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Abstract Extraordinary optical transmission through an array
of holes in a metal film was reported by Ebbesen and coworkers
in 1998. Since that work there has been abundant research activ-
ity aimed at understanding the physics and at the development of
the many applications associated with this phenomenon, hence
the topic of this review. The study of hole-arrays in a metal is not
new — theoretical contributions on a small-hole array date back
to Lord Rayleigh’s description of Wood’s anomaly in 1907 and
there has been considerable research on metal meshes and hole-
arrays since 1962. Bethe’s theory, adapted to treat hole-arrays,
is the simplest theoretical description of the transmission reso-
nance. Following a description of this basic theory, we present
the research on the additional effects from variations in real
metal properties at different wavelengths, film thickness, hole-
shape and lattice configuration. The many promising applica-
tions being developed using hole-arrays are examined, including
polarization control, filtering, switching, nonlinear optics, sur-
face plasmon resonance sensing, surface-enhanced fluorescence,
surface-enhanced Raman scattering, absorption spectroscopy,
and quantum interactions. Finally, the various approaches, devel-
opments in hole-array fabrication, and integration of hole-arrays
into devices are described.

(top left) Schematic of resonant transmission through nanohole
array using scanning electron microscope image of as-fabricated
sample. (top right) Microfluidic chip incorporating nanohole ar-
rays. (bottom) Composite image of array of nanohole arrays used
as sensors in a immunoassay-like microfluidic device, showing
(left to right) schematic of microfluidic layout, microscope im-
age of arrays in microfluidic channels, and laser transmission
modified by adsorbed molecules.
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1. Introduction

In 1907, Lord Rayleigh explained the anomalous absorption
of gratings that had been observed by Prof. Wood, and
that are commonly referred to as Wood’s Anomaly [1]. In
doing so, he considered the transmission of light through
a linear array of small holes in a thin metal sheet, and his
finding was that when the hole-spacing approached the

wavelength, there could be no transmission. He did not
consider the unusual resonance in transmission that results
for wavelengths just longer than the array-period, which
will be the primary focus of this work.

The theory of transmission through a single hole in a
metal was given by Bethe in 1944 [2], and later extended by
Bouwkamp [3]. In Bethe’s theory, the transmission through
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a hole dropped as the fourth power of the hole-diameter for
small holes. Therefore, many expected that almost no light
would emerge from an array of small holes.

There were a number of works investigating larger holes
in metal meshes, starting in 1962 [4]. In those works, typi-
cally in the infrared, a strong transmission resonance was
observed for wavelengths just longer than the array peri-
odicity. Several theoretical works described the origin of
this phenomenon; however, there was no clear description
of how the transmission would behave for smaller holes.
At that time, many applications of the metal meshes were
already recognized.

With the advent of nanotechnology, it has become pos-
sible to make holes smaller than the wavelength of visible
light. Early works produced arrays of holes by electron-
beam lithography, and although they noted considerable
transmission, no resonant effects were found with hole-
periodicity [5,6]. In 1998, Ebbesen and co-workers reported
on the extraordinary optical transmission (EOT) through
arrays of holes made by focused-ion beam milling through
various metals, even when the holes were much smaller than
the optical wavelength [7]. Their work led to an explosion
of activity in the optical properties of nanostructured metals
and a resurgence of research in the transmission properties
of hole-arrays throughout the electromagnetic spectrum.

A decade having past, with nearly 2000 indexed cita-
tions to Ebbesen’s original paper, the activity has not dimin-
ished. The theoretical understanding of EOT has advanced
considerably, including studies on the role of material re-
sponse at different wavelengths, and geometric properties,
such as film-thickness, hole-shape and lattice arrangement.
Furthermore, a great number of applications have emerged
for hole-arrays due to their resonant subwavelength light
confinement and transmission. These applications include
optical filters, polarizers, nonlinear optics, sensing and spec-
troscopy. There is great potential for additional growth in
each of these areas, as well as expansion into the fields of
quantum optics and subwavelength imaging. The ability to
fabricate subwavelength hole-arrays has also advanced, and
it is now possible to create nanoscale holes over large sub-
strates with high-throughput and inexpensive techniques,
such as imprint lithography and interference lithography.
With these advances, many groups are integrating hole-
arrays into devices; for example, including microfluidics,
light sources and detectors.

The purpose of this review is to present a succinct yet
broad coverage of the work concerning hole-arrays in metal
films. Several excellent reviews have been presented that
cover parts of this topic already, ranging from in-depth
coverage of the physics for experts [8] to popular reviews
aimed at a general science audience [9]. There have been
many reviews focused on specific applications, such as sens-
ing and spectroscopy [10-12] and still more on fabrication
technologies. In the context of all of these excellent works,
our goal is to focus particularly on hole-arrays, yet provide
an in-depth review of the associated physics, applications,
fabrication and device integration.

2. Physics of hole-arrays in a metal thin film

2.1. Transmission through a small hole

In 1944, Bethe considered the electromagnetic transmis-
sion through an aperture in a perfectly conducting infinitely
thin screen [2]. The aperture was much smaller than the
wavelength, so that the phase-shift associated with wave
propagation was ignored. For this subwavelength limit, the
problem is reduced to one of electrostatics. In this regime,
Bethe showed that the aperture could be treated as a mag-
netic dipole. It has the same magnetic polarizability as
a capacitor plate with a hole in it for a constant applied
field [13]. From Bethe’s calculations, the transmission (nor-
malized to hole-area) through the hole diminishes rapidly
as the fourth power of the ratio between the aperture size
and the wavelength; small holes transmit almost no light. A
more detailed consideration of the field distribution in the
near-field of the aperture was presented by Bouwkamp [3];
hence the common reference to Bethe-Bouwkamp’s aper-
ture theory.

It should be emphasized that Bethe’s original theory
was for a single small hole in an infinitely thin metal treated
as a perfect electric conductor. It was not for an array of
holes, or for holes comparable to the wavelength in size.
For real metals of finite thickness, we must also consider
the propagation or decay of the waveguide modes inside
the aperture leading to resonances, as will be described
in Sect. 2.5. It is also found within the effective index ap-
proximation [14] that the cutoff wavelength is larger for
smaller holes due to interaction with the plasmons in the
metal. Experiments with single rectangular holes in a metal
confirm this result [15]. Furthermore, it is even possible to
show that there is no cutoff for infinitesimal holes near the
plasmonic resonance [16, 17].

2.2. Early works on meshes, grids, and
hole arrays

As early as 1962, there have been works reporting transmis-
sion resonances through metal grids [4, 18, 19], meshes [19,
20], and circular hole-arrays [21,22]. Fig. 1 shows early
measurements of resonant transmission through a mesh.
These were studied for their filtering capability with ap-
plications in antennas, frequency-selective surfaces, laser
mirrors, solar filters and artificial dielectrics [23]. A phe-
nomenological model for the light transmission through
square apertures was provided using an inductor-capacitor
circuit [18], which was extended with a resistor to include
loss. An early work provided an explicit formulation for the
scattering between holes using Bethe’s theory, yet they did
not explore the resonances for a lattice period close to the
wavelength [24]. Later, a numerical evaluation of the trans-
mission was given, showing a resonant dip in reflection
that was influenced by the surrounding media [21]. Subse-
quently, simple analytic expressions were found for arrays
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of holes above cutoff [23]. Different hole-sizes and shapes
were studied; however, the case of resonances for small
apertures in the Bethe limit was not explicitly provided.

In those early works, in the absence of loss, a resonance
was found with total transmission. Fig. 1 shows near-perfect
transmission at the resonance with finite loss. While Bethe’s
theory for a single aperture suggests that the transmission
will go down rapidly with the hole-size, less than total
transmission at the resonance for an array of smaller holes
was not predicted by that early theory. Furthermore, experi-
mental works have explored the transition between small
and larger apertures (relative to the wavelength), and found
qualitatively different behavior since in the small-hole case,
a single mode can be considered [25]. As we shall see in
the next section, an array of subwavelength holes still gives
a complete-transmission resonance when using Bethe’s the-
ory.

2.3. Bethe’s theory for aperture arrays

Arrays of apertures much smaller than the wavelength al-
low greater transmission than predicted by Bethe’s theory
for a single hole. This has many potential benefits, includ-
ing the ability to squeeze the optical energy into extremely
small areas. In fact, Bethe’s theory, when applied to ar-
rays of holes, gives full transmission at the resonant wave-
length [26,27]. The first work to describe the transmission
through aperture arrays in the Bethe limit considered the
Babinet compliment to the hole-array: an array of disks. It
was found that the disk-array provided zero transmission at

a resonant wavelength [26]. Zero transmission results from
the cumulative effect of the multiple scattering between
disks, where each disk is treated as a dipole scatterer in
an infinite sum over the array. By Babinet’s principle, this
means that an array of holes gives 100% transmission at
the same wavelength. Another approach is to consider the
periodic nature of the problem, which allows for a single
propagating plane wave and an infinite number of evanes-
cently bound modes at each side of the aperture array [27].
In the small-hole limit of Bethe’s theory, for periodicity
close to the optical wavelength, only one of the evanescent
modes needs be considered because its magnetic field be-
comes arbitrarily large close to the cutoff. Therefore, this
transverse magnetic (TM) mode dominates the coupling
to the aperture that is formulated in terms of a magnetic
dipole in Bethe’s theory, as described above. If only this
TM mode (on both sides of the film) and the incident and
transmitted electric fields are considered in a self-consistent
way, total transmission is found at the resonant wavelength.
Fig. 2 shows the result of this self-consistent calculation
for the wavelength-dependent transmission of arrays of
different aperture shapes — the aperture shape influences
the magnetic polarizability of Bethe’s theory, and thereby,
modifies the transmission resonance profile. Another fea-
ture of Fig. 2 is that the transmission goes to zero when
the wavelength equals the periodicity. This phenomenon
was explained by Lord Rayleigh in 1907, where he showed
that an array of subwavelength apertures should give zero
transmission from their mutual coupling [1]. (It is interest-
ing to note that Lord Rayleigh’s elegant explanation was
to describe the anomalous absorption of gratings seen by
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Figure 2 Transmission spectra of polarized light for a square
array of holes in an infinitely thin perfect electric conductor using
Bethe’s theory. Different hole-shapes have different transmission
spectra, yet each has the same area (2% of the total area of the
screen). Rectangle A is half as wide as it is long, and rectangle B
is half as long as it is wide, and in each case the width dimension
is aligned with the electric field polarization. (Reprinted with
permission from [27], © 2007 American Physical Society)

R. Wood and referred to as the Wood’s anomaly; however,
for analytic simplicity, the geometry actually described was
an array of apertures.)

To summarize the physical mechanism of transmission
in parts: (1) the apertures couple the incident radiation
into evanescent modes on both sides of the material that
are bound at the surface; (2) the energy stored at the sur-
face builds up; (3) the stored energy is re-scattered into
the transmitting mode on the other side of the screen to
provide total transmission, while destructively cancelling
the reflected light on the side of incidence to provide zero
reflection. This effect is similar to a Fabry-Perot cavity,
where 100% transmission can be obtained through two
highly-reflecting mirrors because energy is stored within
the mode of the cavity at resonance. An important differ-
ence is that the aperture array allows for non-resonant trans-
mission as well; directly through the apertures, by-passing
the evanescent modes. The non-resonant (direct) and the
resonant (aperture-evanescent wave scattered) paths inter-
fere to produce a Fano line-shape [28,29]. These two paths
have been seen clearly in time-domain numerical studies,
where the resonant transmission is delayed with respect to
the non-resonant transmission [30].

There is a simple interpretation of why only a single
TM mode dominates the transmission for small holes. In
the vernacular of electrical engineers, the magnitude of the
admittance of the aperture increases as it is made smaller.
Similarly, the TM mode’s admittance magnitude (given by
the ratio between the transverse magnetic and electric fields)
also increases as the mode approaches cutoff. Therefore,
the coupling of the aperture to the single TM mode can
be thought of as impedance matching for optimal resonant

energy transfer, whereas the other modes do not couple
efficiently to the aperture.

The physics is complicated by the material response
at different wavelengths, finite film-thickness, the hole-
shape, and the lattice arrangement. The influence of each
of these effects will be described in more detail in the
following sections.

2.4. Real metals at different wavelengths

The transmission properties of an aperture array depend
considerably on the material used and the optical wave-
length. For long wavelengths (mid-infrared to microwave),
metals are well-approximated as perfect conductors and
near-perfect resonant transmission has been found experi-
mentally for thin metals, which agrees well with the theoret-
ical conclusions of the previous sections. In the visible and
near-infrared regimes, the response of the metal plays an
important role, and the transmission resonance is typically
much less than unity.

The observation of EOT in the visible — near-infrared
regime, by Ebbesen and co-workers, was suggested to arise
from coupling to surface plasmons [7,31]. Surface plas-
mons can be propagating surface plasmon polaritons (SPPs)
or localized surface plasmons (LSP). The SPP is a TM
waveguide mode that exists at the interface between a metal
and a dielectric when the real permittivity of the metal is
negative and its magnitude is greater than that of the dielec-
tric. Unlike dielectric waveguide modes, SPPs require only
a single interface, and the mode is exponentially bound at
the surface, decaying both into the metal and towards the
dielectric. The wave-vector of the SPP is given by:

1 2w EJEm
SPP = ~ 4/ T
XV eEda+em

ey
where A is the vacuum wavelength, and €4 5, is the relative
permittivity of the dielectric, or metal. When Rele,,] <
— Re[eq], the SPP wave-vector is larger than the dielectric
wave-vector. The Bragg-condition for resonance of the SPP
with the periodicity of a rectangular array is given by:

Z’Z j2
poi 2

kspp = 27
where a, b are the x and y direction periodicities of the
array and 4, j are the whole number resonance orders along
the x and y directions, respectively. These resonances are
shown with solid lines in Fig. 3, along with the transmission
spectra observed for holes in the square lattice of a silver
film on quartz.

The SPP is an important component of the surface
waves described in the previous section, and the resonant
transmission occurs close to the Bragg resonance for the
SPP. In addition, there can be LSPs within the holes that
also play a role, as will be discussed in more detail in the
next two sections. Both SPP and LSP modes can be present
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Figure 3 Transmission through a 200 nm thick silver film on
quartz with 150 nm diameter square hole array, with period
600 nm. Resonances expected from SPPs shown with solid lines,
and Wood’s anomalies with zero transmission shown with dashed
lines. (Reprinted with permission from [31], © 1998 American
Physical Society)

for free-electron metals in the visible regime, and therefore,
they are important for EOT at those wavelengths.

The role of SPPs on EOT has been debated vigorously
in the literature [31-39]. Some works have suggested that
the diffraction of many evanescent modes is required to
fully-explain the transmission, and the single SPP descrip-
tion is not sufficient. Several works have studied the role
of the SPPs in EOT. Reflection measurements showed an
increase in absorption at regions of the transmission reso-
nance [40]. Furthermore, they showed that the polarization
dependence was consistent with a TM surface wave, even
for angled incidence, which supports the hypothesis that
SPPs play an important role at visible wavelengths. Ex-
periments have been performed where silver was added to
a nickel membrane, and it was shown that the EOT was
enhanced most for the case where both surfaces were cov-
ered with silver [41], which suggests that metals with lower
losses and supporting SPPs show greater EOT in the optical
regime. Comparisons have been made between noble met-
als and transition metals, showing that noble metals, which
support SPPs in the visible, have greater transmission [42].
Interestingly, aluminum was not studied in that work, but
it has been studied in a recent theoretical paper [43] which
showed large EOT in the visible regime where the rela-
tive permittivity has a large negative magnitude. Tungsten
was studied in detail theoretically, and although it cannot
support SPPs due to a positive real permittivity, it shows
enhanced transmission and enhanced local field intensity
at the metal surface close to the geometric resonances [44].
It was noted that similar effects are not expected in germa-
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dimensional NSOM scan above a 4 x 4 array of subwavelength
holes in silver. a) Talbot-like image reconstruction. b) Total in-
tensity scattered by NSOM tip over entire image. c¢) Images at
different heights (self-normalized). (Reprinted with permission
from [52], © 2007, American Institute of Physics)

Figure 4 (online color at: www.lpr-journal.org)

nium due to the relatively small magnitude of the relative
permittivity when compared to tungsten. Experimental stud-
ies of chromium films also showed transmission resonances
in the near-infrared [45].

Near-field scanning optical microscopy (NSOM) is
a useful tool to visualize surface waves and mode-
distributions in the near-field with resolution below the
diffraction limit. As a result, it has been used extensively to
study the role of SPPs in EOT [46-52]. The scattering to sur-
face waves by the nanohole arrays has been observed [47].
Away from the surface, the field pattern observed by NSOM
was redistributed so that light emission was attributed to
the region around the holes [46]. In addition, interesting
diffraction effects, such as Talbot-like imaging away from
the surface, have been observed as shown in Fig. 4 [52].
The Talbot effect is a self-imaging property of gratings,
where there are several focal planes for a particular wave-
length. Near-field experiments on hole-arrays with spacing
greater than the SPP wavelength have shown interference
fringes that agree well with SPP excitation, as shown in
Fig. 5 [53]. A theoretical study showed that the near-field
was influenced by the lattice in calculations of 20 nm silver
films in the near-infrared [54].
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NSOM Images

Simulations

There has also been substantial investigation of hole
arrays in the terahertz (THz) regime. At THz frequencies,
the transmission resonances are less sensitive to the type
of metal used due to the large magnitude of the relative
permittivity [55,56]. Thus, there is less distinction between
the metal and a perfect electric conductor [57, 58], lead-
ing to almost negligible penetration of the electromagnetic
field. The metal loss, however, can play a role in the mag-
nitude of transmission [58, 59]. In the THz regime, the
EOT shows stronger transmission than in the visible, with
5 times more light transmitted than directly incident on the
hole-area [55].

Other materials have also been studied in the THz
regime because of the diverse material responses in that fre-
quency range. For example, SiC possesses strong phonon-
polariton resonances that are similar to surface plasmon res-
onances but these exist in the infrared. SiC films perforated
with hole-arrays also show transmission resonances close
to the array periodicity, as well as enhanced absorption [60].
Doped Si has been demonstrated to provide SPP-influenced
EOT in the THz regime [61]. In addition, the THz response
of InSb is strongly temperature dependent and this can be
used to tune the resonance properties [62].

For millimeter waves, transmittance values higher than
0.95 have been observed [63]. Due to the high quality of
the resonance, the size of the array plays an important role
in the transmittance at those wavelengths. Especially as
the holes are made smaller, the quality of the resonance in-
creases, as expected from Bethe’s theory applied to aperture
arrays, so that a finite array has less transmission. Near-field
studies have also been carried out in the microwave regime,
where the phase of the electric field was also resolved [64].
That work showed clearly the dipole nature of the holes as
scattering elements.

2.5. Film thickness

The physics of transmission through hole-arrays is depen-
dent in a number of ways on the film thickness. For real
metals, the film thickness should be at least comparable to

Figure 5 (online color at: www.lpr-
journal.org) NSOM images of surface
waves interfering above nanohole arrays
fabricated in gold by photolithograpic
methods, and corresponding simulations
supporting the role of SPPs. (Reprinted
with permission from [53], © 2006 Amer-
ical Chemical Society 2006)

the finite penetration depth of the electromagnetic field into
the metal in order to observe significant resonances [65]. As
the film thickness is increased, the hole becomes a channel
and the coupling between surface waves on the two sides of
the film is modified, and for thick films, it can become expo-
nentially weaker [66]. Thicker films can also have localized
resonances within the holes which come from reflection
of the waveguide mode at the hole-ends [67]. Thick films
modify the scattering of surface waves on one side of the
film, allowing for so-called “spoof” surface-plasmons [68]
even for perfect metals, and this mechanism can also be
modeled to have an influence on the transmission as well.

The influence of film thickness, or equivalently hole-
depth, on the transmission was studied experimentally for
optically thick silver films in the near-infrared [66]. For
thick films, the transmission resonance was reduced expo-
nentially with film thickness. This was attributed to the ex-
ponential decay of the waveguide mode within the hole; es-
sentially, light tunnels through the hole. For hole-depths less
than 200 nm, the transmission maximum was less sensitive
to the film thickness (for values greater than the skin depth).
It was postulated from those observations that the SPPs on
either side of the film are strongly coupled for film thick-
nesses less than 200 nm, and become less strongly coupled
as the film thickness is increased. Supporting this hypoth-
esis, the dispersion curves showed stronger band-bending
for thinner films, which indicates stronger coupled-mode
behavior. The influence of film thickness was studied for
0.3 THz transmission through aperture arrays in aluminum
films [65]. It was found that the transmission resonance
becomes stronger as the film thickness is increased, up to
the skin-depth, where the metal becomes optically thick.

From a theoretical point-of-view, it is well-recognized
that the lowest order waveguide mode excited inside the
hole dominates the transmission process for thicker films.
In comprehensive numerical investigations, it was shown
that a single mode actually dominates the transmission of
hole-arrays [69]. This was most clearly demonstrated by
artificially reducing the excitation of each mode and noting
the change in the total transmission [70]. A truncated model
was used to produce an analytical theory of transmission
using only a single mode within the hole [71].
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If the hole is made larger, or shaped appropriately, it
is possible for at least one waveguide mode to propagate
inside the hole, instead of exponentially decaying. The
transition between propagation and evanescent decay of
waves inside a hole is referred to as the cutoff. For a rect-
angular hole in a perfect electric conductor, the cutoff of
the lowest order mode occurs when the longest side is
half the optical wavelength. Propagating modes inside the
hole, or even for modes close to cutoff, give Fabry-Perot
resonances since there is reflection from impedance and
mode-shape mismatch at the ends of the hole. When the
reflections between the ends of the hole add up in-phase,
the field is enhanced within the hole and there is also in-
creased transmission. The phase-of-reflection can be quite
large for small holes and this is enough to allow a reso-
nance in thin films and close to the cutoff, where there
is no phase-of-propagation [67]. This effect has been de-
scribed theoretically for a single rectangular hole in a per-
fect metal [67], and in a real metal [72,73], and for random
arrays of rectangular holes in real metals [74] and perfect
electric conductors [75].

The Fabry-Perot resonances inside holes are sometimes
referred to as LSPs, since they are localized at the hole
and modified by the response of the metal [73]. A number
of works have studied the influence of the Fabry-Perot
resonances on the extraordinary transmission through hole-
arrays for different hole-shapes (for example, [75-77]),
and they will be discussed in detail in the next section.
Fig. 6 shows clearly how the transmission resonance from
a periodic array interacts with the Fabry-Perot resonance

Cutoff wavelength

Figure 6 (online color at: www.lpr-journal.org)
Transmission through an array of coaxial apertures
in a perfect electric conductor (top), shows a reso-
nant wavelength that is tuned by the cutoff wave-
length of the aperture (bottom). (Reprinted with
permission from [77]. © 2006 Optical Society of

America)
1.50

close to cutoff for co-axial hole-shapes. An experimental
signature for the Fabry-Perot resonances is that they do not
respond to angle-tuning, which does influence the surface-
waves coupled to a periodic hole-array. As a result, the
angle-tuned dispersion shows a flat-band response, which
has been demonstrated for square-hole arrays in the infrared
using copper meshes [78], as shown in Fig. 7.

Thick perfectly conducting films with holes can sup-
port “spoof surface plasmons” [68,79], as mentioned ear-
lier. These “spoof surface plasmons” arise for wavelengths
larger than cutoff because the electromagnetic field decays
evanescently into the hole, just like it would in a metal. The
influence of this type of surface plasmon has been studied
experimentally in the GHz regime [80]. For thicker films,
the mode within the hole becomes important, and even and
odd coupling between the surface modes on each side of the
metal film is possible; this provides a double resonance in
transmission with the shorter wavelength resonance coming
from the out-of-phase coupling [8, 81].

2.6. Hole-shape: basis effects

In the previous section, the channel-waveguide properties
of the hole were shown to influence the transmission prop-
erties. Changing the hole-shape influences not only the
waveguide properties of the hole, but also the scattering
to electromagnetic modes on either side of the hole. Even
for infinitely thin perfect electric conductors, the magnetic
polarizability and electric polarizability of the aperture are
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influenced by the shape of the aperture. The hole-shape can
also be used to modify the electromagnetic field distribu-
tion, to influence the polarization and to create resonantly
excitable near-field “hot-spots”. Many different hole-shapes
that have been investigated including cylindrical, cylindri-
cal coaxial, elliptical, square and rectangular, rectangular
coaxial, cruciform, C- shaped, H-shaped, E-shaped, double-
hole (overlapping and non-overlapping), triangular and star-
shaped holes. In addition, the hole-shape has been varied
along the length of the holes, for example tapered, variable
radius, and screw-shaped holes.

Arrays of cylindrical coaxial, or annular, apertures have
been studied at least since 1988 [82] and revisited recently.
For a perfect electric conductor, there is no cutoff of the
lowest-order mode of the coaxial structure; but also, due to
rotational symmetry, a normally incident plane-wave does
not couple to that mode, so it does not play a role in the
transmission. The next lowest order mode can have a cut-
off that is modified by adjusting the inner radius, and this
influences the transmission, as described in the previous
section. For real metals, the cutoff of the corresponding
TE;; -like gap-mode is influenced by the metal response as
well as the gap and it has been referred to as the cylindri-
cal surface plasmon (CSP) mode [83-85]. Field intensity
enhancements of 600 have been calculated inside the an-
nular holes [86]. Compared with similar hole-arrays, the
transmission can be more than doubled, and the multiplica-
tion, compared to area is ~ 8 [87]; however, those are only
example calculations and the enhancements depend on the
precise structure considered. Experimental works have been
carried out on annular aperture arrays in the visible [88]
and infrared [89,90].In the infrared, the light transmission
was found to be doubled for a coaxial hole when compared
to circular apertures of the same size. Rectangular coaxial
guides in real metals also have a gap surface plasmon mode,
which was found to dominate the resonant transmission in
numerical studies [91].

Anisotropic hole-shapes, such as elliptical [92] and
rectangular [93-97] holes, show a strong polarization de-
pendence of transmission. A single rectangular hole is in-
fluenced strongly by the aspect-ratio; the cutoff actually
increases by narrowing the hole and this leads to a red-shift
in the LSP resonance [14,72,73]. The scaling of the ratio of
polarization to the aspect-ratio for elliptical holes has been
treated theoretically using a quasistatic approach [98]. El-
liptical holes with alternating orientation allowed for THz
polarization control of the peak resonance wavelength and
amplitude with varying polarization angle [99]. A compari-
son between the shape effect for rectangular, elliptical and
circular holes has also been explored experimentally within
the THz regime [56, 100].

As well as influencing the waveguide polarization prop-
erties, anisotropic hole-shapes also influence coupling to
surface waves. As a result, the orientation of the hole-shape
with respect to the lattice plays a role in determining the
relative excitation of each resonance [92,101, 102]. Recent
NSOM studies have confirmed the result that elliptical holes
scatter predominantly into TM surface waves perpendicular
to the major axis [51]. For elliptical holes and rectangu-
lar holes, both the waveguide and surface-wave coupling
are polarization dependent; however, for non-overlapping
double-holes, the waveguide modes are nearly-isotropic so
that the polarization influence of surface-wave coupling is
the only remaining polarization mechanism [101].

Arrays of cruciform, or cross-shaped, apertures have
been consider for the transmission resonance properties as
early as 1983 [103]. Similar to rectangular holes, cross-
shaped holes have shown even greater resonance enhance-
ments for similar hole-area, but without the polarization
dependence [104]. Cross-shaped holes also allow for chang-
ing the polarization properties along both directions by
varying the different arms of the cross [105]. The differ-
ent responses of circle and cross aperture arrays due to
their shape-dependent local resonances were compared re-
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cently in infrared experiments [106] (as well as for stacked
aperture arrays).

Hole-shapes that lack inversion-symmetry, such as tri-
angles [107] and three-point stars [108], are interesting
for second harmonic generation, as will be described in
Sect. 3.3. A triangular aperture was compared with circular
and square apertures, showing enhanced linear transmis-
sion for a similar area, which was attributed to increased
side-length [109].

A number of hole-shapes have been considered for
their ability to reduce the effective mode area; including
H-shape, C-shape and E-shape apertures. In these apertures,
the electric field is concentrated inside the narrow gap re-
gion [110-112]. Experimental comparisons between C, E
and rectangular hole-shapes have been performed in the
THz regime [111].

In a similar fashion to the H-shaped hole, the overlap-
ping double-hole provides a narrow gap where the field is
strongly confined. An advantage of the overlapping double-
hole is that it allows for sharp features to be created with a
blunt nanofabrication tool [113]. In the double-hole struc-
ture, as the holes approach one another, they overlap to
produce two apexes, which focus light to an extreme sub-
wavelength region near the tip [114]. The linear transmis-
sion properties of the double-hole depend strongly on the
proximity of the apexes, and they vary significantly with
center-to-center hole-spacing. The strong field enhance-
ment in the double-hole structure also has uses for nonlin-
ear optics and surface-enhanced Raman scattering, as will
be described in Sects. 3.3 and 3.6.

It is also possible to change the hole-shape along the
length of the hole to shift the resonance, enhance the trans-
mission, or rotate the polarization. Tapering the holes in
the middle has also been shown in simulations to change
the transmission resonance in the infrared [115]; the taper

Hole Diameter (mm)

blue-shifts and narrows the peak resonance. Similar to the
taper structure, in the sub-THz region, the transmission of a
small-hole array is enhanced if it is clad on either side with
a large-hole array [116]. Fig. 8 shows the light transmission
for this structure, reported to be over 200 times enhanced
relative to a small-hole array without outer arrays. Screw
shaped holes have been used to rotate the axis of polariza-
tion and induce ellipticity on a linearly polarized incident
beam in the sub-THz regime [117].

2.7. Lattice effects

The arrangement of an aperture array in a metal film in-
fluences the transmission properties by modifying the cou-
pling to surface waves. For periodic arrays, the directional
axes define the direction for which surface waves are ex-
cited. As noted in the previous section, it is possible to
change the orientation of the basis (hole-shape) to influence
the coupling to the surface waves along the different lattice
directions [101]. Other works have compared the relative
influence of lattice effects (denoted SPP) and basis effects
(denoted LSP) by similar methods of changing the basis
shape and orientation [102]. In that work, it was suggested
that the lattice effects are more important; however, the
basis does play a role in how the lattice resonances are
excited [101]. As an example, biaxial arrays have shown
different resonances along different directions of polariza-
tion [118]. When symmetry is broken, either with the basis
or the lattice, the scattering to surface waves is polarized
and the transmission is polarized. Even for square lattices
with cylindrical holes, the scattering of surface waves at the
apertures produces depolarization [119-121]. Other studies
have shown the preservation of orbital angular momentum
of the resonant transmission [122].
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To study the scattering to surface waves, reduced arrays
have been considered. For example, linear arrays of holes
have been studied, as a simpler element that still has the
resonances of a 2-D array [123]. As 1-D strips are added
side-by-side, a shift in the overall resonance is observed
due to coupling between the strips. Dark-field studies of
scattering from linear arrays have shown scattering depen-
dence on polarization and on coupling angle [124]. That
work reinforces that each hole can be treated as a scat-
tering dipole. Of particular interest, that work also shows
resonances from scattering elements for distances that are
much shorter than the wavelength due to the coupling of
local resonances at the holes. The emission distribution is
strongly angle-dependent for finite arrays, which can be
interpreted as coming from the transmission of an infinite
array added to the waves launched at the edges of the array
from truncation [125]. As expected, for triangular arrays,
the resonances follow the lattice directions once again, and
in the sub-THz region, a linear increase in the transmission
was observed with the number of holes for a triangular lat-
tice [126].

Lattices with aperiodic order are interesting because
they do not possess translational symmetry, yet they allow
for higher-order rotational symmetry. An example of a Pen-
rose lattice is shown in Fig. 9b. The Fourier-components
of a Penrose tiling reveals its structure factor, and this has
associated resonance in transmission for Penrose tiling lat-
tices [127]. In that work, the resonances showed a shorter
range behavior, saturating in normalized intensity for an
array with only 200 holes, whereas similar periodic square
arrays saturated at 800 holes with a linear dependence on
side of the array. In another work, the comparison between
an aperiodic structure (with 6-fold rotational symmetry)
and periodic lattices showed greater transmission for the
aperiodic structure [128], which was attributed to enhanced
routes for constructive interference in the aperiodic struc-
ture. Transmission resonances have also been observed
for quasi-periodic and aperiodic arrays in the THz regime,
showing similar results [129, 130]. It is interesting to note
that the resonances in quasiperiodic structures are local-
ized by the array; a theoretical model of a quasi-periodic
array shows the emergence of local hot-spots at individual
holes that depend on the wavelength of excitation [131],
as shown in Fig. 9b and c. Recent visible near-field studies

-20

Figure 9 (online color at: www.lpr-
journal.org) Calculated transmis-
sion through hole-arrays for a) fi-
nite square array and b,c) Penrose
tiling array for two different wave-
lengths showing localized field en-
hancements. (Reprinted with permis-
sion from [131], © 2007 American
Physical Society)
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of quasi-periodic structures have revealed focus spots at
a significant distance away from the surface (5 um) with
widths less than half the optical wavelength [132]. Fractal
aperture patterns in metal films have been investigated for
their ability to show resonances over a broader wavelength
range due to their self-similar structure [133].

2.8. Summary

Significant progress has been made over the past decade to-
wards a better understanding of light transmission through
hole arrays in metal films. Various configurations have been
considered, both theoretically and experimentally, and we
have a better understanding of the effects on transmission
that arise from the real metal properties, the hole size and
shape, the metal thickness, and the array periodicity. Ex-
periments have been carried out over a wide range of the
electromagnetic spectrum, ranging from visible to GHz
frequencies. These investigations also point to areas of
opportunity for creating hole arrays with interesting proper-
ties; for example, by exploring new hole-shapes, periodic
arrangements, or materials. Based on past work, we can
design hole-arrays for different applications at different
wavelengths; for example, to enhance local fields or to pro-
vide efficient filtering with polarization dependence. In the
next section, the applications of hole-arrays that have been
investigated will be reviewed.

3. Applications

3.1. Polarization control

As described above, the polarization of resonant transmis-
sion through nanohole arrays can be controlled by the hole-
shape and by the lattice arrangement. The shape-effect of
the elliptical and rectangular holes can be used to produce
nanopolarizers with a strong polarization dependence of the
resonant transmission [92,93]. The transmitted polarization
is also influenced by the lattice arrangement because the
surface waves are scattered at the hole in the direction of
the electric field of the incident plane wave [101].
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Figure 10 (online color at: www.lpr-journal.org) Polarization
control of an integrated chip of four VCSELSs by means of biaxial
arrays of different orientation, device image and measured out-
put polarization. (Reprinted with permission from [134], © 2007
IEEE)

Nanohole arrays on top of vertical-cavity surface-
emitting lasers (VCSELSs — a semiconductor microcavity
laser) have been used to control the polarization of emis-
sion [134]. VCSELSs are typically unpolarized, which is a
disadvantage for applications where polarization stability
is required. By using biaxial arrays, where one polariza-
tion is resonant and the orthogonal polarization is not, it is
possible to control the output polarization state to be along
one of the array’s basis vectors. With careful design, it is
possible to have increased transmission and reflection of
one polarization with respect to the orthogonal polariza-
tion. So far, output powers of 2mW have been obtained,
which is comparable to other VCSELs. Furthermore, polar-
ization control was obtained from 22 integrated VCSELs,
as shown in Fig. 10.

The lattice arrangement can also be altered for polariza-
tion analysis and routing. This has been exploited for the
interesting case of quasicrystals because they can possess
high-order rotational symmetry. In particular, the diffrac-

tion pattern of light transmitted through a quasicrystal array
is aligned along the direction of polarization [135]. There-
fore, the quasicrystal can be used to determine the linear
polarization by observing the orientation of the diffraction
pattern and, in principle, any polarization state by using
phase-sensitive interference between the diffraction spots.

It is also possible to create chiral symmetry with the
hole-shape or lattice to rotate the polarization or introduce
ellipticity to a linearly-polarized beam. For example, screw-
shaped holes have been used to rotate the axis of polariza-
tion and induce ellipticity on a linearly polarized incident
beam in the sub-THz regime [117].

3.2. Filtering and switching

The filtering effect of aperture arrays in a metal film has
been considered for solar absorbers for many years and,
more recently, for thermal emitters. For solar absorbers, the
aperture array allows the short-wavelength visible wave-
lengths of the sun to pass through and be absorbed by a
material behind the array. The absorbing material heats
up, but it cannot lose energy by black-body radiation be-
cause the long-wavelength infrared light is reflected by the
aperture array [18, 136, 137]. Most of those works consid-
ered large apertures, to pass the greatest visible light, and
resonant transmission was not exploited.

For thermal emitters, the resonant transmission can be
tuned to pass a narrow-band of interest from a heated black-
body. The emitted infrared radiation has a narrower-band
and is directional. A subwavelength hole array was used to
filter the blackbody emission of silicon structures coated
with metal [138, 139]. In another work, the emission from a
thin (100-500 nm) heated SiO- layer sandwiched between
two 100 nm silver films, one with a periodic array of sub-
wavelength apertures, showed a narrow peak of 480 nm
FWHM at around 4 um [140].

In 1962, it was demonstrated that a pair of grids in
parallel could be used as mirrors of a Fabry-Perot interfer-
ence filter for the infrared [4]. The results from that initial
demonstration are shown in Fig. 11. Nanohole arrays in
metal films have been considered for color filtering in the
visible, for applications such as displays. Fig. 12 shows
an example of visible filtering [9]. Polarization control of
shape resonances is a way to tune the resonances of these
arrays [141]. In that work, rectangular apertures were used
to apply strong polarization dependence to the resonances,
and two arrays with perpendicular apertures were super-
imposed to provide two different polarization addressable
resonances. It is also possible to tune the refractive in-
dex of the material by using liquid crystals. For example,
tunable optical filters have been demonstrated in the sub-
THz regime by using magnetically-tuned nematic liquid
crystals to change the surface refractive index and thereby
change the transmission resonance wavelength of the array
from 0.188 THz to 0.193 THz [142]. In that demonstra-
tion, the tuning range was significantly smaller than the
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Figure 12 (online color at: www.lpr-journal.org) 550 nm and
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ing dimples to demonstrate red and green enhanced transmission.
(Reprinted with permission from [9], © 2007 Nature Publishing
Group)

linewidth of around 0.02 THz. Theoretical works have pre-
dicted strong tuning from cylindrical holes in periodic and
random arrangements when infiltrated with nematic liq-
uid crystals [143]. It has also been proposed that magnetic
fields could be used to tune the transmission properties of a
hole array by influencing the Drude-Lorentz response of the
medium [144, 145]. In those works, a tuning capability was
predicted to be apparent for highly-doped semiconductors.

DC studies of THz transmission of hole arrays in InSb
at room temperature and at 240 K showed reduced trans-
mission with increased photogenerated (780 nm excitation
wavelength) carriers [146]. Fast optical switching, between
10 ps and 100 ps, of THz waves has been obtained using a
Si substrate and an optical pump pulse [147]. The optical
pump generates photocarriers that turn the Si into a conduc-
tor and effectively fill in the holes with a “metal” for the
THz waves.

In the visible regime, switching was demonstrated by
electrically biasing liquid crystals in the vicinity of the
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Figure 13 (online color at: www.lpr-journal.org) Differential
transmission of an array of nanoholes covered with dye-doped
PMMA shows changes under UV illumination (arrows indicate in-
creased exposure). (Reprinted with permission from [149], © 2006
Wiley-VCH)

hole-arrays, and thereby modifying the transmission at
a particular wavelength at switching frequencies around
100 Hz [148]. For optically-triggered switching, monolay-
ers of optically active materials can be used to modify the
resonances, both by refractive index shifts and absorption
changes to the molecule [149], as shown in Fig. 13. In that
work, a photoisomer was used to obtain changes in the
transmission profile, which limits the ultimate switching
speed due to the rate of photoisomerization.

3.3. Nonlinear optics

The nonlinear optical response of materials is typically
weak, so intense local fields and phase-matching are re-
quired to have efficient nonlinear optical conversion. Sub-
wavelength aperture arrays in metal films are appealing for
nonlinear optics research because they provide resonant en-
hancement of the optical field in subwavelength dimensions,
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Figure 14 (online color at: www.lpr-journal.org) (left) Log-scale of field intensity enhancement in double-hole structure in gold film
calculated by the finite-difference time-domain method. (right) SHG from periodic arrays of 200 nm diameter double-holes for changes
in center-to-center hole spacing for various angles of sample. The maximum SHG is observed for the sharpest apex double-hole structure.
(Reprinted with permission from [151], © 2007 American Physical Society)

well-below the diffraction limit. In addition, the different
resonances and symmetries associated with the aperture-
shape and the lattice arrangement provide opportunity for
resonances and phase-matching. So far, the nonlinear opti-
cal studies have been limited mainly to second harmonic
generation (SHG).

SHG studies have been carried out for periodic and
random arrays. It was found that SHG in transmission was
enhanced for the angle that maximized transmission of the
fundamental beam, except for small angles where local
symmetry forbids SHG to first order [107]. In a local dipole
theory, SHG is forbidden for centro-symmetric materials
and structures. Even though the maximum transmission was
5 times greater for periodic arrays, random arrays showed
greater SHG for larger angles and smaller angles, because
of symmetry breaking and local resonances allowed by the
random lattice [107]. Also, triangular holes showed greater
SHG due to symmetry breaking of the aperture-shape [107].
Symmetry breaking was further considered from asym-
metric apertures and quasiperiodic lattices, which both
allow for SHG even at normal incidence [108]. Further-
more, quasi-periodic lattices provided greater SHG when
compared with random arrays because of their inherent
long-range order [108].

Aperture shape can also allow for strong local-field
enhancement, well-below the diffraction limit. Of par-
ticular interest are sharp tapers, since the surface plas-
mon is strongly confined as it travels to the tip of the
taper. SHG from double-holes showed a pronounced in-
crease when the double-holes were just touching to produce
two sharp apexes [150, 151], as shown in Fig. 14. Due to
symmetry, once again, those studies required angled in-
cidence to obtain significant signal. Measurements using
the reflection geometry showed similar results. A modified
double-hole structure, where one of the apexes is milled
away, has recently been demonstrated to break the centro-

symmetry [152], as was done with triangular holes [107]
and stars [108]. That work showed pronounced increase in
the SHG for small angles [152].

Enhanced nonlinear conversion can be obtained by tun-
ing the lattice and local resonances of the apertures indi-
vidually. As described in Sects. 2.5 and 2.6, by tuning the
hole-shape to cutoff, there can be an LSP from the Fabry-
Perot mode inside the hole. This leads to enhanced SHG
when the cutoff is tuned to be resonant with the funda-
mental [153]. Fig. 15 shows a strong enhancement in the
SHG as the aspect ratio of the holes is varied toward the
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Figure 15 (online color at: www.Ipr-journal.org) Dramatic in-
crease in SHG single for arrays of rectangular holes when the
aspect ratio of the rectangular hole is tuned to allow for LSP reso-
nance, while the fundamental beam transmission only increases
moderately. (Reprinted with permission from [153], © 2006 Amer-
ican Physical Society)
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cutoff. Similar shape-resonances were observed from the
sunglass structures [152], where symmetry breaking was
further used to enhance SHG.

The hole-arrays can be used to enhance SHG from
nonlinear optical materials inside or adjacent to the holes,
as has been done for GaAs in annular apertures [154]. In
that case, the resonance was associated with the LSP of
the individual hole, not the lattice periodicity (for both the
second harmonic and fundamental).

3.4. Surface plasmon resonance sensing

The dependence of resonance wavelength on the refrac-
tive index of the dielectric environment was recognized in
early works on transmission gratings [21]. In the context of
nanohole arrays in metal films, the sensitivity of the trans-
mission properties at resonance to the refractive index of a
liquid cladding the array was first demonstrated in [155]. In
that work, the transmission resonance wavelength associ-
ated with the surface plasmon resonance (SPR) red-shifted
as the refractive index of the liquid surrounding the ar-
rays increased. These results are expected considering the
approximation of the SPR condition for grating coupling
given by Eq. (2).

The specific dependence of EOT resonances on the re-
fractive index near-surface suggests that nanohole arrays
are good platforms for chemical sensing [9]. In fact, SPR
from planar gold films are well-established as an analyt-
ical method, widely used in chemistry, biochemistry and
biomedicine [156]. Standard SPR biosensing is realized by
immobilizing a target and monitoring the changes in the
resonance upon adsorption of the molecule of interest to the
target. Other assay modalities, such as competitive binding
and sandwich testing, are also possible. SPR from planar
gold film is usually implemented using prism coupling,
which requires a total internal reflection (attenuated total
reflection, or ATR) arrangement proposed by Kretschmann
and Raether [157]. A typical sensitivity of prism coupling
SPR systems is in the range between 3100 to 8000 nm/RIU
(RIU = refractive index unit) [158]. Imaging SPR has also
been implemented using the reflection configuration, al-
lowing the multiplexing detection of several biological
markers simultaneously [159, 160]. However, the reflec-
tion geometry introduces distortions to the imaging and
this arrangement is not easily miniaturized or integrated in
lab-on-chip devices. Arrays of nanoholes provide a series
of potential advantages over the most common current SPR
technology [161], and the normal transmission geometry
(as opposed to the ATR geometry) is favorable for device
integration [162].

The dependence of SPR from nanoholes arrays in
gold films to surface adsorption events is illustrated in
Fig. 16 [163]. The white light transmission through a bare
array of nanoholes on gold presented a main SPR peak at
645 nm. The same array, but modified by a monolayer of
mercaptoundecanoic acid (MUA) showed a 5 nm red-shift
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Figure 16 (online color at: www.lpr-journal.org) EOT for SPR
sensing. The transmission resonance peak shifts with the surface
absorption of a monolayer of MUA and again with the addition of
the BSA protein. (Reprinted with permission from [163], © 2004
American Chemical Society)

in the SPR wavelength due to the changes in the dielec-
tric properties at the surface. The adsorption of a protein
(bovine serum albumin - BSA) on top of the MUA layer
led to an additional 4 nm red shift in the SPR wavelength.
The spectral characteristic of a bare gold surface was recov-
ered after the surface species were removed by a plasma
cleaning treatment [163]. The sensitivity obtained from this
early demonstration was calculated as 400 nm/RIU, which
is smaller than observed for the typical fixed-angle SPR un-
der the Kretschmann configuration [158]. Other nanohole
platforms, for instance the quasi 3-D structures prepared by
a combination of nanoimprint followed by metal deposition
reported in [164], have yielded better sensitivity for SPR
based sensing, between 700-800 nm/RIU.

The smaller sensor output sensitivity of nanohole arrays
had been tackled by improving either the instrumentation or
the detection scheme [165, 166], or by the optimization of
the hole-shape to take advantage of LSP resonances [167].
An example of the instrument optimization approach is the
implementation of a detection scheme involving crossed-
polarizers [165]. In that case, sharper, more-symmetric,
transmission resonances were obtained because the crossed
polarizers isolate scattered surface-mediated transmission
from the unwanted direct transmission [165, 168, 169]. Sen-
sitivities approaching conventional SPR have been reported
using that approach. The concept of enhanced sensitiv-
ity by hole-shape optimization was demonstrated by us-
ing a double-hole basis to follow the real-time adsorption
of BSA [167]. The role of the localized surface plasmon
modes at the apexes of the touching double-hole structure in
the enhanced sensitivity was confirmed by finite-difference
time-domain calculations. An alternative to these efforts
to improve the device sensitivity is to devise analytical
methodologies that increase the response to the binding
event. A common example is the application of sandwich
assays in SPR [170]. The detection antibody can be even
tethered to a gold nanoparticle which will introduce a 3-fold
enhancement in the sensitivity of protein detection using
nanohole arrays [171].
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As an alternative to wavelength-shift detection, it is
possible to monitor the extent of adsorption by measur-
ing intensity variations in a transmitted monochromatic
beam [172]. The wavelength of the transmitted light must
be within the SPR peak. The steepest edge of the transmis-
sion band should provide the best sensitivity. A limitation
of this approach is the changes in intensity from spurious
effects, such as scattering by particles in the solvent, which
cannot be separated from the signal changes. Biaxial arrays
with different resonance peaks for the two orthogonal polar-
izations were introduced to overcome this limitation [173].
The shift in SPR due to molecular adsorption led to an
increase in the transmission for one polarization and a de-
crease to the other. The spurious intensity variation can be
eliminated by analyzing the adsorbate-induced changes in
relative intensity from both polarizations.

Due to their small size, nanohole arrays offer the pos-
sibility of reduced detection limits, since the signal origi-
nates from a small area. Limit of detection in the attomolar
(10~ '8 Mol) range has been recently reported for SPR using
arrays of nanoholes [174]. The approach consisted in block-
ing the top surface area of the array with a dielectric layer
(Si0,,), limiting the detection to the gold surface inside the
holes. Surprisingly, the blocking of the top surface did not
decrease the sensor output sensitivity of the array, indicat-
ing that the LSP mode inside the hole plays a dominant role
in this case. Each 170 nm diameter hole can accommodate
an estimated 2000 proteins in its inner surface for an array
of 900 holes that was used. This areal limit of detection can
be further decreased by taking advantage of smaller arrays
without affecting the output sensitivity of the device [175].
The in-hole detection of proteins adsorbed on surface immo-
bilized phospholipids at the bottom of nanoholes in random
arrays has also been demonstrated [176]. In that case, the
gold surface was blocked by the non-specific adsorption
of BSA. The same approach was implemented for cancer
biomarker detection, with an estimated limit of detection
of 0.1 pg of the antigens per mm? [177].

The application of nanohole arrays in chemical sens-
ing to date have only explored the plasmonic properties of
these structures. However, these arrays are fundamentally
channels that could be harnessed for analyte transport under
a nanofluidics regime. The concept of a flow-through chem-
ical sensor based on nanohole arrays that take advantage
of both plasmonics and fluidics properties of this platform,
has been suggested in [12] and demonstrated recently [178].
The final objective is to have the gold surface coated with a
dielectric material and the sensing area will be confined to
the inside of the holes [174]. The analyte diffusion to the
inside walls of the nanoholes will be greatly accelerated
by this approach due to the reduced cross-sectional area;
rapid transport is enabled by the nanoscopic dimensions of
the channels. More importantly, the flow-through scheme
confines the analyte to the same region of the concentrated
electromagnetic field, for inherent sensitivity.

Although most of the efforts on the application of
nanohole arrays as chemical sensors are centered in self-
assembled monolayers and biological systems, the EOT

phenomenon can also be used to monitor dielectric film
thickness. Experiments in the infrared allow the detection
of films up to 200 ym [179]. The transmission properties
in those experiments were different when just the input
side of the nanoholes was coated compared to when both
(input and output sides) were coated. A lower sensitivity
was observed for the asymmetric arrangement, suggesting
that a through-film surface-wave interaction is required in
that regime. Ni meshes have also been used to determine
the thicknesses of TiO, films in the middle IR [180].

3.5. Surface-enhanced fluorescence

Fluorescence spectroscopy is used widely in the detection
of biological species. Although most fluorescence-based
assays are not “label-free” (in contrast to SPR), they present
higher sensitivity and their detection limit can reach the
single-molecule level [181]. The concept of plasmonic
structures enhancing fluorescence might seem contradic-
tory at first glance, due to the well known quenching of
emissions from adsorbates on metal surfaces [182]. How-
ever, while the quenching mechanism is short-range and
only important for species in immediate contact to the
metal, the surface plasmon field extends several nanome-
ters away from the surface, providing enough field strength
to increase the emissions for species located more than
5 nm away from the surface and within the surface plasmon
field [183].

Initial experiments of enhanced fluorescence from
species adsorbed in nanohole arrays used a monochromatic
light source and measured the dependence of the fluores-
cence intensity on the angle of incidence of the excitation.
The SPR conditions led to a 40 times increase in the fluo-
rescence emissions [184]. This level of enhancement was
confirmed in normal transmission experiments, where the
excitation energy was transmitted through the nanoholes
and excited a dye immobilized in a polymeric matrix in con-
tact to the gold surface [185]. Fig. 17 shows the dependence
of the measured enhancement factor (EF) with the periodic-
ity of the array. Since the geometry of the experiment was
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Figure 17 (online color at: www.lpr-journal.org) Enhancement
factor (EF) of fluorescence observed for nanohole arrays of vary-
ing periodicity (p). The maximum fluorescence corresponds to the
maximum in transmission. (Reprinted with permission from [185],
© 2005 American Chemical Society 2005)
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kept constant, the array that allowed maximum transmis-
sion of the exciting field at normal incidence presented the
largest EF.

Affinity assays were devised to take advantage of the
enhanced fluorescence enabled by nanoholes [186]. The
nanohole platform offers a nanoscopic region for analyte
confinement inside the holes. The surface plasmon modes
inside the holes also lead to enhanced fluorescence [187].
The in-hole enhancement is mainly due to LSP modes [188],
but other factors, such as increased light collection effi-
ciency, contribute to the observed enhancement. Antibod-
ies can be specifically placed in the nanoholes using a
nanopipet, generating high density arrays for simultaneous
fluorescence read-out [189].

Nanoholes are also suitable as zero-order waveguide
platforms for single molecule fluorescence, where all
modes inside the holes are cutoff [190]. In this case, the
effective probed volume is given by the field distribution
inside the hole and the dynamics at the molecular level
can be followed by monitoring a single molecule diffusing
in and out of the field. For instance, a 6.5 increase in the
fluorescence emission from single molecules was reported
from a single hole in aluminum [191].

The fluorescence enhancement is generally accompa-
nied by a lifetime reduction due to the quenching effects
and the direct transfer of energy from the molecular excited
state to surface plasmon modes at the metal. A notorious ex-
ception was the moderate reduction in the lifetime observed
for Rhodamine 700 on hole arrays; however, in that case, a
spacer layer was used, so there was likely no infiltration of
the dye into the holes [192].

3.6. Surface-enhanced Raman scattering

Normal Raman scattering is a weak effect, but the Raman
signal can be significantly enhanced for molecules adsorbed
at plasmonic structures in surface enhanced Raman scatter-
ing (SERS) [193]. The Raman scattering from a molecule at
a metal nanostructure is enhanced by the surface plasmon
local electric field at the laser excitation frequency. The
Stokes-shifted scattered photons from the molecules are
generally within the surface plasmon envelope, since the
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A A
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bandwidth of the SPR from nanostructures is much larger
than the molecular vibrational energy. The Raman scattered
photons from the molecules can then also excite surface
plasmons, providing an additional enhanced field at the
Raman-shifted frequency. As a result, the SERS intensity
will scale as the fourth power of the local field enhancement.
The role of surface plasmons in SERS is now well-accepted
and this effect has been observed for species adsorbed at
different plasmonic platforms, including random [194] and
organized structures [195]. Nanohole arrays are interesting
for SERS investigation because they allow for resonantly-
enhanced local fields at the surface of the nanostructured
metal film.

Fig. 18 shows the SERS results from a probe molecule,
oxazine 720, adsorbed on arrays of nanoholes in gold
films [196]. In the forward scattering experimental geome-
try, the laser beam is transmitted through the nanoholes to
excite the species adsorbed at the opposite gold surface. Ex-
periments using arrays with different periodicities showed
a relationship between the SERS intensity and the EOT at
the laser excitation. The strongest SERS is observed for
the array that provides the best match between the laser
excitation and the EOT peak.

The estimated SERS EF for the probe molecule, ox-
azine 720, relative to the normal Raman of liquid benzene
was 10° [196]. Oxazine 720, however, has an electronic
absorption that coincides with the wavelength of the exci-
tation laser. This means that the experimental EF contains
extra contributions from the resonance Raman (RR) effect.
Typically the EF due to the RR is between 10 and 107
Experiments using molecules that do not support RR at
the laser excitation, such as rhodamine 6G dye and pyri-
dine, adsorbed on nanohole arrays in gold did not show any
measurable SERS in the initial studies on cylindrical holes.
SERS spectra from oxazine 720 adsorbed on nanohole
arrays in copper with different periodicities were also ob-
tained [197]. Although the relative EF obtained for copper
was an order of magnitude smaller than for gold, a similar
relationship between the SERS efficiency and the periodic-
ity of the arrays was observed. The maximum SERS was
observed for the array periodicity that provided the largest
local light field strength at the excitation wavelength, as
determined by numerical simulations. A quantitative eval-

Figure 18 (online color at:
www.lpr-journal.org) (A)
Transmission geometry for
SERS measurements. (B)
Enhancement of Raman
signal observed for arrays
with greater white light trans-
mission (inset). (Reprinted
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with permission from [196],
© 2005 American Chemical
Society)
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Figure 19 (online color at: www.lpr-journal.org) Raman scattering from arrays of double-holes. a) Maximum SERS observed in
forward and back scattering geometries when the double-holes just overlapped to produce sharp apexes. b) Tuning the periodicity could
further enhance the SERS. (Reprinted with permission from [200], © 2007 American Chemical Society)

uation of the EF from nanoholes in silver was carried out
and a 10? enhancement due exclusively to the SP excitation
through nanoholes was obtained [198]. SERS from a thin
metal film covered with a random distribution of 50 nm
nanoholes (coverage equals to 100 holes/um?) have been re-
ported [199] and the obtained SERS signal was comparable
to that obtained from individual nanoparticles.

The SERS results with circular holes show that the EF
can be tuned by the array periodicity, but the magnitude of
the enhancement is modest for those structures (between
10?-10%). The SERS efficiency can be further optimized
by modifying the shape of the nanohole. As described in
Sect. 3.3, the double-hole structure allows for strong local
field enhancement when the holes are just touching to pro-
duce sharp apexes. The strong field enhancement in this
double-hole structure was used to enhance SERS [200], as
shown in Fig. 19. The extra enhancement from the localized
SP at the apexes can be tuned by changing the double-hole
center-to-center distance, which changes the shape of the
apexes. The SERS enhancement factor from dyes adsorbed
on the double-hole structure was an order of magnitude
larger than for circular holes [200]. It should be kept in
mind that the field enhancement only occurs over a much
smaller area in the double-hole structure, so the enhance-
ment is only “felt” by a small fraction of the molecules
covering the surface. Therefore, when normalizing to the
number of molecules in the field-enhanced regions, the
SERS enhancement for double-holes is much greater.

3.7. Absorption spectroscopy

The ability of the subwavelength hole arrays to enhance
absorption has been explored in infrared spectroscopy [10,
201-204]. A 300-fold increase in the infrared absorption
relative to reflection-absorption spectroscopy has been re-
ported for a self-assembled monolayer on copper, using
transmission mode Fourier transform infrared spectroscopy.
Besides the standard field enhancement effect common

to any surface plasmon enhanced spectroscopic methods,
another important contribution in the case of infrared ab-
sorption is the increase in path length enabled by SPPs that
travel parallel to the metallic surface [204]. The analysis of
the enhanced surface infrared spectrum of adsorbed species
allow the determination of the orientation of molecular
species with a higher precision due to the better signal-
to-noise ratio than observed from reflection-absorption
spectroscopy. The hole-enhanced infrared technique has
been used to follow the catalytic conversion of methanol
to formaldehyde and to study membrane proteins in phos-
pholipid bilayers. In an interesting series of experiments,
arrays were stacked to provide zero open area, and en-
hanced transmission was observed even in that situation.
The resonances in this case were narrower than observed
from individual arrays [205,206]. This procedure can be
used to obtain enhanced infrared absorption of thin films
between the arrays. Based on these enhanced-absorption
investigations, it is possible that hole-arrays will also find
applications in photovoltaics.

3.8. Quantum effects

A few works have hinted at the possibility of enhanced
quantum interactions using nanohole arrays. It was shown
that entanglement could be preserved in the transmission of
photons through nanohole arrays [207]. Since the enhanced
transmission is enabled by the interaction with a sea of elec-
trons in the metal, the quantum system interacts strongly
with a large population of electrons, yet maintains its quan-
tum coherence. Entanglement was preserved so long as care
is taken to ensure that “which-path” information is not con-
tained in the polarization state of the array. A second work
has shown that quantum dots can have enhanced fluores-
cence by a factor of 300 when placed at the surface of the
nanohole array [208]. Further work is required to harness
the potential of enhanced quantum interactions allowed by
nanoholes in metals, especially considering the metal loss
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and the correspondingly low quality of resonances. Yet,
as described above, nanohole arrays allow for resonantly
focusing light down to the nanoscale, where reduced vol-
umes and an increased local photon density of states show
potential for enhanced quantum interactions [209].

3.9. Summary

Hole-arrays in metal films have brought new methods for
polarization control, filtering, optical switching and sensing.
They have allowed for enhanced interactions with materials,
with applications in nonlinear optics, Raman spectroscopy
and absorption spectroscopy. For these applications, the
hole-array represents a compact structure for resonantly
enhanced performance. Future refinements may bring even
greater performance in these areas, for example, to detect
and identify single molecules. In addition, the enhanced
matter interaction allowed by hole-arrays is promising for
the study of quantum effects, which have been relatively
unexplored to date. For many of these applications, it is nec-
essary to develop fabrication methodologies, especially for
wide-scale deployment. In addition, the integration of hole-
arrays into device platforms provides many challenges and
opportunities. Fabrication and integration will be addressed
in the next section.

4. Fabrication and integration

4.1. Fabrication approaches

The fabrication of hole-arrays for infrared and longer wave-
lengths does not require nanofabrication, and commercial
meshes are readily available. Nevertheless, creative ap-
proaches can be used to obtain interesting features. As an
example for arrays used in THz studies, a saw was used to
cut rows of lines on either side of a silicon wafer. The rows
were orthogonal to each other and when they intersected
they produced square holes down to 45 um [210].

For the use of hole-arrays in the optical and near-
infrared, nanofabrication approaches are required. Early
work on the fabrication of hole-arrays in metals (for the
development of NSOM applications) used electron beam
lithography [5, 6], and this method is still used in some
cases, for example, in combination with sputter etch-
ing [186,211]. Focused-ion beam (FIB) milling [212] has
been used extensively to create hole-arrays [7]. FIB milling
can be used to directly remove material from a metal film
with high-resolution using gallium ions accelerated with
voltages of around 30 keV and focused to ablate a surface
on impact. In the past 10 years, FIB columns have been
combined with scanning electron microscopes producing
dual-beam systems, so that the milled structure can be in-
spected directly after milling. This allows for in-situ adapta-
tion of the milling parameters to improve the nanostructure
quality. FIB milling allows for spot sizes at the nanometer

scale, and feature sizes of tens of nanometers are created
routinely. FIB has also been used extensively on nickel
films, which can be subsequently coated with noble metals
to produce free-standing structures [41].

Photolithographic approaches have also been used to
create hole arrays. It is possible to use the photoresist film
to support membranes, and to produce holes of 5 micron
diameter [213]. For smaller hole-sizes, it is possible to use
interference lithography or phase-shifting photolithography,
and subsequent deposition or etching of metal, to produce
long range periodic structures [48,90,214,215]. For sub-
wavelength feature sizes, this approach commonly uses a
UV laser (~ 365 nm) and produces features down to 150 nm.
Even finer features can be obtained by creative interference
lithographic approaches, such as undercut etching to pro-
duce fine annular apertures with gap-sizes of 60 nm [90].
Dual-period, elliptical, and half-elliptical structures have
been produced with interference lithography over large
areas [216].

Molding and printing techniques are also possible can-
didates for the creation of nanohole arrays over large areas
— these techniques are potentially less-expensive and more
rapid [217]. Soft nanoimprint lithography has been used to
produce plasmonic sensors [218]. Replica techniques pro-
duce smooth surface nanohole arrays with higher-quality
resonances [175]. Scanning probe methods are also possi-
ble, such as dip-pen nanolithography direct etching [219]
and scanning probe nanolithography using mechanical
force to create subwavelength hole arrays [220].

The most common bottom-up approach for the fab-
rication of nanohole arrays is the use of self-assembled
polystyrene spheres as a template [221]. Organized do-
mains of hexagonally packed spheres provide a template
for subwavelength hole-arrays. Further processing includes
plasma etching of the array of polystyrene spheres and
metal deposition to produce holes. The metal deposition
step can be either by physical deposition or by electrochem-
ical deposition. The structure of the plasmonic substrate
can be tuned by varying the diameter of the spheres, the
etching, and deposition conditions. This approach allows
the fabrication of arrays of either holes or particles. For
instance, this fabrication method has been used to study
the transition from localized SPR from isolated metallic
nanoparticles to propagating SP waves characteristic of pe-
riodic hole arrays [222]. Many permutations are possible
with polystyrene sphere lithography; for instance, nanow-
ells, where a disk is below the hole, were fabricated using
this procedure and studied in reflection and transmission
modes [223].

4.2. Integration and devices

Arrays of holes in metal films, as sensors, are well-suited
to device-level integration. The small foot print and normal
collinear optical excitation mode were noted as motivating
factors from the first sensing demonstration [163]. Since
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Figure 20 (online color at: www.lpr-journal.org) Examples of several microfluidic and optical integration strategies employed for
nanohole array based sensors. a) An array of nanoholes arrays in a microfluidic chip (From [226], © 2007 American Chemical Society).
b) A microfluidic platform with an array of 25 nanoholes arrays (From [211], © 2008 American Chemical Society). ¢c) A 6x5 array of
nanohole arrays used in real-time refractive index monitoring (From [175], © 2008 American Chemical Society). d) A set of microfluidic
chips with integrated nanohole arrays using a single wavelength source and transmission intensity measurement (From [172], © 2008
Optical Society of America). e) An alternative, probe-style integration of nanoholes on the end of a fiber optic (From [228], © 2007

American Institute of Physics). (Reprints with permission)

that time, integration of nanohole arrays in a simple mi-
crofluidic channel has become relatively common. Recently,
more intricate integration in terms of both fluidics and op-
tics has been employed as the technology matures and some
efforts shift from fundamentals toward applications. Inte-
gration efforts to date have largely been in concert with
sensor developments and it is difficult to separate them
entirely. A recent review discusses nanohole arrays as com-
bined optofluidic (optical and fluidic) elements [224]. In
this Section, an overview of the most notable integration
advances to date is provided, as well as some areas for
future efforts.

A common scenario involves, as a starting point, an
array of nanoholes milled into a metal film on a flat
macroscale substrate such as a glass slide. Employing a
simple microfluidic channel over the array is the most
basic form of integration and enables the local nanohole
array environment to be protected, physically and chem-
ically [165, 186]. A high aspect ratio rectangular cross-
section microchannel also provides a means of exposing
the sensor to a liquid environment without any of the flow
or optical artifacts associated with a free liquid surface. Soft
lithography is a common microfluidic channel fabrication

strategy that is well suited to this application as it requires
minimal infrastructure, cost and time [225]. In addition, the
elastomeric nature of the chip (commonly polydimethyl-
siloxane, PDMS) facilitates reversible sealing to the glass
or gold substrate that may be enforced through mechanical
clamping, or may be irreversibly sealed to bare glass. Re-
versible sealing is convenient in many research applications
involving nanopatterned substrates as the substrate may be
removed, cleaned and reused multiple times while the chips
are prone to contamination. The elastomeric nature of the
chip also mitigates potential for damage to the arrays that
can be incurred, for instance, in aligning the chip.

Fig. 20 shows examples of several microfluidic and op-
tical integration strategies employed for nanohole arrays
in metal films. An integrated chip with a 6x2 array of
nanohole arrays that facilitated spatial detection of a con-
centration gradient and sequential detection of biotin and
streptavidin [226] is shown in Fig. 20a. More recently, an
array of 25 individual nanohole arrays was integrated in a
microfluidic platform as shown in Fig. 20b, and 25 separate
binding curves were obtained for the same adsorption sys-
tem [211]. Similarly, Yang and coworkers [175] employed
an integrated 6 x5 array of nanoholes arrays as shown in
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Fig. 20c. In that work, multiplexed nanohole arrays, of size
down to 3x3 holes, were used in the real-time refractive
index monitoring and the detection of a SAM and anti-G
surface-binding [175]. Refractive index matching in that
work allowed for 20% improved sensing performance and
the supersmooth surface allowed for reduced scattering
losses and sharper peaks. Furthermore, the holes were cre-
ated using a replication technique which shows promise
for mass-production. Both these studies, as well as Lesuf-
fleur et al [167], shown in Fig.20d, employed a single
wavelength source, and thus measured a change in trans-
mission intensity at each array as opposed to spectral data.
As discussed earlier in this paper, direct intensity measure-
ments can take advantage of parallelized detectors such as
CCDs and thus can achieve a higher degree of multiplex-
ing and throughput than spectral measurements obtained
serially [172,175,211].

Other strategies for integration of nanohole arrays have
been developed. One interesting approach that deviates
from the lab-on-chip concept is to integrate nanoholes on
the end of a fiber [227,228], as shown in Fig. 20e. Such a
device could potentially be used in vivo for a range of diag-
nostic purposes, however, environmental control (rinsing
etc.) that is important for surface adsorption tests would be
a challenge in the fiber-optic approach.

The maximum achievable density of array-based sen-
sors in a planar device depends on several factors: the abil-
ity to independently functionalize and address each sensor
with analyte and sensing optics and the minimum size of
array. Regarding the minimum size, recent demonstrations
realized sensing with nanohole arrays as small as 1 pm?.
Edge effects become more important at small array sizes.
It is possible, for instance, to isolate separate arrays, as
well as enhance EOT by capturing SPs that are travelling
away at the edges of the array. This isolation has been
achieved using grooves or dimples called plasmonic Bragg
reflectors [229,230].

To date, nanohole integration strategies have involved
dead-ended holes, or pits, in a solid substrate. In those
cases, integration efforts developed previously for other
localized surface sensors, such as microarrays, are readily
applicable. A flow-through nanohole array scheme, as dis-
cussed previously, exhibits several advantages in terms of
analyte transport and solution sieving [12]. Integration with
flow-through nanohole arrays, however, will involve some
additional challenges and opportunities. For instance, to
achieve through nanoholes, very thin, and stiff materials,
such as silicon nitride are required. Such a flow-through
film requires integration with service fluidics on both top
and bottom. With these challenges met, extension to multi-
plexing, in plane, should be straightforward.

Looking ahead, it is possible to foresee many poten-
tial developments in this area. The normal incidence in-
terrogation mode, inherent to nanohole arrays, rules out
three-dimensional integration since direct optical access is
required on both sides. However, the degree of planar inte-
gration may be greatly increased beyond current demonstra-
tions. It is also likely that new alternative approaches, such

as the fiber integration and the flow-through nanohole ar-
ray, will appear and present new integration challenges and
opportunities. Many developments in this area are expected
as nanohole array-based sensing technology matures.

4.3. Summary

Among the many fabrication approaches for hole-arrays,
both top-down and bottom-up, several show promise for
mass fabrication. In addition, there are many possibilities
for the integration of hole-arrays into device platforms. In
some cases, the hole-arrays can provide additional func-
tionality beyond the resonant optical transmission; for ex-
ample, by acting as fluidic channels for a solution of ana-
Iyte. It is clear that there are many possibilities for multi-
disciplinary collaboration to advance the hole-array based
devices and applications.

5. Outlook

The field study of hole-arrays in metal films has undergone
intense advancement in the last decade, since the report
of Ebbesen and co-workers of extraordinary optical trans-
mission. The physics of this transmission phenomenon has
been studied in depth, and a good body of literature has
amassed on the influence of various metals, wavelengths
and structural parameters on the transmission resonance.
Nevertheless, there are still vigorous debates in the litera-
ture about the exact causes of this phenomenon.

Further growth is expected in this research area for
years to come. This growth will be led by the many poten-
tial applications to photonics. Already, the research on hole-
arrays is a multi-disciplinary topic, involving researchers in
physics, chemistry, engineering, biology and medical sci-
ences. The intermixing between these fields will introduce
different approaches and more applications for hole-arrays.

Two other factors support further growth in this field.
First, there has been considerable advancement in the tech-
nology to create large-area hole-arrays at the nanoscale
using inexpensive and efficient technologies. The advance-
ment of nanofabrication will provide greater access to
nanohole arrays to researchers in various fields. Second,
the computational power to solve complex problems of
electromagnetism with realistic material properties are now
inexpensive enough to be open to almost every researcher
in the field. Many in-house and commercial software pack-
ages have been employed to study the nuisances of various
hole-arrays, and this has lead to several new designs. As
the trends of improved nanofabrication and accessible com-
putational electromagnetics continue, the research on hole
arrays in metal films is expected to grow as well.
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