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with fractal-featured aperture array
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A fractal-featured metallic thin film with Sierpinski Carpet pattern is fabricated on silicon wafer by
microfabrication techniques. Transmission infrared spectroscopy indicates that there exists
extraordinary high transmission at specific wavelengths, which can be ascribed to the effect of
surface plasmon resonance, and are determined by hierarchy of apertures of different sizes in the
fractal structure. This patterned film provides a unique system to achieve enhanced transmission
simultaneously at different selected frequencies of electromagnetic wave. © 2007 American

Institute of Physics. [DOI: 10.1063/1.2750528]

Surface plasmon polariton (SPP) is an electromagnetic
wave propagating along a dielectric-metal interface and is
associated with surface free electron oscillation.'™ The field
components of SPP decay exponentially in the media on both
sides of the interface. The intrinsic two-dimensional nature
of SPP provides significant flexibility in engineering the min-
iaturization of Oftical system and high-density integration of
optical circuits. It is therefore interesting to investigate
the properties of wave excitation and propagation in such a
system. Up to now, intensive studies have been carried out in
the resonant transmission of light through subwavelength ap-
ertures perforated on a metal film.'>"7 According to classic
electrodynamics, the transmission of a subwavelength aper-
ture is proportional to the fourth power of the ratio of its
diameter and light wavelength,18 which becomes extremely
low. However, when a metal film is perforated with periodic
array of subwavelength holes, the optical transmission is tre-
mendously enhanced than that predicted by the diffraction
theory. The enhancement depends on array geometry (aper-
ture diameter and spatial periodicity), wavelength of light,
angle of incidence, as well as the type of material with which
the structured film is made. The enhancement is also affected
by the concrete shape of the apertures.lg_22 This is a rapidly
developing research area, and a thorough understanding of
these unusual effects depends on large number of elaborately
designed experiments.

Recently, transmission through an array of apertures in
Penrose-tiling pattern, which has local rotation symmetry
only, has been repoﬂed.23 For aperiodic structures, another
well known example is the Sierpinski Carpet, which com-
poses of self-similar, iteratively shrinking square apertures
arranged in a hierarchy manner, and contains apertures of
different sizes on different scales. The fractal surface may be
used as a unit cell of frequency selective surface to achieve
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multiband structures. The enhanced transmission of a

periodic array of square apertures attributed to SPPs has also
been reported.27 However, it seems that SPP excitation from
a Sierpinski Carpet has not been well studied before. It is
interesting to identify how the geometric self-similarity in-
fluences the enhanced transmission mediated by SPP. With
this purpose, we apply microfabrication techniques to an alu-
minum film on a silicon wafer and generate a patterned me-
tallic structure with fractal feature. The extraordinary optical
transmission of this sample is investigated, and its physical
origins are discussed.

The metallic fractal structure was fabricated on a double-
polished silicon wafer 500 um in thickness. A thin film of
aluminum (500 nm in thickness) was deposited on the silicon
wafer. The Sierpinski-Carpet with four iterative generations
was fabricated using standard electron beam lithography. The
metallic structure viewed by field emission scanning electron
microscopy is shown in Fig. 1(a), where four iterations of
originally square apertures can be identified. Figure 1(b)
demonstrates the detailed structure of the marked region in
Fig. 1(a), where the edge of the smallest square aperture is
2.0 um. The whole sample had a dimension of 9.82

100um

FIG. 1. (a) Scanning electron microscopy (SEM) micrograph of an alumi-
num thin film (500 nm thick) perforated with a fractal-featured aperture
array with Sierpinski Carpet pattern on silicon wafer. Here the unit with four
iterative generations is shown. The white bar represents 100 um. (b) SEM
micrograph of the marked region in (a). Two iterative generations can be
identified. The bar represents 10 wm.
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FIG. 2. Transmission spectra of the metallic Sierpinski Carpet structure.
Curves A and B are the experimental spectra. A is the transmission spectrum
measured with Bruker IFS66v/s, which has longer wavelength; B is mea-
sured with Bruker IFS66v/s, which covers shorter wavelength. The measure-
ments are carried out on a sample with repeated unit as that shown in Fig.
1(a). C, D and E are the transmission spectra obtained by computer simula-
tion. C is the calculated transmission spectrum of two iterations of
Sierpinski-Carpet-like structure as shown in Fig. 3(a). D is the calculated
transmission spectrum of the array of 6.0 um square apertures, with the unit
shown in Fig. 3(b). E is the calculated transmission spectrum from an array
of 2 pum apertures as that shown in Fig. 3(c).

%X 9.82 mm?, and was composed of periodically duplicated
Sierpinksi Carpet pattern units of 486 X 486 um? [each unit
consisted of four iterative generations, as shown in Fig.
1(a)].

The transmission spectra were measured by vacuum in-
frared Fourier transform spectrometer (Bruker IFS66v/s and
IFS66v, respectively) with normal incidence. The zero-order
transmission spectra of the fractal structure were studied. A
bare double-polished silicon wafer was used as a reference.
In Fig. 2, plots A and B are the transmission spectra of the
four iterative generations of metallic Sierpinski Carpet mea-
sured by two spectrometers at different wave bands. The
peaks at 161.99, 225.63, 487.90, and 682.68 cm™! can be
identified. In plots A and B, the peaks at 487.90 cm™! coin-
cide very well. The peaks can be grouped to two sets,
161.99 cm™!, 225.63 cm™! and 487.90 cm™!, 682.68 cm™'.
The wave number of each pair of the corresponding peaks
can be scaled by a factor of 3, which originates from the
geometrical feature of Sierpinski Carpet pattern.

Numerical simulation was used to verify and analyze the
experimental results. The simulation was performed with a
commercial software (FULLWAVE 4.0) based on finite-
difference-time-domain(FDTD)method. The Lorentz-Drude
model proposed by Rakic et al. is used to describe the per-
mittivity of aluminum.”® This model takes both free electrons
and bound electrons into account in considering the disper-
sion of metal. To simplify the simulation, both periodic
boundary condition and perfect match layer condition are
applied. Further, silicon substrate is simplified to a nonab-
sorbing medium with refractive index n=3.4, and the thick-
ness is taken as infinite. Transmission spectra of three types
of structured metallic films are simulated, which consist of
2.0 wm square aperture arrays, 6.0 um square aperture ar-
rays, and one iteration Sierpinski Carpet pattern with square
apertures of 2.0 and 6.0 um. The morphologies of each unit
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FIG. 3. Units used for computer simulation. (a) One iteration Sierpinski-
Carpet-like pattern made of square apertures of 2.0 and 6.0 um in size. The
transmission spectrum of this structure is shown by curve C in Fig. 2. (b)
6.0 um square aperture. The transmission spectrum of this structure is
shown by curve D in Fig. 2. (c¢) Array of 2.0 wm square apertures. The
transmission spectrum of this structure is shown by curve E in Fig. 2. In our
computer calculation the basic units shown in (a)—(c) are all arranged in
simple square lattice.

are shown in Fig. 3, and the units are arranged in simple
square lattice for each scenario. As shown in Fig. 2, plot C
corresponds to the resonance of one iteration Sierpinski-
Carpet-like aperture array; plot D corresponds to the reso-
nance of 6.0 um square aperture array; and plot E corre-
sponds to the resonance of 2.0 um square aperture array.
Immediately one may find that plot C coincides with the
experimental data (plots A and B) at the four peaks men-
tioned in the last paragraph. We also compare the FDTD
simulation results of plots C, D, and E. Plot C reproduces the
salient features of the experimental spectra. However, the
detailed shape of the calculated spectra does not agree quite
well with the experimental data, which may be due to the
fact that only one iterative generation of Sierpinski Carpet
has been considered in simulation for the sake of limited
calculation capability. The corresponding peaks as that
shown in plots D and E can be easily identified in the ex-
perimental spectra. The simulation reveals that the transmis-
sion spectrum of one iterative generation of Sierpinski
Carpet structure has characteristic peaks contributed by
periodic square-lattice array of apertures of 2.0 and 6.0 um,
respectively. More specifically, the peaks at 161.99 and
225.63 cm™! correspond to the resonance of the array of ap-
ertures of 6.0 um. The peaks at 487.90 and 682.68 cm™!
correspond to the resonance of array of apertures of 2.0 um.

It can be seen in Fig. 1 that there are five different aper-
ture sizes in our Sierpinski Carpet structure. In principle, five
sets of resonance peaks corresponding to the different aper-
ture sizes should be expected. Practically, however, due to
the limitation of the wave band of our spectrometers, some
peaks are beyond the midinfrared and far-infrared regions
and cannot be excited and measured in our system. For ex-
ample, for apertures with edges of 18, 54, and 162 um [the
larger holes in Fig. 1(a)], the spatial periodicity of the same
type of apertures increases as the hole size is increased. The
resonant peaks contributed by the larger holes could exist in
terahertz region, which are out of the detection range of our
spectrometers.

For the metal film perforated with aperture arrays, there
exist two types of resonance, the shape resonance (localized
SP resonance) and surface mode of SPP.** For the resonant
peaks shown in Fig. 2, we need to pinpoint whether these
peaks come from the shape resonance of each generation of
apertures or whether they are induced by the surface wave
diffraction. When the incident light is normal to the metal
film perforated with square lattice of apertures, the wave
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number of SPP-mediated resonances can be approximately
expressed as"
ﬂ’ﬁ
Vmax(iu/.):u’ (1)
AoMetr

where i and j are integers, a, is the lattice parameter, and n.g
is the real part of the effective refractive index of the perfo-
rated film. The resonance mode can be indexed as (i,j). In
our simulation (plot C in Fig. 2), five peaks are located at
161.33, 227.73, 324.22, 359.38, and 457.03 cm™~'. Normaliz-
ing the location of these five peaks by the lowest resonant
peak at 161.33 cm~!, we may find that each peak can be
scaled to 1,1.41(\6), 2,2.29(\@), 2.83(\@), respectively. It
follows that these five peaks can be indexed as (1, 0), (1, 1),
(2, 0), (2, 1), and (2, 2) according to Eq. (1). Therefore we
suggest that these resonant peaks are indeed contributed by
SPP-mediated surface wave diffraction on a square lattice.

Our results shown here demonstrate that with iterative
generations of square apertures, extraordinary transmission
can be achieved at certain wavelengths. Further, a fractal
pattern, such as Sierpinski Carpet, contains hierarchy ar-
rangement of certain geometrical unit on different scales.
These units can be squeezed in a very limited geometrical
space. Therefore it is possible to achieve enhanced transmis-
sion at various wavelengths simultaneously with the same
integrated fractal sample. These two features imply impor-
tant applications of this unique structure in miniaturization
and integration of optical circuits based on SPPs, and in de-
signing light-emitting devices, spectroscopic devices, and
sensors for chemical and biological applications as well.
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