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A comparison of transmission spectra from periodic, quasiperiodic, and randomly spaced slit arrays
in thick gold films reveals resonant plasmonic excitations that arise solely due to the long-range
order of the quasiperiodic structures. Specifically, first-order plasmonic resonances at the air-gold
interface of the quasiperiodic arrays are identified at a broader range of wavelengths than those
observed from periodic structures with the same average slit distance. Thus, a quasiperiodic
plasmonic coupler that couples both visible and near-infrared light to surface plasmon polaritons is
designed and demonstrated. © 2011 American Institute of Physics. �doi:10.1063/1.3592847�

The discovery of extraordinary transmission through
nanostructured metallic films by Ebbesen et al.1 in 1998
sparked a flurry of scientific activity as researchers tried to
explain and utilize this phenomenon. The transmission from
thin metallic films with subwavelength apertures has since
been studied for a wide range of structures.2–11 Now, it is
commonly accepted that the resonant behavior of these struc-
tures is mainly due to the presence of surface plasmon po-
laritons �SPPs� that are excited on the surface of the film.
This knowledge has allowed researchers to design such
structures to act as tunable filters,12 optical modulators,13

beam-splitters,14 or even form the basis of complex systems
such as microscopes,15 photodetectors,16 and laser sources.17

A SPP is a propagating surface mode that results from
the interactions between oscillating conduction electrons at a
metal-dielectric interface and electromagnetic waves. Be-
cause, for a given frequency, the momentum of a SPP is
greater than that of light, extra momentum must be added to
the incident radiation if resonant excitation is desired. This
can be achieved with a �quasi� periodic structure, such as a
grating, which requires that the following condition be
fulfilled:18

kSP = k� � mkG
�i�, �1�

where kSP is the SPP wave vector, m is an integer, and kG
�i�

is the reciprocal lattice vector of the structure; in this letter
i= p ,q, or r related to the reciprocal lattice vector of periodic,
quasiperiodic, or random slit arrangements, respectively.
Consequently, there have been many studies of the trans-
mission properties of such structures, including on single
apertures surrounded by corrugations,3 one-dimensional
�1D� periodic arrays of slits,9,19 and even quasiperiodic
structures.4–8,10,11 Further, plasmonic structures are promis-
ing as elements for broadband couplers of light in applica-
tions, such as solar cells.20

The recent interest in quasiperiodic structures arises
since the long-range order of these systems differs from the
short range, unlike in periodic structures, which the order
remains the same over different length scales. For a periodic
structure with average distance D, kG

�p�=G=2� /D. In con-

trast, quasiperiodic structures can have reciprocal lattice vec-
tors kG

�q�� �0,G� and kG
�q�� �G ,2G� that we relate to long-

range and short-range order, respectively. Hence, if the
geometry of the quasiperiodic structures is chosen correctly
their resonant plasmonic behavior can strongly differ from
that of the periodic arrays. Specifically it has been theorized
that the increased complexity of these systems can result in a
large array of reciprocal lattice vectors, leading to multiple
plasmonic coupling resonances that span a broad range of
wavelengths.7

Recent experimental work in this field has been prima-
rily focused on either extraordinary transmission4–6 or exci-
tation of localized surface plasmons11 in two-dimensional
quasiperiodic arrays of holes. Likewise, the studies of 1D
quasiperiodic structures are either such that the sample ge-
ometry precludes plasmonic excitation10 or such that only the
short-range order effects are observed.8

In this letter we study the effect of short- and long-range
order on the zeroth order transmission spectra of 1D quasip-
eriodic, periodic, and randomized arrangements of subwave-
length slits. We show that a careful design of the quasiperi-
odic slit distribution leads to broadband first order �m=1 in
Eq. �1�� plasmonic excitation with these resonances spanning
the visible and the near-infrared �NIR� regions. In addition,
we identify plasmonic resonances that arise from the long-
range order of our samples.

In Fig. 1 we show scanning electron microscopy �SEM�
images of the slit arrangements, as suggested in Ref. 7, these
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FIG. 1. SEM images of the �a� periodic, �b� Fibonacci, and �c� randomized
slit arrangements. A, B, and D represent slit separation distances. The struc-
tures are illuminated by p-polarized light with the E-field lying in the plane
of the slit arrangements, as shown in the inset.
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consist of 200 identical slits. To ensure sufficient transmis-
sion and stay in the subwavelength regime we use 120 nm
wide, 1 �m long slits in a 200 nm thick gold layer, which is
positioned on top of a glass plate �n=1.53�. These samples
were fabricated using focused ion beam techniques. Figures
1�a� and 1�c� show the periodic and random slit arrangement,
respectively; in the former, all slits are a distance D from
their neighbors while in the latter slit separations vary ran-
domly between A and B, with a fixed ratio, �, such that the
average separation remains D. Here, � is the golden ratio
�=�1+�5� /2� that is chosen since it allows us to relate mea-
surements from these configurations with those for a quasi-
periodic array of slits.

Although a quasiperiodic arrangement, such as the one
we present in Fig. 1�b� appears disordered on short length
scales, it really contains both short- and long-range order.
For our quasiperiodic array we choose a Fibonacci sequence,
in which distances A and B, are arranged according to

�Sn� = �Sn−1��Sn−2� . �2�

Here �Sn� is the nth sequence, and the first two terms in the
series are �S0�=B and �S1�=A. We use the same golden ratio
as for the random structures, which allows us to express the
average slit separation as

D =
�2 + 1

� + 1
� A . �3�

That is, by correctly setting A we ensure that D is the same
for all three slit configurations. In what follows we use
samples with A=300, 350, 400, and 450 nm �with B=� ·A�,
corresponding to D=415, 484, 553, and 621 nm.

We focus normally incident p-polarized �see inset of
Fig. 1� broadband �550–1700 nm� light onto the samples and
spectrally resolve the transmission of the different arrays. In
Figs. 2�a�–2�c� we show the spectra obtained from the peri-
odic, Fibonacci and randomized slit configurations for differ-
ent D. All configurations show dips for which a change in D
corresponds to a change in their central wavelength. These
dips are attributed to the excitation of SPPs.8

To understand the positions of these features, we com-
pute the structure factor by means of discrete Fourier trans-
form of the slits positions,21

S�kG
�i�� = �

a=1

n

eikG
�i�xa, �4�

which allows us to identify the reciprocal lattice vectors of
our slit arrays. Here n and xa are the number of slits and their
positions, respectively. In essence, by superimposing peri-
odic arrays with different periods it is possible to design a
structure with the same peaks in its discrete Fourier trans-
form as a quasiperiodic structure. Indeed, the discrete Fourier
transform tells us, which periodic arrays are superimposed.
However, whereas the quasiperiodic structure can be con-
structed from identical slits with only two different slit-to-slit
separations, a superposition of different periods would, in the
case of only a few discrete periods, result in a very compli-
cated structure. Further, the disorder in the quasiperiodic
structures adds very small reciprocal lattice vectors over a
broad range of frequencies to the structure factor in the re-
gion between the main peaks �Fig. 2�e��, in essence slightly
broadening these peaks.

In Figs. 2�d�–2�f�, we show plots of the structure factor
computed for arrays of 200 slits. As expected, the structure
factor of the periodic grating �Fig. 2�d�� is narrowly peaked
at kG

�p� /G=m, where m is an integer. Figure 2�e� shows a plot
of the structure factor of the Fibonacci arrangement. Here we
see clear peaks at the position k3

�q� and k4
�q�, that are related to

the short-range order of the array, and less pronounced peaks
at k1

�q� and k2
�q�, which arise due to long-range ordering. Al-

though the randomized arrangement lacks the long-range or-
der that is present in the Fibonacci arrangements, its struc-
ture factor �Fig. 2�f�� does contain peaks near k3

�q� and k4
�q�.

These peaks are expected since we use the same A and B as
for the quasiperiodic arrangement, though they are broader
since the distribution is randomized.

Using Eq. �1� �with m=1�, we match the wave vectors
obtained from the structure factor to the predicted excitation
wavelength of SPPs on the metal-air and metal-glass inter-
face, shown in Figs. 2�a�–2�c�. In the simple case of the
periodic grating �Fig. 2�a�� we find a good agreement be-
tween the predicted locations of the excitations of SPPs and
the observed dips centers.

Although the resonant features in the transmission spec-
trum of the quasiperiodic and periodic slit arrays are similar,
the additional reciprocal lattice vectors of the former struc-
ture must be accounted for correctly. First, the two air-gold
coupling resonances �normal arrows� near 560 and 630 nm
are related to k3

�q� while the other three resonances are due to
k2

�q� and hence can be traced to the long-range order of this
structure. Further, as is seen by the proximity of the differ-

FIG. 2. �Color online� Transmission spectra obtained from the �a� periodic,
�b� quasiperiodic, and �c� randomized slit arrays. We use normal �round�
arrows to indicate the excitation wavelength of the SPP modes predicted
using Eq. �1� on the air-gold �glass-gold� interface. Parts �d� to �f� show the
structure factor for the structures corresponding to �a� to �c�. The horizontal
axis is plotted in units of kG

�i� /G. In �e� k1
�q�, k2

�q�, k3
�q�, and k4

�q� correspond to
kG

�q� /G equal to 0.42, 0.67, 1.08, and 1.67, respectively.
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ently headed arrows, we expect that each air-gold resonance
will be located near a glass-gold resonance �round arrows�
that arises from k3

�q�. For example, the dip near 765 nm for
the D=484 nm curve is due to a resonance at the air-gold
interface that is related to k2

�q� and one on the glass-gold
interface related to k3

�q�.
Lastly, the randomized array appears to show dips re-

lated to k3
�q� but, as expected, these features are broad com-

pared to those in the other arrangements. We attribute this
characteristic to the large width of the corresponding struc-
ture factor peak in Fig. 2�f� because the resonant coupling
condition �Eq. �1�� is fulfilled for a large range of wave-
lengths.

To confirm the presence of resonances related to the
long-range order of the Fibonacci arrangement, we measured
the transmission spectra in the NIR, where the features re-
lated to k3

�q� and k4
�q� are absent. We show these results in the

main part of Fig. 3 and indicate with arrows the location of
the plasmonic resonances that are predicted to arise from k1

�q�

and k2
�q�. In the inset we compare one of these curves with

similar data taken from a periodic array �dashed�, and indeed
see that, within errors, only data from the quasiperiodic
structures shows resonant plasmonic features.

In conclusion, we have contrasted the transmission spec-
tra from quasiperiodic arrays of slits with those from peri-

odic and randomized arrangements. This comparison al-
lowed us to identify plasmonic coupling resonances that
arise due to the long-range order in the quasiperiodic struc-
tures. In turn, this allowed us to design quasiperiodic struc-
tures with first-order plasmonic coupling resonances that
span both the visible and the NIR parts of the spectrum. We
note that the properties of these structures can be further
optimized by tuning the dimensions of the slits.19 Thus, these
quasiperiodic arrays may be of use in the design of broad-
band plasmonic-based devices. In particular, the additional
increase in reciprocal lattice vectors contained in this struc-
tures make them appealing for applications that require the
absorption of light over a large spectral range, such as for
solar-cells.
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FIG. 3. �Color online� The transmission spectra from the Fibonacci arrange-
ments for different average slit-to-slit distances. The arrows indicate the
predicted wavelength for the excitation of a SPP. Normal �round� arrows
correspond to a plasmonic coupling resonance at the glass-gold �air-gold�
interface, via k1

�q� �k2
�q��, the rightmost �square� arrow corresponds to a k1

�q�

excitation at the glass-gold interface. At the left side, the cross �diamond�
headed arrow corresponds to k4

�q� �k3
�q�� on the air �glass� interface. In the

inset we compare a typical resonance in the spectrum of the Fibonacci
arrangement �solid line� and the spectrum of the grating �dashed line�, both
with D=484 nm.

201108-3 le Feber et al. Appl. Phys. Lett. 98, 201108 �2011�

Downloaded 14 Jul 2011 to 194.171.69.210. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1038/35570
http://dx.doi.org/10.1038/35570
http://dx.doi.org/10.1103/RevModPhys.82.729
http://dx.doi.org/10.1103/RevModPhys.82.729
http://dx.doi.org/10.1126/science.1071895
http://dx.doi.org/10.1038/nature05620
http://dx.doi.org/10.1063/1.2355450
http://dx.doi.org/10.1063/1.2773763
http://dx.doi.org/10.1080/02726340801921635
http://dx.doi.org/10.1088/1464-4258/10/7/075202
http://dx.doi.org/10.1088/1464-4258/10/7/075202
http://dx.doi.org/10.1103/PhysRevB.58.15419
http://dx.doi.org/10.1063/1.2799240
http://dx.doi.org/10.1364/OE.16.005544
http://dx.doi.org/10.1063/1.1574603
http://dx.doi.org/10.1063/1.1835997
http://dx.doi.org/10.1063/1.2425049
http://dx.doi.org/10.1109/JLT.2006.889666
http://dx.doi.org/10.1143/JJAP.44.L364
http://dx.doi.org/10.1143/JJAP.44.L364
http://dx.doi.org/10.1038/nmat2822
http://dx.doi.org/10.1016/j.optcom.2007.07.063
http://dx.doi.org/10.1038/nmat2629


Erratum: “Exploiting long-ranged order in quasiperiodic structures for
broadband plasmonic excitation” [Appl. Phys. Lett. 98, 201108 (2011)]
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[doi:10.1063/1.3609319]

In Ref. 1, in the paragraph following Eq. (2), the first

two terms of the Fibonacci sequence are incorrectly stated as

[S0]¼B and [S1]¼A. The correct first two terms are

[S0]¼A and [S1]¼B, for which Eq. (3) (and all subsequent

equations) is correct as given in the original text. The analy-

sis was performed using the correct terms, and therefore, the

results and conclusions are unchanged.
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