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Abstract
Metal films with patterns of subwavelength holes (grids or meshes)
have interesting optical properties including the extraordinary trans-
mission effect. These optically thick metal films transmit more ra-
diation than that incident on the holes owing to the excitation of
surface plasmons (SPs). Meshes present a new and simple way to
excite SPs at perpendicular incidence (i.e., without the need to vary
the angle of the incident beam). This represents a new opportunity
to integrate SPs with experiments and devices—a new instrument in
the toolbox of SP techniques that may broaden the range of SP ap-
plications. This review discusses the discovery, basic optical physics,
the role of SPs, and applications of the extraordinary transmission
of subwavelength hole arrays.

179

A
nn

u.
 R

ev
. P

hy
s.

 C
he

m
. 2

00
8.

59
:1

79
-2

02
. D

ow
nl

oa
de

d 
fr

om
 a

rj
ou

rn
al

s.
an

nu
al

re
vi

ew
s.

or
g

by
 O

hi
o 

St
at

e 
U

ni
ve

rs
ity

 L
ib

ra
ry

 o
n 

04
/0

7/
08

. F
or

 p
er

so
na

l u
se

 o
nl

y.



ANRV340-PC59-08 ARI 26 February 2008 20:58

SP: surface plasmon

INTRODUCTION

A smooth metal film, with a thickness that would transmit little incident radiation,
can be made to transmit radiation efficiently by perforating the metal film with an
array of subwavelength holes (1–4) (see Figure 1). Investigators have studied metallic
mesh arrays (often described as inductive grids) in the far-infrared region since the
1960s (5–7). Recent interest has been piqued by the role of surface plasmons (SPs)
in the visible (1, 8, 9), more recently the mid-infrared (2, 10, 11), and the terahertz
(12) region. Noting that the extraordinary transmission of subwavelength hole ar-
rays is characterized as transmittance divided by the fractional open area of holes,
we can see that the mesh in Figure 1 demonstrates an enhancement factor of 3.4
on its primary transmission resonance. A large fraction of incident radiation initially
hits metal but still is transmitted with optical fidelity. The explanation of extraordi-
nary transmission involves a role for SPs (1, 9, 13, 14), both propagating and local-
ized. Metal films with subwavelength hole arrays are now considered new plasmonic
metamaterials (15). There is great interest in SPs (8, 16–18) because they exhibit the
following: high electric fields at the surface of the metal (19–21) (good for surface-
enhanced Raman spectroscopy), reduced wavelengths relative to the incident radia-
tion [good for subwavelength imaging (22), near-field scanning optical microscopy
(23)], increased transmission [good for superlensing (24, 25)], two-dimensionality (10)
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Figure 1
Zero-order Fourier transform infrared spectroscopy (FTIR) transmission spectrum of an Ni
mesh (from Precision Eforming, Coutland, New York) with square holes on a square lattice
(lattice parameter L = 12.7 μm, hole width a = 6.0 μm, thickness h = 3 μm). (Inset)
Scanning electron microscope images. The gray dotted line represents the percentage of the
holes’ open area. A 74% transmission on the primary resonance (3.4 times the open area)
suggests that much radiation hits the optically thick metal and is transported along the metal
surface until it emerges through the holes without being scattered from the FTIR
spectrometer’s beam (i.e., it exhibits Ebbesen’s extraordinary transmission effect).
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SP-ATR: surface plasmon
attenuated total reflection

LSP: localized surface
plasmon

(good for probing subwavelength nanospaces), the potential for bridging photonics
and electronics (plasmonics) (26), sensitivity as sensors (17) for bioanalytical assays
[SP-attenuated total reflection (SP-ATR)], and more efficient fluorescence collection
(27, 28) using SP coupled emission or enhanced absorption spectroscopy in the in-
frared (29) and visible (30). SPs can change the balance of fundamental relationships.
For instance, if Young’s classic two-slit experiment is done with metal slits, the inten-
sity of the far-field pattern can be reduced or enhanced, depending on SP propagation
between the slits (31). SPs offer a new set of tools for accomplishing experiments in
small spaces, with high electric fields and/or long path lengths for absorption.

WHAT ARE PROPAGATING SURFACE PLASMONS
AND HOW ARE THEY CHARACTERIZED?

SPs are essentially light trapped at a metal’s surface by its interaction with the metal’s
conducting electrons, which act like a plasma. Localized SPs (LSPs) (16, 17) are
excited by light on isolated particles much smaller than the wavelength, such as
metal nanoparticles (32). The incident light excites an oscillation of the particle’s
cloud of conducting electrons that is localized on the particle. Such excitations can
be transferred to similar, adjacent structures if they are sufficiently close (18, 33).
Periodic arrays of coupled particles enable excitations to propagate along the arrays
like ripples on a pond.

We can understand the underlying physics of propagating SPs in terms of an
SP dispersion curve in momentum space (34, 35) (Figure 2). The SP curve in
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Figure 2
(a) Dispersion diagram for a smooth air/metal interface. The light line is represented by a blue
dotted line, and the surface plasmon (SP) curve is represented by a solid red line. These plots
give the reciprocal wavelength (ν̃) versus the real component of the momentum wave vector
parallel to the surface (kx = 2πν̃ sin θ , where θ is the angle of the incident beam relative to the
surface normal). The blue shading indicates the region accessible by the angular variation of
an incident beam (from the z axis of the surface normal toward the x axis of the surface). The
SP curve lies outside the light line and is not accessible. (b) The use of a prism with a thin
metal coating additionally makes the purple shaded region accessible, which now overlaps with
the SP curve. At a specific wave number of light (ν̃0), one can access the SP at a specific value
of the momentum wave vector. This is often detected by scanning the reflectance as a function
of angle (θ ) (right panel ) producing a dip in the reflection on resonance versus θ .
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Figure 2 lies outside the accessible region bounded by the light line [ν̃ = kx/(2π )], so
SPs cannot be excited on a smooth air/metal interface by incident light. At any specific
wavelength, SPs have momentum greater than incident photons at the air/metal in-
terface, so some feature of the interface must add momentum to the photons to excite
SPs. Typically investigators use prisms, gratings, or surface roughness to couple light
to SPs (34). There was a sudden increase in propagating SP research in the late 1960s
when Otto (36), followed closely by Kretschmann & Raether (37), demonstrated SP-
ATR (see Figure 2b). In these experiments, they reflected a fixed-frequency laser
from a prism with a nanoscale thin metal coating. The index of refraction (n) of
the prism shifts the light line [by ν̃ = kx/(2πn)], allowing the green region to be
additionally accessed (Figure 2b). At a fixed reciprocal wavelength (ν̃0), there is a
fixed value of kx (and therefore a fixed value of the angle, θ0) at which SPs can be
excited. Typically experiments proceed by monitoring a dip in reflectance (R), when
SPs are excited along the air/metal interface, as a function of θ of a fixed wavelength
source (see Figure 2b). Once excited, the SPs propagate along the smooth and flat
metal surface (at a large fraction of the speed of light in vacuum) until they dissipate,
scatter, or radiate, perhaps at macroscopic distances from their origin. The normal
reflectivity of the metal surface is greatly reduced on resonance.

PROPAGATING SURFACE PLASMONS ON GRIDS

The excitation of SPs on grids (bigratings or two-dimensional gratings) is more com-
plicated. It involves SP excitation by subwavelength structures in the periodic lattice,
SP propagation along the metal surface with reflection at holes (a band structure),
propagation on both sides of the periodic lattice by tunneling through the holes (cou-
pling of the front and back surfaces), and finally SP conversion back into photons by
radiation damping at the hole structures—probably involving the LSP properties of
the holes (38, 39). Much of this occurs without scattering the light or damaging the
modulation optics of ordinary spectrometers. Bigratings have some resonant features
that are similar to those of SP-ATR and others that are different. If a metallic ar-
ray of subwavelength holes is active with propagating SPs, then an SP dispersion
curve should exist that characterizes its behavior. We determine these curves in the
next section below. However, some preliminary discussion is useful to understand the
pending results.

Some of the earliest work on SPs (40–44) pertains to one-dimensional gratings
although SPs were not identified as such until the 1960s (45, 43). If a metal film
is corrugated with a one-dimensional periodic pattern of slits, then the surface can
transfer momentum in units of 2π/L, where L is the slit-to-slit spacing. Schroter &
Heitmann (46) have studied the SP behavior of this system. The SP dispersion curve
manifests itself with a Brillouin periodicity, resulting in access within the light line as
shown in Figure 3a for the defined geometry. The actual states avoid the crossings
producing band gaps (45), and the features are only excited with p-polarized light.

The meshes discussed in this review are bigratings with holes oriented in both
the x and y directions, so they gain momentum in units of 2π/L in either the x
or y directions [i.e., as the magnitude of (2π/L) i x̂ + (2π/L) j ŷ, where i and j are

182 Coe et al.
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Figure 3
(a) Dispersion curve (right panel ) of a one-dimensional grating of slits for the defined
geometry (left panel ). This gives rise to p-polarized dispersion curves. The red surface plasmon
(SP) dispersion curve is replicated in units of 2π/L (and reflected at kx = 0) owing to the
periodicity of the structure. This produces SP access within the light line (solid orange curves)
and typical p-polarized dispersion trends. The solid orange lines give rise to leaky modes
because they interact with light. (b) Dispersion curve (right panel ) of a two-dimensional grating
of a square lattice of holes for the defined geometry (left panel ). L is the lattice parameter (hole
center to hole center spacing), a is the square hole width, and h is the thickness of the film.
Holes are aligned along the x and y axes, and light is incident along the z axis when θ = 0. The
transmission resonances at low momentum wave vectors are labeled by (i, j ). The arrangement
gives rise to components of the surface momentum in both the x and y directions. The
contributions of the y components of surface momentum to the magnitude of momentum give
rise to the purple curves, in addition to the orange curves, which are p-polarized and similar to
the one-dimensional case. The purple curves have at least some s-polarized character.

steps along the reciprocal lattice]. The indices (i, j ) both label the resonances and
correspond to the diffraction spots that are no longer transmitted at the wavelengths
of the transmission resonances. A coordinate system and geometrical parameters are
defined for a mesh with a square lattice of square holes in Figure 3b. With bigratings,
momentum gained from the y component projects onto the kx picture of Figure 3a,
giving rise to additional curves with some s-polarized character in Figure 3b (47).
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Bigratings differ in many features compared with their one-dimensional analogs,
including a higher density of resonances, some resonances with different dispersion,
and some resonances with partial or full s-polarized character. Grating coupling and
momentum matching give the position of the propagating SP resonances (away from
the band gaps) as

ν̃i, j (kx) = 1
2πn′

eff

√(
kx + 2π i

L

)2

+
(

2π j
L

)2

, (1)

for the geometry given in Figure 3b (called the �X orientation), where n′
eff is the real

part of the effective index of refraction of the mesh interface, which can vary with
wavelength and coating dielectric. (This expression describes the SP curve shown in
Figure 3b when i, j = 0, 0, which lies outside the light line.) Ulrich described this
mode as nonleaky and demonstrated how to access it on mesh using a pair of prism
couplers (4; see figure 6 therein). The (i, j ) resonances on square lattice bigratings
with at least one nonzero value of either i or j can be inside the light line (i.e., can be
excited by incident light) and have been described as leaky modes (4). With kx = 0,
this expression describes the position of resonances at perpendicular incidence. With
multiple resonances, one can observe useful transmission over extended frequency
ranges. For instance, the meshes with 12.7-μm lattice parameters used by the Coe
group (see Figure 1) cover most of the range of fundamental molecular vibrations,
which is useful for infrared spectroscopy. Ulrich seems to have observed the first
SPs on bigratings (not one-dimensional gratings) in the far infrared at approximately
80 cm−1 (4; see figure 2 therein). He described metal mesh as a “periodic, open
wave guide structure” with surface waves that “can be understood as Zenneck waves
propagating on both sides of the mesh, being coupled and perturbed by the periodic
perforation.” He also described front-back coupling and measured the dispersion of
the resonances. Derrick et al. also may have observed propagating SPs (although not
identified as such) on gold grids in the visible (6; see figure 4 therein), but the field
took off with Ebbesen and coworkers’ (1) observations on nanohole arrays in metal
films indicating a role for SPs. (This paper has been cited 1003 times at the writing
of this review.)

EVIDENCE FOR THE ROLE OF PROPAGATING SURFACE
PLASMONS ON GRIDS

The dispersion behavior (position of resonances versus kx) is one of the most impor-
tant observations supporting a role for propagating SPs. Ebbesen and coworkers (1,
9, 14, 48, 49) have measured the dispersion of grid transmission resonances (usually
circular holes on square lattices). Figure 4 presents the determination of the SP dis-
persion curve using Ebbesen’s data for the position of the (−1,0) resonance of two
freestanding silver films (49; see figure 3 therein). To cast this data in the same context
as Figures 2 and 3, we reflect it at the kx = 0 line and translate it by 2π/L (grating
coupling) to reach the region near the light line. The open-diamond form is similar to
that of zero-order propagating SPs on a smooth air/metal interface, but it is pushed
to a lower slope [1/(2πn′

eff )] in momentum space by n′
eff (greater than the smooth

184 Coe et al.
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Figure 4
Original peak positions of the (–1,0) resonance from the Ebbesen group’s grids reflected and
translated by 2π/L (grating coupling) to access the region of the light line. The data were fit
away from the band gap to surface plasmon (SP) dispersion curves of the form
ν̃(kx ) = kx/(2πn′

eff ) giving values of n′
eff . The x symbols represent the zero-order expectation

for SPs on a smooth air/metal interface, and n′
eff = 1.020, arising from (34, 50)

n′
eff = Re{√(εmεs)/(εm + εs)}, where εm and εs are the complex dielectrics of the metal and

substrate medium, respectively. The open-diamond symbols correspond to a thicker mesh
(L = 600 nm, circular holes of 300-nm diameter, and h = 570 nm) giving a fit (red line) to
n′

eff = 1.089. The filled-circle symbols correspond to a thinner mesh (same dimensions as for
the thicker mesh, except h = 300 nm). The thinner mesh is pushed farther from the light line
owing to the stronger coupling of SPs on the front and back sides through the holes. Shifts
from the zero-order, smooth metal expectation of this size are known for coupled smooth
metal interfaces spaced by approximately one wavelength of the incident light.

metal expectation by 0.069). A clue is offered about the nature of the shift by the data
set for a thinner mesh (h = 300 nm). The fit to this data set gives n′

eff = 1.131, which
pushes the slope lower than the smooth air/metal expectation by an excess of 0.111 of
refraction index. The thinner film corresponds to stronger coupling between SPs on
the front and back sides, which pushes the SP dispersion curve to higher momentum.

Researchers have obtained similar results working in the mid-infrared region (11)
using freestanding Ni mesh (square holes on a square lattice, L = 12.7 μm, a =
5.2 μm, and h = 3.0 μm) (Figure 5). The measured transmission resonance peak
centers (Figure 5a) project, by bigrating momentum-matching equations (47), onto
two SP dispersion curves (Figure 5b): One lies directly on the light line (n′

eff = 1.000,
which is also the zero-order expectation for smooth air/metal interfaces in the in-
frared), and the other is well modeled by n′

eff = 1.061, which again corresponds to
a lower slope in momentum space by an excess of 0.061 units of refractive index.
Although the Ebbesen group noted some features of strong front-back coupling, it
has not been widely appreciated that the grid shifts are in line with the first- (and
second-) order shifts seen on coupled smooth metal interfaces in the SP-ATR exper-
iments (51–53). Teeters-Kennedy et al. summarized such results (10; see equation 7
therein), showing grid shifts similar to coupled smooth metal interfaces spaced by
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Figure 5
Dispersion measurements and curve simulations (a) of an Ni mesh active in the mid-infrared
region (square holes on a square lattice, L = 12.7 μm, a = 5.2 μm, and h = 3.0 μm, similar
to the mesh in Figure 1 but with smaller holes) that were projected by momentum-matching
equations to the region of the light line (b). One of the resulting surface plasmon (SP)
dispersion curves (red lines) lies directly on the light line (the curve denoted with the plus sign),
and the other is pushed to higher momentum by n′

eff = 1.061 (the curve denoted with the
minus sign). These curves are the manifestation of front-back coupling of SPs through the
holes of the array.

approximately one wavelength of the incident light. Pockrand (50) moved beyond
zero-order expectations and gave second-order analytical expressions for smooth
coupled interfaces. Lalanne et al. (54), who performed modal calculations on grids
showing a definitive role for SPs, also mentioned the error of comparing the shifts
to zero-order expectations. We conclude that the experimental shifts of the grid SP
dispersion curves are consistent with the coupling of propagating SPs on the front
and back surfaces through the holes of the mesh.

The above-mentioned infrared experiments produced stronger coupling than the
Ebbesen group’s experiments because the thickness of the mesh was less, only ∼20%
of the resonant wavelength. We use plus-sign and minus-sign subscripts to denote
the symmetric and asymmetric states, respectively. These splittings have also been
observed by S.-C. Lee and coworkers (55) for metal grids on silicon, were anticipated
by Ulrich (4) in his early studies, and have also been seen by Pang et al. (56) for
the (0,±1) SP mode. In addition, Teeters-Kennedy (57) acquired further evidence
for extensive front-back coupling using enhanced infrared absorption experiments
(29) on alkanethiol self-assembled monolayers applied to just one side of the mesh.
She observed an identical infrared absorption spectrum regardless of whether the
monolayer was placed facing the spectrometer source or away from it. The SPs must
run equally on both sides of the mesh to get this result. Teeters-Kennedy et al. (10)
determined SP dispersion curves using data obtained only at perpendicular incidence.
They have quantified the additional curvature of the propagating SP dispersion curve
(i.e., change in the effective refraction index with wavelength). We are not aware of

186 Coe et al.
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any analytical theory for a grid’s geometrical effect on n′
eff [as Pockrand (50) has

produced for smooth metal films in SP-ATR experiments], but it would certainly
be a welcome addition, enabling a more accurate prediction of the position of grid
transmission resonances. In general, if we allow for the splitting associated with front-
back coupling through the holes, grids show quantitatively characteristic propagating
SP curves.

Other evidence exists for the role of SPs. In their famous paper, Ebbesen and
coworkers (1) established the importance of metal for propagating SP properties on
grids by substituting germanium for silver, producing a great reduction in the trans-
mission resonances. Gao et al. (58) have substituted Si for Au with similar results.
This has also been accomplished by letting Cu-coated meshes oxidize extensively
(59), as shown in the zero-order transmission spectra of Figure 6. It is certainly
worth keeping in mind that not all the light transmitted by a single mesh is mediated
by propagating SPs. Certainly photons falling directly on holes can be transmitted by
direct mechanisms or LSPs associated with the structure of the hole. Transmission
immediately after creation (before, red trace) includes both SP-mediated and direct
mechanisms. After the Cu was extensively oxidized and its surface became nonmetallic

Before
Oxidized
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3.11 µm 
2.98 µm 
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Figure 6
Zero-order transmission spectrum of an Ni mesh (similar to the one in Figure 1) that was
electrochemically coated with Cu (as shown in the inset) closing the holes down to 3 μm. The
red curve shows the transmission immediately after the mesh that was Cu-coated, and the blue
curve shows the transmission after several months of oxidation, which diminished the metallic
character of the surface. The blue curve represents non–surface plasmon (non-SP) mediated
transmission (i.e., direct transmission mechanisms). If the blue curve is subtracted from the red
curve, one obtains SP-resonant-dominated features. A metallic surface is clearly important for
the SP resonances, but there are places in the spectrum at which direct mechanisms are also
important in the transmission.
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(a process that took several months), only the spectrum of the direct mechanisms was
seen (blue trace) (59). The propagating SPs yield a much more structured spectrum
than the direct transmission mechanism. The SP spectrum might be obtained by sub-
tracting the blue trace from the red one. Although many investigators are particularly
interested in the SP components of the transmitted light (and this component likely
has the most potential in future applications), SPs do not compose the whole picture.
Genet et al. (60) have attempted to unify disparate viewpoints by using a Fano (61)
lineshape analysis with nonresonant and resonant contributions. The lineshapes are
reasonably modeled, and the resonant contributions correlate with a role for SPs
(60). More dramatically, the blue spectrum of direct mechanisms (Figure 6) can be
greatly diminished by stacking two meshes, one on top of the other, so that there is
always the metal of the second mesh behind the holes of the first (10). Incidentally,
such double stacks have an infinite enhancement factor by the criteria of transmit-
tance over fractional open area, which speaks to arguments against SP models made
because enhancements on single meshes have not exceeded approximately seven (62).
Along these lines, it is possible to see similar, but less intense, transmission resonances
with grids of materials that are not good metals [such as Cr (63, 64) and W (62, 65)].
However, one does better in practice with good metals in which the eigenmodes are
SPs (64).

Polarization properties (9, 10) are also telling with regard to the role of SPs.
Whereas one-dimensional gratings only see p-polarized activity (Figure 3a), bigrat-
ing resonances with j > 0 exhibit s-polarization activity (Figure 3b). Williams & Coe
carefully examined the initially flat, but ultimately quadratic, dispersion trend of the
s-polarized (0,±1) transmission resonance (11; see equation 4 therein) and found it to
be rigorously predicted by the SP momentum-matching equations. Barnes et al. (9)
have measured both the zero-order reflection and transmission of a grid to determine
the zero-order absorption (A = 1-R-T ) or the dissipative behavior of the mesh. They
found that absorbance increases correlated with the transmission maxima and reflec-
tion minima, as expected for propagating SPs. Finally, Odom and coworkers (58, 66)
have imaged SPs on grids in the near field and modeled them with finite-difference
time-domain calculations, supporting a role for SPs.

THE EFFECT OF L

The most important parameter in designing a mesh for an application is L (see
Equation 1), the hole-to-hole spacing or lattice parameter. This is the key factor
for those interested in tuning SP resonances to overlap with atomic and molecular
phenomena of interest at specific frequencies. Figure 7 shows spectra of grids with
resonances ranging from the far-infrared to the visible regions of the electromag-
netic spectrum. Crudely, the primary transmission resonances occur at ∼1.1 L with
variations at the 10% level owing to the strength of the front-back coupling through
the holes. More accurate predictions will require empirical modeling or a theoretical
treatment of the strength of the front-back coupling and/or radiation damping. Note
that the meshes with mid-infrared and visible activity have smaller fractional open
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Ulrich
L = 101 µm
a = 87 µm
h = 5 µm
74% open area

Coe
L = 12.7 µm
a = 5 µm
h = 1.5 µm
16% open area

Ebbesen (8x)

L = 0.90 µm
Circular diameter = 0.15 µm
h = 0.2 µm
2.2% open area
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Figure 7
Zero-order transmission spectra of an Ulrich (4) grid with L = 101 μm (green curve), a Coe
group grid with L = 12.7 μm (blue curve), and an Ebbesen group grid (1; see Figure 1 therein)
with L = 0.90 μm (red, intensity multiplied by a factor of 8), where L is the lattice spacing. A
log scale on the abscissa illustrates the large range of frequencies that can be accessed by
tuning L. The percentage of open area is plotted with a gray dotted line for each spectrum.
Note also that the smaller percentage of open areas in the Coe and Ebbesen grids helps to
reduce direct transmission mechanisms relative to the surface plasmon–mediated resonances.

areas that help to reduce the direct transmission mechanisms and enhance the SP
features.

RESONANCE LINEWIDTHS

Relation to Propagation Lengths

The intrinsic linewidth of SPs on smooth air/metal interfaces is given by
2 (2πν̃Im (εmεs /(εm + εs ))), where εm and εs are the complex dielectric permittiv-
ities of the metal and substrate, respectively (34). Ebbesen and colleagues’ (1,0)quartz

resonance (1) on silver mesh, at 1.35 μm, has an intrinsic linewidth (full width at
half-maximum) of 226 cm−1 [using εm = −67 + i6.6 and εs = 2.16 (67)], which
corresponds to the intrinsic 1/e propagation distance of 44 μm or ∼49 holes. The
observed full width at half-maximum was ∼410 cm−1, which is not that far from the
intrinsic limit. If radiation damping is the loss mechanism (it could also be surface
roughness, lack of lattice or hole uniformity, and so on), then SPs could conceivably
be traveling across ∼27 holes on resonance. The Coe group’s (1,0)−,air resonance
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from Figure 1 on Ni, at 701 cm−1, has an intrinsic linewidth of 0.84 cm−1 [using
εm = −2331+ i1437 and εs = 1.00 (67)] and an intrinsic propagation distance of 1.1
cm or 866 holes. The observed linewidth of 92 cm−1 is considerably larger, suggesting
that SPs could be traveling approximately eight holes on this resonance. There seems
to be more room for narrowing the resonances in the infrared region. The resonances
with higher values of (i, j) get broader (see Figure 6), as was anticipated by Ulrich (4)
because “the higher the frequency of a guided wave, the more of its SHs [space har-
monics] fall into the radiative region.” Studies in the near-infrared (68) and terahertz
regions (69), as well as modeling by Genet et al. (60) and Muller et al. (70), also provide
evidence for the importance of radiative damping. Note that whereas one SP-ATR
prism device is inherently reflective, two stacked with a wavelength-scale spacing are
coupled and become transmitters (i.e., radiation damping is so important that the de-
vice now transmits, and one can make measurements in transmission or reflection). A
single piece of freestanding mesh is an optical analog of a wavelength-spaced stack of
SP-ATR prisms, in that it shows two peaks owing to front-back coupling through the
holes (of similar magnitude shifts to SP-ATR) and can be assayed in transmission (10).

In another approach to investigating SP propagation lengths, it is becoming clear
that enhanced infrared absorption spectroscopy may be valuable. Using 12-μm-wide
fields in an infrared microscope and noting that the strong 698-cm−1 vibration of
polystyrene is well overlapped with the (–1,0)− resonance (if the mesh is tilted),
we have been able to record the absorption spectrum of a 6-μm-wide clump of
polystyrene microspheres at a distance as far away as 57 μm. The absorption sig-
nal versus distance has an exponential shape. Conversely, researchers have conducted
enhanced infrared absorption experiments (29, 59, 71–74) using the extraordinary
transmission effect on metallic microarrays. By comparing the grid absorptions (29)
with those seen with reflection infrared absorption spectroscopy (75), investigators
have deduced an average effective path length of ∼8 μm (a bit smaller than L) for the
portion of the spectrum far away from the (1,0) resonance. Vibrations on the (1,0) res-
onance can experience even greater enhancements (71) owing to longer propagation
lengths and strong electric fields, among other effects.

Fitting Lineshapes

Williams et al. (2) performed a damped harmonic oscillator lineshape analysis on the
(–1,0) resonance of freestanding Ni mesh at angles greater than θ = 10◦, where the
resonance has dispersed away from other resonances and the splitting due to front-
back coupling through the holes is the smallest. The mesh was tuned from 10◦–75◦

dispersing the resonance from 646–398 cm−1 and producing significant narrowing.
In fact the resonance Q value (ν̃/�ν̃F WHM) varied from 20 to 40 over this range. They
also fit the reciprocal damped harmonic oscillator linewidths (i.e., lifetime reciprocals)
to an exponential curve versus wavelength (λ) giving 6.6eλ/(5.8μm). The exponential
constant curiously matches the hole width.

In concluding this section, we note that Pockrand (50) has modeled SP-ATR exper-
iments (smooth and thin metal films) using second-order theory including radiation
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damping. All of our comparisons to mesh above are to the zero-order expectations,
but we can gain understanding by looking at Pockrand’s higher orders of approxi-
mation. He gives a complex term for radiation damping (50; see Equations 5 and 7
therein) in which the real part of this term gives the shift in momentum space owing
to front-back coupling, and the imaginary part gives the increase in the width of
resonances owing to radiative loss upon SP coupling to the second interface. Again,
we send a plea to the theoretically inclined: An analogous treatment for these effects
on grids would be useful.

THE EFFECT OF LATTICE, HOLE SHAPE, ORIENTATION,
AND THICKNESS

Although most work on hole arrays is dominated by square lattices, hexagonal arrays
possibly may be better. Thio et al. (63) made zero-order transmission measurements
at perpendicular incidence on both hexagonal and square lattice arrays of Cr on
quartz with similar fractional open areas (500-nm hole diameters, 1000-nm lattice
constants, and 100-nm thickness). Although Cr is not a good metal for SPs and
these experiments may be exciting Brewster-Zenneck modes (64) rather than SPs, the
hexagonal array showed 40% transmission with 22.7% open area, whereas the square
lattice array showed 28% transmission with 19.6% open area. For those interested in
hexagonal lattices, these authors (63) also give the momentum-matching equations for
a hexagonal lattice. Sun et al. (76) have investigated aperiodic concentric circular hole
arrays (with sixfold rotational symmetry and inversion symmetry, but not translational
symmetry) and found them to be six and two times better than comparable square
and hexagonal lattices, respectively.

Koerkamp et al. (77) have shown with experiments and Fourier modal calculations
that the extraordinary transmission of metal hole arrays is strongly influenced by the
hole shape. Single holes have also been theoretically investigated by Garcia-Vidal
et al. (78). Square holes are considerably better than round holes owing to the LSPs
associated with the hole shapes, and rectangular shapes are better than circles or
squares (79). Crosses, which in some sense contain two rectangular shapes, have also
been shown to be good shapes for extraordinary transmission (3, 80). Ishihara &
Ohashi (81) have performed finite-difference time-domain calculations suggesting
that dimples within circular holes of square lattices can improve transmission by a
factor of seven with their geometries. Kim & Moyer (82) made arrays with triangular
holes and found them more transmitting than circles or squares. Diamond hole shapes
(83) and H-shaped holes (84) have been investigated. Van Nieuwstadt et al. (85) have
examined the effect of rectangular apertures on second-harmonic generation, which
might have useful applications in nonlinear spectroscopy.

One can also obtain better transmission by filling the holes with dielectric material
(86). As the polarization of the incident field selects the resonances excited on a
lattice, Gordon et al. (87) have separated the effects of basis (hole shape) and lattice
on transmission polarization by using elliptical holes that do not necessarily point
in the same direction as the lattice. Several groups have examined the effect of hole
width (88, 89), as well as film thickness (49). As the hole width was decreased, the
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propagating SP dispersion trends flattened out (89). This was likely due to a transition
from transmission dominated by propagating SP modes to LSPs (although this was
not discussed by the authors). Murray et al. (33) have observed a transition from
propagating to LSPs in studies of arrays of metal particles in which the particles grow
and are merged into a mesh.

THE EFFECT OF COATING

The transmission resonances of metal grids are sensitive to the dielectric properties
of nanoscale coatings, even when illuminated at perpendicular incidence (90). TiO2

coatings of 60–105 nm thickness on Ni microarrays (similar to that of Figure 1)
show shifts, attenuation, and broadening of the (1,0)− resonance from the uncoated
positions. The shifts are in the range of 4–10 cm−1, which is readily measured by
standard benchtop Fourier transform infrared spectrometers. Hexadecane coatings
(71) on Ni mesh on the scale of a few micrometers in thickness produce shifts of the
(1,0)− resonance of ∼120 cm−1. As the hexadecane film evaporates on exposure to
the infrared beam of a Fourier transform infrared spectrometer, the resonance shifts
back to its original, uncoated position at ∼750 cm−1. Investigators used this effect
to tune the SP resonance through a concerted rocking vibration of the molecule at
721 cm−1. The interaction of the SP and vibrational excited state causes the vibrational
absorption to become more intense, the lineshape to change, and the peak to shift by
several wave numbers [on the order of changes seen with megavolt-per-centimeter
fields in vibrational Stark spectroscopy (91)]. Whereas carbon coatings are known
to be absorbing in the visible (34, 50), 300-nm-thick coatings act like windows in
the infrared region. These observations encourage one to try nanoscale coatings
comprising just about any material on the metallic meshes. Dintinger et al. (30) have
used coatings of photochromic molecules on nanohole arrays to create fast, all-optical
switching devices. They have also demonstrated strong coupling between SPs and
J-aggregates in coatings (92).

THEORY OF EXTRAORDINARY TRANSMISSION ON GRIDS

Genet & Ebbesen’s (8, and references therein) review gives a more exhaustive list
of theoretical references regarding extraordinary transmission on grids. Popov et al.
(13) showed that one-dimensional gratings have efficient channels for light trans-
mission that do not exist for hole arrays, so the SP theory of one-dimensional slits
(although interesting) may not be useful for explaining Ebbesen’s extraordinary trans-
mission effect on grids. In 1983, Glass et al. (19) studied the reflectivity resonances
of SPs on sinusoidal bigratings with regard to the potential for surface-enhanced
Raman spectroscopy. A great amount of theoretical interest accompanied Ebbe-
sen et al.’s (1) 1998 paper that presented evidence of light coupling with SPs on
the periodic metal grid. Several numerical simulations (93–96) appeared that illus-
trated the E-fields and supported the role of SPs. Martin-Moreno and colleagues
presented a theory (and simpler model) that considered SPs on infinite grids cou-
pling through an evanescent mode(s) of the hole. The authors only modeled the
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data at perpendicular incidence and captured many (but not all) of the salient fea-
tures of the experimental spectra. Muller et al. (70) did finite-difference time-domain
simulations concentrating on the time-dependent SP coupling effects and radiation
damping.

More recently, it has been noted that the enhanced transmissions of hole ar-
rays can be obtained with calculations on perfect metal conductors (15, 97–101).
Although perfect smooth metals do not support SPs, the introduction of geometric
indentations can support bound surface waves with some similarities to the disper-
sion of SPs. Garcia-Vidal et al. (15) give a p-polarized dispersion curve that depends
on the geometry and seems to level off at ν̃ values of ∼1/L (47). Experimental dis-
persion spectra have some resonances with flat dispersions, like the (0,±1), but they
are s-polarized. A careful look at dispersion behavior may be useful in evaluating the
experimental evidence for Pendry surface waves. Clearly, it is important to have a
metal grid to support propagating SPs, but the importance of the metal’s imaginary
components of dielectric permittivity is likely overshadowed on grids by the radia-
tion damping associated with the arrival of SPs at holes. As we move from SPs on
smooth metal surfaces to mesh arrays, there is clearly an increasingly important role
for geometry. As we mentioned above (Figure 6), there are other contributions to
mesh transmission besides SPs. Genet et al. (60) present a unifying view, whereby
they used a Fano (61) analysis to fit experimental lineshapes considering resonant
and nonresonant mechanisms. Sarrazin et al. (102) suggested something similar. It
seems that the extraordinary transmission of hole arrays is more general than pre-
viously appreciated. Sarrazin & Vigneron (64) have confirmed that other kinds of
electromagnetic modes besides SPs can participate in extraordinary transmission in
hole arrays. They described Brewster-Zenneck modes, rather than SPs, to explain
the extraordinary transmission with bad SP metals, such as Cr and W. Finally, there
are alternative explanations (62, 103, 104) under consideration for the extraordinary
transmission of metal hole arrays, so the role of SPs is not fully settled. It seems fair to
say at this point that most investigators admit some role for SPs, and some a great role
(54), although they might be admixed with various other forms of electromagnetic
radiation.

APPLICATIONS

Enhanced spectroscopy is one of the most important applications of the extraordinary
transmission effect. Fluorescence (28, 105), surface-enhanced Raman (21), visible ab-
sorption (30), and infrared absorption spectroscopy (2, 29, 59, 71–73) have all been
enhanced using metal arrays of subwavelength holes. Figure 8 shows the enhanced
infrared absorption of alkanethiol self-assembled monolayers on Cu-coated Ni mesh.
The absorptions are approximately a factor of 300-fold enhanced over reflection in-
frared absorption spectroscopy spectra. There is also evidence of strong coupling
between molecules and the SP field in both the visible (92) and the infrared (71).
Because light on mesh becomes two-dimensional when SPs are excited, there is great
potential for enclosing and assaying spectroscopically the subwavelength spaces be-
tween two pieces of metal mesh. We created double stacks of mesh (10, 73, 74), and
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Figure 8
Enhanced infrared absorption spectra of alkanethiol self-assembled monolayers (SAMs) on Ni
grids with Cu coatings (similar to those shown in the inset of Figure 6 but with larger holes).
Traces are shown for hydrocarbon chains from 8–18 carbon atoms. The absorptions in the
CH-stretching region are ∼300 larger than reflection infrared absorption spectra of the same
species on smooth metal films. The CH2 wagging and rocking progressions are only observed
for all-trans hydrocarbon chains and have not been previously observed for alkanethiol SAMs.
Both these regions have been expanded in the insets.

one had two pieces in registry such that there was always metal of the second mesh
behind the holes of the first (10). The zero-order transmission spectra are shown in
Figure 9. Even though the stack in Figure 9c has zero open area, it still transmits
a working quantity of infrared radiation. By the single mesh criteria of transmit-
tance divided by fractional open area, this is an infinite enhancement. Metal meshes
with subwavelength holes have been used for ultrafast switching (30, 106), launching
and decoupling SPs (107), collecting light from emitting diodes (108), biosensing
(109), SP-mediated thermal emission (110–112), and contrast improvement in Moire
fringes (113). SP photonic meshes show great promise.
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Figure 9
(a) Zero-order transmission spectra of stacks of Ni micromeshes as pictured with scanning
electron microscope images in b and c. The stacks comprise two pieces, each similar to the
mesh pictured in Figure 1. Both stacks are in registry, but the one in panel c has zero open
area. It still transmits ∼4% of the incident radiation. By the criteria of transmittance divided
by fractional open area, this is an infinite enhancement. A cartoon of the surface plasmons
(SPs) is given in panel d. The two-dimensional nature of SPs suggests that such stacks can be
used to enclose nanoscale spaces between the meshes to be assayed with light of much larger
wavelength.

CONCLUSION

SP photonic meshes represent a new opportunity to integrate SPs with experiments
and devices—a new instrument that may broaden the range of SP applications. They
offer a new set of tools for accomplishing experiments in small spaces, with high
electric fields, and/or long path lengths for absorption.
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