows an enhancement that has been br
reported.2–4 Many applications of these metal nanocrys
composite materials have been proposed taking advanta
the optical response at the SPR, including their use in sur
enhanced Raman spectroscopy,5 surface enhanced secon
harmonic generation,2 and for the development of sensor6

and all-optical switching devices.7 The features of the SPR
essentially depend on the optical properties of both the m
NCs and the dielectric host material. The modification of
dimensions and shape of the NCs also induces changes i
intensity and width of the SPR absorption band, which ha
been extensively studied.1 Nevertheless, there are no studi
regarding the modification of the optical response around
SPR as a function of the NCs distribution in the matrix.

The aim of this work is to design and synthesize th
films containing metal NCs with a controlled transmissi
around the SPR wavelength region, using the o
dimensional photonic structure concept. A similar idea h
been considered to producemetal–dielectric multilayered
structures with a spectral range of increased transmittanc
for the case of thin films of Cu/SiO2 ~Ref. 8! and Ag/MgF2

~Refs. 9 and 10! multilayers. So far, NCs have been on
included as ‘‘defects’’ in a dielectric–dielectric multilaye
photonic structure to enhance the nonlinear opti
response.11,12 In this work, it will be shown that the meta
NCs can be the building blocks of the photonic structure, a
how the transmission around the SPR wavelength can
enhanced by controlling their distribution. This result w
have impact on the performance of metal–dielectric na
composite devices, such as NCs based nonlinear op
switches,7 in which the nonlinear behavior induced by th
presence of the NCs has to be preserved. The presen
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proach will improve the light throughput of the device.
The thin film system selected to model and produce

structures consists of Cu NCs embedded in an amorph
aluminum oxide (a-Al2O3) matrix, since in previous works
this kind of thin films has been successfully produced exh
iting excellent linear and nonlinear optical properties.13,14

The thin films were grown on glass substrates by pulsed la
deposition~PLD! technique. An ArF excimer laser was use
to alternately ablate high purity Al2O3 and Cu targets, in
order to grow films with the in depth structure Al2O3 /Cu
NCs/Al2O3 . The Cu NCs formed in each deposit are distr
uted on the plane of the film, and their in-depth separatio
controlled by modifying the Al2O3 deposition conditions.
Further details on the deposition procedure and structur
the films can be found elsewhere.15,16 First, it has been
grown a film with the NCs layers homogeneously spac
whose absorption spectra shows a broad SPR band at
nm.13,14 This film will be used as a reference, and will b
referred thereafter as sample A. The film is formed by
NCs deposits equally spaced bya-Al2O3 layers of 7 nm
thickness, as determined from Rutherford backscatte
spectrometry~RBS! measurements. This thickness is lar
enough to ensure that there is no electromagnetic interac
between NCs belonging to different layers. The Cu conten
931015 at cm22 per layer, corresponding to the developme
of ellipsoidal NCs with in plane mean diameter of;5 nm
and average center to center separation of;12 nm, and a
mean height<4 nm.15,16

In order to optically model the one-dimensional photon
structures, the thin film is assumed to be formed by altern
ing a-Al2O3 and Cu–nanocomposite layers. A Cu
nanocomposite layer is defined as the deposited Cu NC
each layer plus thea-Al2O3 , which fills in the in-plane
space between NCs. The thickness of the nanocompo
layer is assumed to be equal to the mean height of the NC~4
nm!. Since the mean size of the Cu NCs is much smaller t
the wavelength in the visible range, this material can be c
sidered optically as an homogeneous effective medium.
effective refractive index of the defined Cu–nanocompos
layer has been determined by ellipsometry and transmis
measurements in sample A. A spectroscopy rotating anal
2 © 2003 American Institute of Physics
IP license or copyright; see http://apl.aip.org/apl/copyright.jsp
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ellipsometer~model VASE, J. A. Woollam Co., Inc.! has
been used to measure the ellipsometry parameters tanC and
cosD in the range 400–800 nm using steps of 3 nm,
incidence angles 61° to 75° at steps of 7°. The transmis
has been measured at normal incidence for the same w
length range. The measured optical response has been
eled as that corresponding to a multilayer structure form
by a-Al2O3 layers with a thickness of 7 nm, alternated wi
Cu–nanocomposite layers of 4 nm for six periods. Since
refractive index of thea-Al2O3 deposited by PLD has bee
determined in a previous work,17 the complex refractive in-
dex of the Cu–nanocomposite layers is the only paramete
the optical model. It has been directly determined usin
standard iterative procedure that follows the Marquar
Levenberg algorithm to achieve the best fit of the data sim
lated for the optical model to the experimental data fro
both ellipsometry and transmission measurements.18 Figure 1
shows the obtained complex effective refractive index of
Cu–nanocomposite layer. The imaginary part of the refr
tive index shows a band with a maximum at 58663 nm,
which is close to the SPR broad absorption band reported
films with Cu NCs embedded in a dielectric matrix.13,19 The
real part shows the corresponding anomalous dispersion
nomena in the vicinity of the SPR wavelength.1

Once the effective refractive index of the Cu
nanocomposite is known, the one-dimensional photo
structures with an enhanced transmission at 600 nm h
been designed. The inset in the Fig. 2 shows a schem
diagram of the photonic structures. The six Cu
nanocomposite layers have been organized in two set
three layers. This set of three layers separated by 7 nm
a-Al2O3 is defined as a ‘‘photonic unit.’’ It is convenient t
use the three layers of nanocomposite instead of one sinc
this way, the optical contrast with thea-Al2O3 is enhanced,
i.e., the reflectivity at a single Cu–nanocomposite/Al2O3 in-
terface is only of 11%, whereas a 18% is obtained when
Cu–nanocomposite layer corresponds to the first layer of
defined photonic unit. The parameters selected to design
photonic structures are then the thickness of thea-Al2O3

layers that separate the photonic units from the substrate
the film surface (L1) and between them (L2). In terms of
these parameters, two types of structures, I and II, have b
considered in the modeling. Type I has a fixedL257 nm and
a variableL1 . Structure type I differs only in thea-Al2O3

thicknessL1 in respect to the reference sample, which c
responds to the particular caseL15L257 nm. Structure type

FIG. 1. Effective refractive index,n ~- - -! and k ~—!, of the Cu–
nanocomposite layer.
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II has a resonator like configuration, described byL1

5L2/2. In this way, both structures can be described in ter
of a single parameter,L1 .

Figure 2 shows the relative change in the transmission
structures of types I and II at 600 nm with respect to that
sample A, calculated as a function ofL1 . The results show
that the changes in transmission are very different for the
types of studied structures. Nevertheless, a relative incre
above 30% in the transmission with respect to the refere
film is achieved in both cases. For type I the increment is
32% forL1 equal to 67 nm, whereas for type II the increme
is of 36% forL1 equal to 77 nm.

Finally, two thin films, B and C, have been synthesiz
for theL1 values corresponding to the maximum of transm
sion for types I and II, respectively. They have been gro
by PLD, under the same deposition conditions than th
used for sample A. They have been subsequently chara
ized by RBS and ellipsometry, leading both techniques in
pendently to the determination of the Al2O3 thicknessesL1

andL2 . Table I shows that the results obtained by both te
niques are in good agreement and they are also very clos
the intended ones.

Figure 3 shows the transmission spectra measure
normal incidence for the three samples@A~reference!, B, and
C#. Sample A exhibits the typical attributes of a spectrum
Cu NCs homogeneously distributed in a dielectric mediu
showing a decrease of the transmission for a band center
600 nm, which corresponds to the SPR.13 Samples B and C

FIG. 2. Calculated relative change@DT5(Tps2Tr)/Tr # of the photonic
structure transmission (Tps) respect to the transmission of the reference fi
(Tr) at 600 nm as a function ofL1 for a photonic structure of type I:L2

57 nm ~—! and type II:L25L1/2 ~- - -!. Experimental values obtained fo
samples A~j!, B ~d!, and C ~m!, are also plotted. Inset schematical
shows the structure of the films. Dark dots represent the Cu NCs and
white background represents thea-Al2O3 . Each block of three layers of Cu
NCs forms a photonic unit.L1 andL2 are the thicknesses ofa-Al2O3 that
are considered as parameters for the design of the photonic structures

TABLE I. Thickness of thea-Al 2O3 layers obtained by ellipsometry
(L1 , L2) and RBS (L18 , L28) for the three synthesized samples. Data a
given in nm.

Sample L1 L2 L18 L28

A 761 761 761 761
B 5766 761 6664 761
C 7568 150615 7964 15868
IP license or copyright; see http://apl.aip.org/apl/copyright.jsp
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exhibit a considerable enhancement of the transmission
only at the SPR wavelength, but also in a wide range aro
it. Sample B shows a reminiscence of the SPR absorp
band, while the transmission of sample C has almost no
pendence on the wavelength in this region. These res
evidence that it is possible to compensate the typical
transmission at the SPR band by distributing the metal N
in a one-dimensional photonic structure.

The experimental values of the relative increase in tra
mission for samples B and C with respect to sample A at
nm have been included in Fig. 2. The increments are 3
and 29% for samples B and C, respectively. The slight
ference observed with respect to the model calculations i
part due to the small variation that exits in between the thi
nesses obtained in the grown films,L1 andL2 , ~see Table I!
and the intended values. In addition, the ellipsometry m
surements have shown that the effective refractive index
the Cu–nanocomposite layers for each sample shows rel
variations within 13% from sample A to C. In spite of the
slight differences, the experimental transmission enhan
ments are very close to the optimum values that can
achieved according to the model calculations.

In conclusion, one-dimensional photonic structures c
taining Cu NCs have been modeled. First, the layers cont
ing the metal NCs have been optically characterized using

FIG. 3. Transmission spectra of the synthesized samples A~—!, B ~- - -!, C
~• • •!, as a function of wavelength. A continuous vertical line marks
SPR wavelength.
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effective refractive index. Subsequently, by means of an
propriate selection of the distribution of the Cu
nanocomposite layers, photonic structures have been
signed and optimized to achieve an enhancement in
transmission at the SPR wavelength up to 36%, respect to
film in which the Cu NCs are homogeneously distribute
The photonic structures have been finally produced by P
exhibiting an optical response in good agreement with t
predicted from the models.

D. E. Hole is acknowledged for performing RBS me
surements. This work has been supported by Project
TIC2002-03235, CICYT~Spain!.
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