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Abstract: Transmission enhancements of order 1000 have been reported
for subwavelength hole arrays in metal films and attributed to surface plas-
mon (SP) resonance. We show that the properly normalized enhancement
factor is consistently less than 7, and that similar enhancements occur in
nonmetallic systems that do not support SPs. We present a new model
in which the transmission is modulated not by coupling to SPs but by
interference of diffracted evanescent waves generated by subwavelength
features at the surface, leading to transmission suppression as well as
enhancement. This mechanism accounts for the salient optical properties of
subwavelength apertures surrounded by periodic surface corrugations.
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1. Introduction

The optical transmission of a subwavelength aperture in a metal film is enhanced when it is
placed in a periodic array [1], or when it is surrounded by a periodic corrugation on its illu-
minated surface [2]. For arrays, very large transmission enhancements, up to a factor 1000,
were reported and subsequently quoted. The currently widely-held view is that the transmis-
sion enhancement results from resonant excitation of surface plasmon polaritons (SP) [3] at the
metal surface, which leads to a large enhancement of the electromagnetic fields at the aperture
entrances and hence to enhanced transmission [1, 4]. In that model, the incident light interacts
with SP modes through grating coupling at the periodic surface structure.

The SP model is not consistent with all experimental observations. For example, the SP
model predicts transmission peaks at wavelengths which are about 15% smaller than experi-
mental values, and which in fact provide a better match to experimental minima [5]. This holds
true whether the hole arrays are designed to operate in the visible or the THz region [6, 7]. It
has been argued that the surface corrugations modify the SP dispersion relation significantly,
but experiments on slit arrays, the limiting case of very deep surface corrugations, show that
the SP dispersion is within 1% of the smooth-surface case [8, 9]. Moreover, large transmission
enhancements are observed for hole arrays in Cr, in a wavelength region (near IR) for which it
is only marginally metallic and hence not expected to support SP modes [10]. Similarly, trans-
mission spectra very similar to those observed in metallic systems are obtained by numerical
calculations for both hole arrays in tungsten, which is nonmetallic in the visible region [11],
as well as for single apertures in a corrugated perfect metal [12], even though perfect metal
surfaces do not support SPs. Finally, beaming effects from a waveguide in a non-metallic pho-
tonic crystal [13] have been observed with characteristics similar to those of metallic systems
[14, 15].

In this paper we re-evaluate the magnitude of the transmission enhancement as well as the
relevance of the SP model. We show that the quoted enhancement factor of 1000 for optical
transmission through subwavelength hole arrays is misleading, and that in fact placing a hole
in an array leads to enhancement of its transmission coefficient by at most a factor 7 at selected
wavelengths. This follows from a careful comparison to the transmission coefficient of a real,
identical, isolated hole in the same film. Equally unexpected is the observation of transmission
suppression of equivalent magnitude at other wavelengths. Such a suppression is not consistent
with a model based on resonant coupling to SP modes, which predicts only enhancement com-
pared to the case of an isolated hole. Furthermore, we confirm experimentally that hole arrays
in non-metallic films have both transmission and reflection spectra similar to those of metallic
films. Finally, measurements on a metallic device specifically tailored to reveal any contribution
of SPs to the enhanced transmission process yield a negative result.

We propose a new model for the transmission enhancement and suppression. We consider the
complete diffracted field of a single subwavelength surface feature, which launches evanescent
waves with a large distribution of in-planek-vectors (only one of which matches the SP mode
at a given frequency). We show that the superposition of these individual components forms
a composite evanescent wave which propagates with a well-defined wavevector, an amplitude
decaying with distance, and a finite phase shift with respect to the source. It is the interference
of this wave with light exciting directly the opening of a nearby aperture which gives rise to
transmission enhancement and suppression at that aperture.
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2. Re-consideration of existing claims

2.1. Magnitude of transmission enhancement

For the first time, we compare the transmission properties of a hole in an array to those of an
identical single, isolated hole fabricated on the same film, varying the number of holes to deter-
mine the optimal array size for transmission enhancement. In order to properly characterize the
total amount of light transmitted in each case, we take into account the total radiated diffrac-
tion pattern and its intersection with the collection system. We have measured the transmission
spectra of apertures in both metallic and non-metallic films, either free-standing or deposited on
glass substrates. The films are optically thick (opaque in the absence of apertures). Cylindrical
apertures and surface corrugations were milled in the films using a FEI DB-235 focused-ion
beam (FIB) system (Ga+ ions,30 keV). A low beam current (∼10–30 pA) was used in order
to achieve sharp surface features defined with a lateral precision on the order of10 nmand
holes with near-vertical sidewalls. In the case of the films on glass substrates, index-matching
fluid was applied to the metal-air interface; matching the refractive index of the dielectric media
on either side of the film maximizes the transmission efficiencies while simplifying the trans-
mission spectra [16]. The samples were illuminated at normal incidence with white light colli-
mated to±3◦. Transmitted light was collected with a×40objective (N.A.=0.6), and spectrally
analyzed using an Acton monochromator coupled to a cooled CCD camera (Princeton Instru-
ments). In the analysis of the transmission spectra, we defineQR(λ ) as the total power emitted
into free-space radiative modes on the exit side of the hole array or single hole, andQC(λ )
as the power collected by the objective. The collection efficiency of the system is then given
by γ(λ ) = QC(λ )/QR(λ ). Light emerging from a single subwavelength aperture is diffracted
nearly isotropically, resulting in a typical value forγ of only∼ 20%for light emerging into air
(and only∼ 10%for light emerging into a glass substrate of finite thickness, which traps the
most strongly diffracted rays by total internal reflection). In contrast, a large array of apertures
acts as a transmission grating which emits a set of well-collimated beams (diffraction orders)
with wavelength-dependent angles. The zero-order beam, collinear with the incident beam, is
always collected, so thatγ approaches100%whenλ exceeds the lattice constant.

We consider anN×N square array of holes of diameterd and periodP (whereN = 1 cor-
responds to a single, isolated hole), illuminated by a plane wave of constant intensityI0. The
power from the incident beam impinging on the opening of each aperture isQ0 = I0πd2/4.
For each value ofN, we calculateγN(λ ) by modeling the far field transmitted radiation pat-
tern as the product of the Fraunhofer distribution function for emission from a circular aper-
ture of diameterd, with the diffraction pattern of anN×N array of point emitters [17]. The
total per-hole transmission coefficient, which takes into account all the transmitted power ra-
diated into free space, is then derived from a measurement ofQC(λ ) according to the formula
TR,N(λ ) = (1/N2)QR(λ )/Q0 = (1/N2)(1/γN(λ ))QC(λ )/Q0. We define an array enhancement
factorGN(λ ) = TR,N(λ )/TR,1(λ ), which represents the per-hole gain in total radiative transmis-
sion achieved by taking a single, isolated hole and placing it in anN×N array.

Figure 1(d) displays the as-collected transmission spectrum(1/N2)QC(λ )/Q0 for anN×N
array of cylindrical holes (P = 410 nm, d = 150 nm) in an Ag film (thicknesst = 175 nm) on
fused-silica glass , overcoated with index-matching fluid (n = 1.46). As N is increased from 1
to 19, distinct peaks develop in the transmission spectrum; full saturation in the shape of the
spectrum is achieved byN = 15. The longest-wavelength maximum occurs at a wavelength
substantially larger than the lattice constant (λmax/P = 1.18). The per-hole total transmission
coefficient,TR,N(λ ), is shown in Fig. 1(e). AsN is increased beyond 1,TR,N(λ ) develops a
peak situated beyond the effective index-corrected period [4],nP= 600 nm, similar to the trend
observed forQC(λ )/Q0. This peak reaches full saturation forN≥ 9. Throughout the displayed
wavelength range, the hole can be considered to be strictly subwavelength, since its diameter
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Fig. 1. Optical characterization of anN×N array (P = 410 nm) of cylindrical holes
(d=150 nm) in a silver film (t =175 nm) on glass, overcoated with index-matching fluid.
(a,b,c) SEM micrographs of structures forN=1, 4, and 9, respectively (horizontal field of
view FOV= 5 µm, observation angle with respect to normala= 45◦); (d) as-collected
transmission spectra for selectedN; (e) corresponding per-hole transmission coefficient
TR,N(λ ) for selectedN.

satisfiesd < λmax/(1.8n), the cutoff condition for a cylindrical metallic waveguide [18].
Some key observations emerge from the data of Fig. 1(e). Compared toTR,1(λ ), TR,N>1(λ )

is suppressedat some wavelengths, in addition to being enhanced at other wavelengths. Fur-
thermore, array-induced enhancement and suppression occur with comparable amplitudes with
respect to a baseline defined by the transmission coefficient of the isolated hole. Finally, at sat-
uration, the array-enhancement factor remains modest, reaching a maximum value ofGN = 2.0
(at λ = 700 nm, for N≥ 9).

The general characteristics ofTR,N(λ ), andGN(λ ) are further explored by optical transmis-
sion measurements on hole arrays for whichP andd are varied from device to device. The
arrays are fabricated in a free-standing film of Ag (t = 340 nm), with the number of holes fixed
at9×9 in order to ensure fully developed modulation spectra. Figure 2(a) comparesTR,N(λ ) to
TR,1(λ ) for two arrays with periodsP = 500 nmandP = 600 nm, respectively (and a constant
hole diameterd = 250 nm). In both cases,TR,N(λ ) displays both suppression and enhancement
relative to the single-hole transmission coefficient,TR,1(λ ). As P is increased from500 nmto
600 nm, the spectral features shift to longer wavelengths, their amplitudes decreasing following
the trend ofTR,1(λ ). Similar to the trend observed in Fig. 1, the longest-wavelength peak
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Fig. 2. Optical characterization of a9×9 array of cylindrical holes in a suspended Ag film
as a function of array periodP and hole diameterd. (a) Per-hole transmission coefficient
TR,9(λ ) for selectedP (at constantd) and transmission coefficientTR,1(λ ) of an equivalent
isolated hole; (b) resulting array enhancement factorG9(λ ) = TR,9/TR,1 for selectedP; (c)
per-hole transmission coefficientsTR,9(λ ) (thick lines) andTR,1(λ ) (thin lines) for selected
d (at constantP); (d) resulting array enhancement factorG9(λ ) for selectedd.

occurs at a valueλp which is substantially red-shifted with respect to the lattice constantP
(λp/P = 1.25 and 1.17 forP = 500 nmand600 nm, respectively). The enhancement factor
GN(λ ) displays corresponding periodic modulations below and above unity (Fig. 2(b)). The
maximum values ofGN achieved in the wavelength regionλ > P areGN(λp) = 3.9 and 6.9,
for P = 500 nmand600 nm, respectively. Figure 2(c) comparesTR,N(λ ) to TR,1(λ ) for four
distinct 9× 9 arrays in which the hole diameterd is varied at constant periodP = 600 nm.
As d is increased,TR,N(λ ) andTR,1(λ ) increase in a commensurate manner across the spectral
range, illustrating once again the dominance of the single-hole transmission function in setting
the overall level of transmission. This is further illustrated in the relative invariance of the max-
imum peak enhancement factorGN(λp) (Fig. 2(d)). Asd is increased from200 nmto 350 nm,
TR,1(λp) increases by a factor of∼ 20 but GN(λp) varies by less than a factor of 2. A maxi-
mum enhancement factorGN(λp)=6.9 is obtained ford/P' 3; asd/P is increased beyond this
optimal ratio, the enhancement peak is broadened as well as shifted to longer wavelengths.

We have explored hole arrays with a wide range of parameters, such as hole diameter, hole
depth, film thickness, and film material; in all instancesTR,N(λ ) is enhanced by less than a
factor 7 compared toTR,1(λ ). Such a small enhancement is rather less than the often-quoted [1]
enhancement factor of order 1000. We account for the large discrepancy as follows: In Ref. [1]
the maximum per-hole transmission coefficientTR,N(λp) measured for a hole array at its longest
peak wavelengthλp, was compared not to the experimental transmission coefficientTR,1(λp),
of a comparable real, single hole (as in Figs. 1 and 2), but to the theoretical Bethe-Bouwkamp
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prediction for the transmission coefficient of a hole in an perfect metal film with infinitesimal
thickness,TBB(λ ) = 23(d/λ )4 [19]. The enhancement factor reported in Ref. [1], equivalent
in the nomenclature of the present paper toGBB(λp) = TR,N(λp)/TBB(λp), is proportional to
λ 4/d6 (including the hole filling-fraction), and is thus extremely sensitive tod. The correct
comparison to a waveguide beyond cutoff has an even stronger, exponential dependence on
d [18]. In either case, the comparison to a theoretical prediction so sensitive tod is perilous
if d is not well defined. The hole array of Fig. 1 in Ref. [1] was milled with the same FIB
parameters, the same targeted hole diameter and in a film of the same thickness (t = 200 nm),
as the hole array of Fig. 1 of Ref. [4]. Examination of the latter figure suggests that holes
fabricated under such conditions are not cylindrical, as incorrectly stated in Ref. [1], but have
an entrance diameter which is more than twice as large as the quoted diameter ofd = 150 nm.
The tapered hole profile results from the use of a relatively large-diameter FIB (with a Gaussian
intensity profile withFWHM' 150 nm, not' 5 nmas quoted in [1]), and a large beam current
(1 nA) chosen to enable milling of large arrays. We conclude that the quoted enhancement
factor∼ 1000represents a severe overestimate of the actual enhancement factorGR,N(λp) of
the hole array of Fig. 1, Ref. [1]. To demonstrate this quantitatively, we calculateGBB(λp) for
the data of Fig. 2(c), for whichd is well defined. We obtainGBB(λp)= 0.8, 5.2, 3.8 and 2.3,
for d = 200, 250, 300 and350 nmrespectively. These values are close to the experimentally
measured valuesGR,N(λp)=2.8, 6.9, 3.6 and 3.2 (see Fig. 2(d)), not orders of magnitude higher.
We emphasize that the Bethe-Bouwkamp theory is of limited relevance when considering holes
in a real metal film of finite thickness, which are best described as waveguides [18] (whether or
not beyond cutoff) .

2.2. Transmission enhancement in nonmetallic systems

The observation of both enhancement and suppression, moreover of comparable amplitude, in
the transmission spectra of hole arrays in metallic films suggests that a lateral interference phe-
nomenon is the driving force in shaping the transmission spectra. The latter phenomenon cannot
be explained by the surface-plasmon model which invokes resonant coupling to SP modes, and
predicts only enhancement with respect to the single-hole case. The notion that SPs are not
essential to the transmission spectra of hole arrays is supported by numerical calculations for
hole arrays in tungsten [11]. This material is nonmetallic in the visible region (where the real
part of the dielectric constant isε ′ '+5) and therefore does not support SP modes [3].

This result is confirmed by experimental transmission measurements on a hole array fabri-
cated in a free-standing W film (Fig. 3(a)). The spectral dependence of the transmission coeffi-
cient is identical to that of a hole array fabricated in a suspended Ag film, up to a multiplicative
factor (where the spectrum in the Ag case shows no additional features which can be assigned
to SP modes). Moreover, the same observations hold true for a hole array fabricated in amor-
phous silicon (a-Si), which in the as-deposited form is a dielectric at all frequencies (Fig. 3(a)).
The overall transmission efficiencies of arrays in non-metallic films, such as W or a-Si, are
smaller than those of arrays in metallic films such as Ag. We argue that this stems simply from
the larger surface absorption of W and a-Si compared to Ag. Similarly, hole arrays in highly
absorbing Ni also exhibit substantially reduced transmission efficiencies compared to those of
identical arrays in Ag [20]. In all cases however, whether fabricated in a film that is metal-
lic or non-metallic, close to an ideal metal or highly absorbing, hole arrays are characterized
by transmission spectra with remarkable correspondence in shape, which suggests a common
modulation mechanism unrelated to SPs.

The reflectivity of non-metallic systems corresponds closely to that of metallic systems. Fig-
ure 3(b) compares the spectrum of the first-order reflected beam (R[1]) of an array of holes in
Ag to that of an array of deep dimples in the surface of an undoped Si wafer. In both reflec-
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Fig. 3. (a) As-collected transmission spectra of15×15 hole arrays in suspended films of:
tungsten (W,t =400 nm, d=300 nm, P=600 nm); amorphous silicon (a-Si,t =200 nm,
d = 250 nm, P= 550 nm); and silver (Ag,t = 300 nm, d = 250 nm, P= 750 nm); (b)
zero-order transmission (Ag, T[0]) and first-order reflectivity (Ag, R[1]) of a25×25 array
(P=820 nm) of holes (d=250 nm) in suspended Ag (t =300 nm), compared to first-order
reflectivity (Si, R[1]) of a25×25 array (P=820 nm) of cylindrical dimples (d=300 nm,
depthh' 1 µm) in undoped Si.

tion spectra a maximum occurs at the same wavelength. We attribute the difference between
the Ag and Si reflection spectra to a larger optical penetration range in the second case, lead-
ing to a larger effective dimple diameter and hence wider spectral features (compare to the
data of Fig. 2(c)). The peak wavelength ofR[1] for both Ag and Si arrays coincides with a
maximum in the zero-order transmission spectrum,T[0], of the same Ag array. In contrast,
the zero-order reflection spectrum has a minimum at this wavelength [21]. If this minimum is
due to an absorption by SP modes as claimed in Ref. [21], it would also lead to a minimum
in the first-order reflection spectrum, contrary to what is observed (Fig. 3(b)). In section 4.2
we offer an alternate interference-based explanation for the observed coincidence of zero-order
reflection minima with transmission maxima.

In summary, the two key observations that (a) placing the hole in a periodic array leads to
suppression as well as enhancement of the transmission, and that (b) hole arrays in Ag show the
same transmission spectra as those in non-metallic films which do not support SP modes, are
in direct contradiction to the SP-based model for enhanced transmssion through subwavelength
hole arrays.

3. New model: diffraction and interference of evanescent waves

We consider the diffraction of the illuminating plane wave by a subwavelength feature on the
surface of a film. In particular, we show that the evanescent component of the diffracted field,
which includes contributions from all in-planek-vectors larger thank0, can be described simply
as a composite evanescent wave with propagation characteristics that are distinct from those of
an SP. We construct a simple analytical model in which interference of this composite wave
with the light impinging directly on the entrance or exit surface of an aperture leads to trans-
mission enhancement and suppression. A number of experiments are described which support
the model.
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Fig. 4. Geometry of optical scattering by a hole in a screen in (a) real space and (b)k-space.

3.1. Diffraction by subwavelength surface features

We begin by considering light of frequencyω = ck0 = 2πc/λ0 emerging from a subwavelength
aperture of widthd (see Fig. 4(a)). The light is diffracted partly into a continuum of radiative
(”homogeneous”) modes of which the in-plane component of the wave vector iskx < k0 (blue
circle in Fig. 4(a) and blue horizontal line in Fig. 4(b)), and partly into a continuum of evanes-
cent (”inhomogeneous”) modes propagating along the surface with realkx > k0 and imaginary
kz = i(k2

x − k2
0)

1/2 (red arrows in Fig. 4(a) and red horizontal lines in Fig. 4(b)). Asd/λ0 is
reduced, the fraction of the total power emerging from the aperture which is diffracted into
evanescent modes grows. Of this broad distribution of evanescent modes, a single mode (indi-
cated by the green line in Fig. 4(a) and by the green dot in Fig. 4(b)) matches the wave vector
of a surface-plasmon polariton. The SP is a TM guided mode [3] supported by the metal–
dielectric interface only whenε ′m < −ε ′d , whereε ′m andε ′d are the real parts of the permit-
tivities of the metal and the dielectric, respectively. The SP in-plane wave vector is given by
kSP= nSP(2π/λ0) (dashed green line in Fig. 4(b)), wherenSP= (ε ′mε ′d/(ε ′m+ε ′d))

1/2. For a good
metal such as silver, the SP dispersion curve lies very close to the light line (e.g.nSP= 1.03 at
λ0 = 650 nmfor the Ag–air interface), forming a mode with very low density of states.

The conditionkSP > k0 implies that light incident on a flat metal surface cannot couple di-
rectly to an SP at any finite frequency. Diffraction scattering from a subwavelength surface
feature, such as an aperture, does provide the necessary momentum to couple to an SP (see
Fig. 4(b)). However, the fraction of the total evanescent power coupled into the SP is very
low (in other words the SP does not constitute a preferred channel for diffraction compared
to the other diffracted lossy modes which are not long-range guided modes of the surface). A
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subwavelength aperture is therefore an inefficient device for coupling to SPs.
The apertures in the hole arrays considered in the present study are in close, wavelength-scale

proximity to each other. As a result, each subwavelength aperture acts as a probe of the power
diffracted into the continuum of evanescent surface modes by the neighboring holes. It is thus
imperative to consider the effect of the total evanescent field diffracted by a given hole.

3.2. Analytical characterization of the total, in-plane diffracted evanescent field

To understand the fundamental characteristics of the total evanescent field diffracted by a sub-
wavelength aperture, we consider the concrete example of light diffracted a single slit of width
d in an opaque screen. The electric field amplitude of the total diffracted field at the surface is
given by [22]:

E(x,z= 0) =−E0

π

[
Si

(
k0(x+

d
2
)
)
−Si

(
k0(x− d

2
)
)]

, (1)

wherex is the distance from the center of the slit or groove,E0 is the source field amplitude,
andSi(α) is the sine integralSi(α) =

∫ α
0 (sin(t)/t)dt. This expression has a simple physical

interpretation ford < λ/2 and in the full lateral region beyond the immediate vicinity of the
aperture. Indeed, forx > λ/2 we find that Eq. (1) is accurately approximated by:

E(x) =
E0

π
d
x

cos(k0x+
π
2

). (2)

The total diffracted evanescent field can thus be described as a running wave propagating with
a well-defined wave-vector lying in the plane of the surface. We designate this wave as a ”com-
posite diffracted evanescent wave” (CDEW), where ”composite” refers to the summmation of
all diffracted inhomogeneous modes performed to obtain Eq. (1). We emphasize that the CDEW
is launched at any frequency, independently of the presence of neighboring holes, with a wave-
vector magnitude equal to that of the source,kCDEW = k0 = 2π/λ0. The amplitude of the CDEW
decays with lateral distance as1/x, and its phase is shifted byφ = +π/2 with respect to the
light emerging from the slit. A CDEW thus has physical characteristics that clearly distinguish
it from an SP (which is launched with a phase equal to that of the source and propagates with a
constant amplitude).

In the well-known Fraunhofer formalism, the far-field angular intensity distribution of light
diffracted by a slit of widthd is given byI(β ) = (sin(β )/β )2 whereβ = kxd/2 [17]. This
function constitutes an effective ”density of states” forkx in the range of radiative modes0 <
kx < k0. It is interesting to examine the result of extrapolatingI(β ) to encompass as well the
range of propagating evanescent modes withkx > k0. Using thisad-hocextension of the density-
of-states function, we can estimate the superposition of all diffracted evanescent modes along
the surface. A numerical integration of the spectrum of weighted modes|I(β )|1/2exp(ikxx) over
the intervalk0 < kx < ∞ yields exactly the expression given by Eq. (2), whenx > d. Whether
this is largely a coincidence or carries deeper meaning is not yet fully understood.

We note that the preceding analysis applies equally well to the case of a subwavelength
aperture-opening or groove on the illuminated side of the film. Such a feature diffracts an inci-
dent plane wave of field amplitudeE0 into a CDEW according to Eq. (2). Thus an aperture in
an opaque film will launch two distinct CDEWs, one on each side of the film.

3.3. Experimental characterization of the composite diffracted evanescent field

Since the form of the CDEW is crucial to the enhanced transmission phenomenon, we perform
a number of experiments to verify Eq. (2). In a first experiment (Fig. 5), we check the phase-
and distance-dependence of the CDEW by characterizing the in-plane optical interference of
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Fig. 5. Characterization of CDEW amplitude and phase by in-plane interferometry. (a)
Device geometry: double row of cylindrical holes (d=250 nm, P=500 nm) in a suspended
Ag film (t = 300 nm) with row–row spacingL varied in integer multiples ofP; (b and
c) SEM micrographs of devices withL = 1.5 and 3 µm, respectively (FOV= 7.6 µm,
a=52◦); (d) wavelength positions of interference maximaλm,K (wherem is interference
order), plotted as a function ofL: experimental data (symbols), CDEW model (dashed
lines), and SP model (dotted line, shown only for casem= K); (e) CDEW amplitudeC as
function of traveled distanceL: experimental data (symbols) and1/L fit (dashed line).

two rows of holes (d = 250 nm), for which the row–row distanceL = KP is varied in fixed
incrementsP = 500 nmwith K = 1,2, . . .10. Both rows (see Fig. 5(a)) are illuminated with
a plane-wave (light blue arrows) but light is captured and spectrally analyzed from only one
of the rows (dark blue arrow). Light incident on the left-hand row of holes is partly diffracted
into a CDEW (red arrow), which propagates to the second row where it interferes with the
light that is directly incident on that row (by symmetry, the inverse process from right to left
occurs as well). This interference results in intensity variations (which depend onλ andL) at
the entrance to the holes of the right-hand row, and to spectral modulation of the transmitted
powerQC/Q1 (whereQC is the collected power emerging from a given row, andQ1 that of
a reference device consisting of a single, isolated row). Following the prediction of Eq. (2),
assume that the wave traveling from one row to the other is given by a function of the form
E(x) = C(x)cos(ne f f(2π/λ )x+ φ), whereφ is the phase shift with respect to the incident
illumination upon launching,C(x) is a monotonically varying function of distance, andne f f is
an adjustable parameter corresponding to an effective index of refraction experienced by the
CDEW. Constructive interference, leading to transmission maxima, is then predicted to occur
at wavelengthsλm,K(L) = ne f fL/(m−φ/2π) = ne f fKP/(m−φ/2π), wherem= 1,2, . . . ,K−
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1,K is the interference order. The generation of a CDEW, and its interference with the incident
plane wave is evinced by the presence of pronounced interference fringes in the spectrum of
QC(λ )/Q0(λ ). The peak positions of these modulations are plotted as solid symbols in Fig. 5(d)
as a function ofL = KP and identified by interference orderm. The observed peak wavelengths
λm,k show an excellent correspondence to the behavior predicted by the CDEW model of Eq. (2)
using fitting parametersφ = π/2 andne f f ' 1.1 (dashed lines in Fig. 5(d)). The peak position
for the data setm = K shows an upturn at smallL which constitutes direct and unequivocal
evidence of a phase shift of the CDEW with respect to the incident light. In contrast, an SP
would be launched in phase with its source (φ = 0); for the highest interference order,m =
K, the expected SP interference peak positionλm,m = ne f fP = nSPP is independent ofL, as
indicated by the dotted line in Fig. 5(d).

The effective refractive indexne f f experienced by the CDEW represents a correction to
Eq. (2) which was derived for a generic opaque screen. A-priori,ne f f is expected to represent
the weighted effect of the metal and of the adjacent dielectric medium (of indexnd) sampled
by the evanescent field of the CDEW to either side of the interface. For an SP (one of the
constituent components of the CDEW) the effective indexne f f = nSP is indeed material- and
wavelength-dependent, and slightly larger thannd; at an Ag–air interface for example,nSP de-
creases monotonically from 1.04 to 1.02 asλ increases from 200 to800 nm. In contrast, we find
that the CDEW consistently takes on a substantially higher valuene f f ' 1.1nd. This value for
ne f f is consistently observed at an Ag–air interface in a variety of geometries, over a wide wave-
length range (500 to850 nm), and for propagation over distances of at least several microns (see
below and section 3.5). The CDEW is composed of a large range ofkx, with correspondingkz.
Whenkx = k0 for example,kz = 0 and the evanescent wave is barely confined to the surface; for
large values ofkx on the other hand,|kz| is large and the evanescent wave is tightly confined to
the surface. As a result, it is not surprising that the effective medium experienced by the CDEW
should be different from that experienced by an SP. Somewhat more unexpectedly, applying the
CDEW model to experimental results reported for an enhanced-transmission structure in the
microwave region [23], for which metals display near-perfect behavior, also leads to a best-fit
value ofne f f ' 1.1 (see section 3.5). The insensitivity ofne f f to parameters such as material
properties and wavelength range hints at a more fundamental process governing the apparent
retardation of the CDEW, possibly related to the initial distribution and subsequent evolution
(as a function of distance) of its constituent evanescent modes. Clearly, further study of this
issue is required. In the meantime, we simply includene f f as a phenomenological correction to
Eqs. 1 and 2 wherek0 is replaced byke f f = ne f fk0.

Figure 5(e) displays the variation in CDEW amplitude as a function of traveled distance
L. This functionC(L) is inferred from the magnitude of the peak-to-valley modulation of the
detected interference signal at the second row of holes as a function of wavelength, for different
row-row separations. The observed CDEW amplitude is found to follow a1/L dependence over
more than one order of magnitude, consistent with Eq. (2). In contrast, as a guided mode of a
metal–dielectric interface, an SP can travel relatively long distances along the interface, limited
only by surface absorption. The amplitude of an SP is expected to followC(L)∼ exp(−x/2LSP)
whereLSP(λ0) is the characteristic SP propagation length. For example, for a Ag–air interface,
LSP increases from 18 to63 µm asλ0 is varied from600 nmto 800 nm. Forλ in this range, a
plot of C(L) on the log-log plot of Fig. 5(e) would correspond to a straight horizontal line.

We remark that a related set of experiments involving the interference between a pair of sub-
wavelength slits in a silver film yields equivalent detection of a CDEW and identical predictions
for its phase (φ = π/2) and amplitude (inversely proportional to traveled distance).

As noted above, each row of the double-row geometry acts both as a source and detector of
CDEWs. As a result, even though the CDEW decays fairly rapidly as a function of distance, we
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Fig. 6. Characterization of distance-dependence of CDEW amplitude by interferometry in
a circular configuration. (a) Device geometry: single hole (d = 300 nm) in a silver film
(t = 250 nm) on glass surrounded by a single circular groove (widthw= 150 nm, depth
h=100 nm) with radiusR varied in integer multiples ofP=600 nm; (b and c) SEM mi-
crographs of devices withR= 3 and4.2 µm, respectively (FOV=12.5 µm, a=52◦); (d)
enhancement factorG(λ ) plotted for increasing normalized radiusK = R/P; (e) CDEW
amplitudeC as a function of normalized traveled radial distanceK = R/P: experimental
data (symbols) and1/R fit (solid line).

cannot rule out the influence of a higher-order in-plane process, such as multiple scattering, on
the amplitude results of Fig. 5(e). To avoid this possibility, we devise a CDEW interferometer
with an asymmetric configuration in which the element used for CDEW detection represents
a minimal perturbation as a source of CDEWs: a single hole at the center of a single circular
groove (see Fig. 6). Since the area of the hole is very small compared to that of the ring, the
CDEW generated by the hole contributes a negligible fraction of the total CDEW field inside
the ring, and the hole can therefore be considered to be a true probe of the CDEW launched by
the groove.

In the experimental implementation of such a device (Fig. 6(a)), the radius of the ring groove
is varied in fixed steps ofP according toRK = KP (whereP = 600 nmandK = 1,2, . . .9). The
transmission enhancement factor of the central hole,G(λ ) = QC(λ )/QSH(λ ) (whereQSH(λ )
is the collected signal from an equivalent reference hole not surrounded by a ring) is measured
for plane-wave illumination of the grooved side of the device. The resulting plot ofG(λ ) for
various values ofK (Fig. 6(d)) reveals a set of spectra, all strongly modulated as a function of
wavelength, with an amplitude that is essentially independent ofK. The transmission modu-
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lation can be interpreted as evidence of interference at the hole entrance: the groove diffracts
the incident light partly into a CDEW (red arrows in Fig. 6(a)) which propagates to the cen-
tral hole where it interferes with the light directly impinging on the hole (light blue arrow).
The transmitted light intensity (dark blue arrow) is proportional to the interference signal at
the hole entrance. If only the ring were illuminated, no such interference would occur and the
normalized spectra of Fig. 6(d) would be flat.

A closed-form solution to the evanescent wave field scattered by an annular feature is not
available, and we model the groove as a collection of scatterers with fixed linear density along
the ring perimeter, each of which generates an evanescent wave fieldECDEW(x) ∝ Ccos(ke f fx+
φ). Integrating this expression around the perimeter of the ring (which is appropriate for the un-
polarized incident light), gives the total field at the central aperture asE = E0 +

∮
ECDEW(KP),

whereE0 is the field of the light impinging on the aperture. We fit this expression to the family
of experimental curves of Fig. 6(d) (over the range500 nm< λ < 850 nm) with the constants
ke f f, φ , and the functionC as fitting parameters. Once again we findke f f = 1.1k0, consistent
with the interference experiment based on the double row of holes (Fig. 5). In a departure from
the case of a CDEW launched from a linear array of holes or a linear groove however, the ap-
parent phase of the CDEW detected at the central hole takes on the valueφ = −π/2 (instead
of +π/2). While the cause of this sign change is not understood at present, we suspect it re-
sults from the unique circular symmetry of the problem. Most importantly, the fit reveals that
the amplitude ofECDEW follows C' 1/R= 1/KP (Fig. 6(e)), which is once again consistent
with Eq. (2). The present measurement provides a high signal-to-noise characterization of the
amplitude decay profile of the CDEW over substantial distances. Indeed, multiplying the an-
nular groove radius by a factorK increases its perimeter and hence the total strength of the
CDEW field source propagating towards the hole by a factorK. This exactly compensates for
the1/K reduction factor in the amplitude of the CDEW arriving at the hole due to the increased
distance to the hole. As a result, the amplitude of the CDEW interfering with the light imping-
ing directly on the hole is independent ofK, resulting in interference spectra (Fig. 6(d)) which
display constant amplitude for allK.

The single annular groove is of course expected to launch an SP, however with an amplitude
expected to increase linearly withK at the hole (as a result of the corresponding linear increase
with K of the integrated SP source field strength along the perimeter, together with a constant
amplitude as a function of distance of the SP generated per unit length). The constant amplitude
of the spectral modulation observed in Fig. 6(d) therefore rules out any significant surface-
plasmon contribution on the scale of the detected signal.

We emphasize that the CDEW is not a long-range guided mode of the surface, as is made
explicit in the decay of its amplitude with propagation distance, whereas the SP launched by
a subwavelength groove (green dot in Fig. 4(b)) is a long-range propagating mode. However,
Fig. 5(e) and Fig. 6(e) demonstrate that within at least6 µm from the source (for an Ag–air
interface at optical frequencies) the contribution of the CDEW overwhelms that of the SP. Such
a distance corresponds to about 10 times the lattice constant of typical hole arrays, such as those
studied in Section 2.1. We therefore expect the CDEW to completely dominate the transmission
characteristics of hole arrays, and the role of the SP to be insignificant.

3.4. Mechanism for transmission enhancement and suppression

In the previous section we have shown that the optical transmission properties of an aperture can
be strongly affected by the CDEW diffracted by another individual subwavelength feature (hole
or groove) located up to several microns away along the surface. In this section we consider the
case of a film with one or more subwavelength apertures and surface corrugations on one or
both sides, illuminated on its entire front side with a plane wave.
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For a given aperture, the illumination intensity at the entrance is modified by a functionA1(λ )
due to the interference of CDEWs launched by neighboring features. The transmission through
the hole is characterized by its intrinsic transmission, defined asTH = (QR+QE)/Q0 measured
in the case of the single, isolated hole, whereQE is the total power emitted into evanescent
modes on the exit side of the hole, in a diffraction process similar to that described in Section 3.1
and illustrated in Fig. 4. At the aperture exit, the intensity is in turn modified by a function
A2(λ ) which results from the interference by CDEWs diffracted by neighboring holes (first
order process), as well as back-scattering of CDEWs, generated by the aperture itself (higher-
order processes). There is strong evidence [15, 23] that the two modulation functionsA1(λ )
andA2(λ ) are independent of one another for optically thick films, and that neither modifies
TH(λ ). New results on an array of well-defined cylindrical holes [24] show thatTH(λ ) is indeed
independent of bothA1(λ ) andA2(λ ). Therefore, the overall transmission function as measured
by an objective of numerical aperture NA,TC(λ ), can be found by cascading multiplicatively
the front-surface modulation functionA1(λ ), the intrinsic transmission function through the
holeTH(λ ), the back-surface modulation functionA2(λ ), and the functionfC(λ ) = QC/(QR+
QE) representing the fraction of the total power transmitted to the back surface of the film
(including both radiative and evanescent surface modes) which is collected by the lens.TC(λ )
is then written:

TC(λ ) = A1(λ ;n1,P1,d1)TH(λ ;nH ,d, t)A2(λ ;n2,P2,d2) fC(λ ;NA,P2,d2), (3)

wheren1 andn2 are the refractive indices of the dielectric media on front and back sides of
the film, respectively,nH is the refractive index of the medium inside the aperture, andt is the
film thickness.P1 andP2 are the lattice constants andd1 andd2 the lateral dimensions of the
periodic features on front and back sides, respectively.

In the limit of very large arrays andλ > P, the single outgoing beam is collimated; by time
reversal invarianceA1(λ ) = A2(λ ) so that the transmission in that region of the spectrum is
independent of which side of the film is illuminated, even if the film is not symmetric, as is the
case for a perforated film supported by a substrate [4, 1].

Equation (3) indicates thatTC(λ ) will display a local maximum at wavelengths for which
eitherA1(λ ) or A2(λ ) has a maximum. A maximum inA1(λ ) corresponds to constructive in-
terference of front-side CDEWs with the light directly incident on the hole, i.e. to a maximum
in illumination intensity of the hole. Since the hole entrances are radiative scattering centers,
this also leads to an intensity maximum in the reflected diffraction orders (apart from the spe-
cial case of the zero-order reflected beam discussed in Sections 2.2 and 4.2). A maximum in
A2(λ ) corresponds to constructive interference, at the hole exits, of back-side CDEWs with
light emerging directly from the holes. Since the hole exit openings also represent radiative
scattering centers, this also corresponds to a condition of enhanced desorption of power carried
by back-side CDEWs. This leads to an intensity maximum in all the diffracted orders, includ-
ing the zero-order beam which is always intercepted by the objective. Conversely, local minima
in TC(λ ) are associated with local minima inA1(λ ) or A2(λ ), corresponding to destructive
interference of CDEWs with the incident or emerging light, at the hole entrances or exits, re-
spectively. This leads to suppressed illumination at the hole entrance or suppressed desorption
at the hole exit, respectively.

In summary, CDEWs are excited by diffraction at all wavelengths at both the entrance and
the exit surface of a given aperture, and thus represent a power-loss channel along the respective
surfaces. Some of this lost power can be recovered into the transmitted signal when the CDEW
is intercepted by neighboring holes in phase with their incident or transmitted illumination, on
front or back surfaces, respectively.
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3.5. Comparison of model to data

We apply the analysis outlined above to the case of a single subwavelength slit, flanked on its
illuminated side by±N parallel subwavelength-width grooves, periodically spaced byP (such
as shown in Fig. 7(a)). Under plane-wave illumination, each groove launches a CDEW which
interferes with the field of the direct illumination at the slit, resulting in a spectral modulation
at the slit entrance given by:

A1(λ ) =

(
1+2

N

∑
j=1

αd
jP

cos

(
2π
λ

ne f f jP+
π
2

))2

, (4)

whereα is the amplitude of the CDEW launched at each groove relative to the amplitude of
the incident light, andne f f the effective index of refraction experienced by the CDEW along
the interface. We recall that the data of Fig. 5 shows that Eq. (4) is valid also for a linear row of
holes.

The radiative transmission coefficientTR(λ ) is given by Eq. (3) with the numerical aperture
NA set to 1. SinceA2(λ ) = 1 for a flat output surface, and bothfC andTH are slowly varying
monotonic functions for a slit, we deduce thatTR(λ ) ∝ TC(λ ) ∝ A1(λ ). Figure 7(d) shows the
theoretical functionA1(λ ) plotted as a function ofλ/(ne f fP) for N = 0,±1, . . .± 5. In this
figure, the CDEW amplitude is treated as an adjustable parameter; the valueα = 0.7 yields a
best fit to experimental observations.

For N = ±1, A1(λ ) has a maximum atλ = 4P/3. The substantial red-shift of this value
compared toP is a direct result of the characteristic CDEW phase shift ofφ = π/2. We note
that a similar red shift is also observed in the transmission spectra of a device consisting of
a single slit in a thick sheet of Al alloy, patterned with a single groove to either side (i.e.
N = ±1) and illuminated with microwave radiation [23]. A transmission peak is observed at
a wavelengthλ = 1.46P, consistent with the CDEW model which, withne f f = 1.1, predicts
λ = ne f f(4P/3) = 1.47P.

As N is increased, the spectral peaks in Fig. 7(d) develop a pronounced asymmetrical profile,
with a sharp rise on the left (through a fixed ”pivot point” atλpp = 0.95P) and a more gradual
decay to longer wavelengths, similar to the asymmetric peak profiles typically observed in the
transmission spectra of hole arrays.

The as-measured experimental transmission spectrumQC(λ )/Q0 for such a device is plotted
in Fig. 7(b) for select values ofN. Features similar to those of the analytical model of Fig. 7(d)
are obtained asN is increased from 1 to 5, including a shift of the peak wavelength towardsP ,
as well as the occurrence of a pivot point atλ = 1.04P = ne f fλpp, where the effective index is
once more found to bene f f = 1.1.

In contrast, a simple analytical surface-plasmon model forA1(λ ) similar to Eq. (4) (where
the SP is characterized by a phaseφ = 0, an amplitude which is constant as a function of
distance, and an effective indexne f f = nSP) predicts a sharpening of the peak with increasing
N, at a peak wavelengthλ = nSPP which is independent ofN (Fig. 7(c)). Clearly the CDEW
model of Fig. 7(d) gives a better correspondence to the experimental observations of Fig. 7(b).
A complete solution of the Maxwell equations [12] for this structure yields results very similar
to those of Fig. 7(d).

For single-hole devices with output corrugations, first-order decoupling dominates the beam-
ing process [12, 27], and we still haveA2(λ ) = 1. However, in the case of a hole array,
additional sources are present on the exit surface. When the dielectric media are matched,
A1(λ ) = A2(λ )≡ A(λ ) andTC is simply given byTC(λ ) = fC(λ )A2(λ )TH(λ ). Figure 8 com-
pares the function[A(λ/P)]2 derived from the experimental data for a9×9 array, to that pre-
dicted from the CDEW model (adapted to a two-dimensional configuration by taking into ac-
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Fig. 7. Spectral effect of increasing the number of surface-wave sources: experimental re-
sults compared to simple analytical predictions for single slit surrounded by±N periodic
grooves. (a) SEM micrograph (FOV=12.7 µm, a=45◦) of experimental device consist-
ing of a single slit (widthw= 100 nm, length l =10 µm) in a silver film (t =340 nm) on
glass, surrounded by±5 grooves (P=650 nm, w=100 nm, h'50 nm); (b) experimental
transmission spectra,N varied from 1 to 5 with other parameters constant as in (a); (c)
intensity modulation at slit entrance predicted by SP model; (d) intensity modulation at slit
entrance predicted by CDEW model.

count the effect of the various lattice planes up to order (3,1)). This two-dimensional CDEW-
based model provides a good fit to the data in terms of both peak position and peak width. Since
the wavelength-dependence of the factorα (which represents the fraction of light diffracted
into a CDEW at each groove) is not taken into account, discrepancies develop at shorter wave-
lengths (whered/λ is effectively larger, resulting in less diffraction into evanescent modes and
a reduced value forα).
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Fig. 8. Cascaded two-surface modulation function[A(λ )]2 for a 9× 9 hole array facing
identical dielectric media on both sides: function derived from experimental data of Fig. 1
compared to prediction of CDEW model.

3.6. Search for surface plasmon contribution

While our new model accounts for all the features in the transmission spectra, we do not deny
that surface plasmons are launched whenever a plane wave is incident on a metallic surface
with a periodic structure, as discussed above in Sections 3.1 and 3.3. But one must ask, what is
the relative contribution of the SPs to the transmission spectra? Unfortunately, this question is
difficult to answer in the case of a periodic array of holes, where the peak wavelength associated
with any SP resonance coincides [5] with the deep Rayleigh minimum associated with the
Wood’s anomaly [25]. It has been argued that the SP dispersion may be modified significantly
by the very deep corrugation represented by a hole array to the extent that the transmission
peak is red-shifted significantly compared to the smooth-surface limit, but we are aware of
no theoretical work to back thisad hocstatement. On the contrary, experimental transmission
spectra of a periodic array of slits show SP features at wavelengths very close to the smooth-
surface dispersion [8, 9].

We believe that the evidence put forth in the preceding sections is sufficient to refute the
SP model. Nevertheless, we set out to find out what contribution, if any, the SPs make to the
transmission. We do this under circumstances which are optimized to reveal the SPs. We use
Ag films, which have a dielectric constant with large real part|ε ′m| and small imaginary part
ε ′′m in the visible region, and choose a geometry with axial symmetry in which the Rayleigh
anomaly is absent. Such a geometry is provided by a single hole surrounded by concentric ring
grooves, with radiiRK = (K + f )P, whereK = 4,5, . . .19and f = 0,0.1, . . .1.0 (see Fig. 9). The
innermost rings are intentionally omitted to reduce the sensitivity of the transmission spectra to
the structure in the immediate vicinity of the hole; a total of 16 rings are spaced byP= 600 nm
in order to create periodic structure in the radial direction, enough to develop a well defined-
SP mode. Since the SP is a long-range propagating mode, any SP resonance on the grating is
observable via the hole (which acts like an NSOM built into the surface). The effect of varying
f is to shift the observation point with respect to the grating, without however changing the
lattice constant of the grating.

Figure 9(b) shows the gain spectrum of the device,G(λ ) = QC,16/QC,0 (where the normal-
ization is to the transmission spectrum of an equivalent single hole,QC,0); in the interest of
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Fig. 9. Surface-wave detector consisting of a single hole (d=300 nm) surrounded by 16
ring grooves (w= 150 nm, h= 100 nm) in a silver film (t=250 nm) on glass. Grooves form
a concentric grating with periodP=600 nm, starting at radius4P. (a) SEM micrograph of
device (FOV=30.4 µm, a=52◦); (b) effect on gain spectrumG(λ ) of increasing hole-
grating radial distance by increments ofP/10.

clarity, spectra for only four values off are displayed. Two distinct peaks can be observed in
the spectrum forf = 0 (at wavelengths of 625 and650 nm, respectively), which have previ-
ously been attributed to distinct SP modes of the grating [2]. However, the spectrum evolves
dramatically, with peaks varying in position, amplitude and number, as the observation point
is shifted by minute, 60-nm increments. This indicates that the peaks are not a signature of
an inherent resonance of the grating, but simply represent artifacts of the measurement at the
hole, where the surface wave launched by the grating interferes with light incident directly on
the hole. Based on its interference properties at the hole, this surface wave presents a rapidly
varying phase within a broad envelope function ranging fromλ = 590 to 680 nm, peaking at
λp = 648 nm= ne f fP, wherene f f = 1.08, close to the value of 1.1 observed forne f f in the pre-
vious sections. In addition, the highest value forG(λ ) is observed close to the valuef = 0.25,
consistent with the observation that the CDEW arriving at the central hole has a phase shift
φ =−π/2 with respect to the incident light (see the discussion of Fig. 6). The data of Fig. 9 is
therefore entirely consistent with the CDEW model.

In comparison, the expected signature of an SP resonance is a fixed, single transmission peak
at630 nm[3, 8, 9], with a FWHM of about25 nm. Thus, the strong dependence onf of the peak
positions in the data of Fig. 9(b) are not consistent with the SP-resonance model. We therefore
conclude that even in such a structure which is optimized for detecting surface plasmons, the
SP contribution to the transmission spectrum is negligible compared to that of the CDEWs.

4. Discussion and conclusion

4.1. Comparison to other models

One of the most attractive features of the CDEW model we have proposed is its simplicity. We
do not claim to offer a complete solution to the Maxwell equations as has been done in many
numerical calculations [5, 8, 11, 12, 13, 26, 27, 28, 29]. For instance, we have considered only
the first-order effect of scattering into a CDEW and subsequent propagation on the surface,
and have not included such higher-order processes as multiple scattering. Yet the model is
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successful in the sense that it accounts for the salient features of the transmission spectra of hole
arrays or single apertures surrounded by a corrugated surface. Indeed, in the simplicity of the
model lies its elegance, for the CDEW model reveals the essence of the physics underlying the
transmission enhancement (and suppression) in a clear and intuitive way, so that it can be used
as a platform for further development, both in understanding the underlying physical principles
and for the purpose of device design and optimization. We note in passing that the limited range
of the CDEW tends naturally to disfavor multiple scattering. Moreover, the present structures
are optimized for operation (high transmission) at the conditionλ ' P, which favors in- and
out-coupling normal to the surface at the expense of higher-order in-plane processes. This is
the exact opposite of the Bragg conditionλ = 2P required for efficient in-plane confinement
(such as is used in the operation of distributed feedback lasers for example).

The model proposed here is similar in spirit to the dynamical diffraction model of
Refs. [28, 29] which offer a complete solution to the problem of enhanced-transmission through
a one-dimensional array of slits in terms of propagating Bloch waves. We believe that the suc-
cessful experimental predictions of our intuitive CDEW model vindicate such an approach
based entirely on diffraction.

A leaky surface plasmon theory [30] includes scattering by the surface topography, but con-
siders only SPs interacting with and emerging from the subwavelength aperture(s) whereas the
CDEW model includes all the evanescent modes. Another theory [31] treats the transmission
peaks of hole arrays in terms of second-order scattering from classical diffraction lobes as they
become tangential to the surface. However this model predicts only transmission enhancement
but not suppression, and inaccurately predicts transmission maxima at positions of experimen-
tal minima. Several groups [32, 33] have proposed to interpret the transmission spectra of hole
arrays in terms of the Wood’s anomaly, which incorporates both the minima as Rayleigh anoma-
lies and the maxima as Fano resonances [25], but only in a phenomenological way. The CDEW
model is in essence a Wood’s anomaly model that goes beyond the phenomenological approach
and offers a concrete and quantitative (albeit to first order) description of the transmission of
hole arrays, of which the principles are amply supported by experimental data.

4.2. Consideration of selected data in light of CDEW model

In this section we consider a selected set of data which has been interpreted with the SP model,
and re-consider the results in the light of the CDEW model.

A recent observation that the zero-order reflectivity spectrum exhibits minima at wavelengths
corresponding to maxima in the zero order transmission spectrum, was interpreted as evidence
for absorption into SP modes at those wavelengths [21]. The CDEW model predicts that for a
symmetric situation such as a hole array in a free-standing membrane, the radiative emission
due to the CDEW is the same on the front and back surfaces, and one would thus expect trans-
mission maxima to coincide with reflection maxima, and to be of roughly the same magnitude
(relative to the average light intensity on either side of the film). This is in fact observed (see
Fig. 3(b)) in the spectrum of the first order reflected beam. The zero-order reflected beam has
contributions not only from the CDEW scattering off the corrugated surface, but also from the
specular reflection of the main beam. Since on a metallic surface the specularly reflected light
undergoes a phase change ofπ, it is out of phase with the CDEW contribution which thus
causes a reduction of the total zero-order intensity, without the need for absorption. We should
mention here that by Babinet’s principle, the zero order reflection spectrum of an array of dots
is expected to be the same as the zero order transmission spectrum of an hole array in a screen.
Preliminary measurements show that this is indeed the case.

An intriguing experiment has demonstrated [34] that when two photons are generated in a
quantum entangled state, the entanglement survives even when one of the photons is made
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to pass through a hole array. This result is surprising if it is assumed that the light incident
on the hole array is converted into a resonant SP mode which subsequently ”tunnels” through
the holes. However, in the CDEW model the scattered light, including the evanescent waves,
remains coherent with the incident radiation, and it is not surprising that the entangled state
is preserved on passage through the hole array (up to a small effect due to finite losses and
geometrical imperfections at the metal surface).

The time delay experienced by a light beam on passing through a hole array corresponds
to a surface propagation length of a few lattice constants [35], consistent with the fact that the
CDEW in our model decays like the inverse of the propagation distance, so that the scattering of
corrugations or holes located beyond than 4–5 nearest neighbors make a negligible contribution
to the total field at any given hole. This is in turn consistent with the observation that the
transmission modulation saturates for a relatively small9×9 array size (Fig. 1(b)). This finite-
size effect, observed also in very large arrays and a long-standing mystery in the SP model,
follows naturally from the CDEW model.

A study on the effect of the hole depth or film thicknesst on the transmission of hole arrays (at
constantd andP) has shown that the peak transmission at the longest-wavelength peak depends
on t [36]. However, when the magnitude of the transmission enhancementG(λp) is obtained
by normalizing to a comparable-diameter comparable-diameter hole, treated as a waveguide, it
appears that the transmission enhancement has a much weaker thickness dependence, consistent
with the results from Fig. 2. In the same study, a broadening of the transmission peak for
the thinnest films has been interpreted as evidence for a coupling between SP modes on the
front and back surfaces of the film. In the framework of the CDEW model, we interpret the
broadening of the spectra in terms of a finite-size effect: the intrinsic hole transmissionTH

becomes larger with decreasingt; this acts as a leakage channel for the CDEW so each hole
is reached by CDEWs from fewer neighbors. The effective reduction inN (see Eq. (4)) then
results in a reduction ofA1(λ ), a broadening of the peak, as well as a red shift (compare to
the data of Fig. 7), all features which are observed in the data of Ref. [36]. A similar lateral
screening effect and effective reduction inN is interpreted to account for the broadening and
red-shift of hole-array transmission peaks as the hole diameter is increased, such as observed
in Fig. 2(c,d).

Finally, the CDEW model explains how light emerging from a single subwavelength aperture
can excite a surrounding area with periodic surface corrugations with high efficiency (and a
well-defined phase) to produce an intense, low-divergence beam [14]. The SP resonance model
fails to predict the high efficiency of the process, since a subwavelength aperture is a point
source which is extremely ill-suited to SP grating coupling; moreover the SP mode launched
directly by the aperture by diffraction into the evanescent regime (kx > k0) is but one of a
continuum of traveling modes and thus carries a small fraction of the power emitted by the
aperture. The observed beaming conditions are consistent with the fundamental characteristics
of the CDEW: beaming at all wavelengths (for example for linear-groove device of Ref. [14]
resulting from the launching of a CDEW at all wavelengths; a red shift with respect to the
groove period of the optimal wavelength for beaming, resulting from the phase shiftφ = π/2
of the CDEW for the linear case; and finally a laterally confined emission area corresponding
to the limited lateral range of the CDEW.

4.3. Conclusion

In summary, we have presented evidence contrary to the notion that a resonance with SP modes
leads to enhancement of the transmission through subwavelength hole arrays. We have pro-
posed a new model which involves the interference of composite evanescent waves generated
by diffraction of the incident light at the constituent subwavelength surface structures. We em-
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phasize once more that the CDEW of our model can be clearly distinguished from an SP mode.
The latter is simply not supported by nonmetallic systems, yet nonmetallic samples display the
same fundamental transmission characteristics as metallic ones. In addition, a search for an SP
contribution in an optimized geometry and material yielded a negative result on the scale of the
detected CDEW. Experimental evidence confirms that the physical properties of CDEWs are
as described in the proposed model, and are markedly different from those of SPs. The CDEW
model is consistent with a large body of data published on hole-array transmission. In partic-
ular, the interference aspect of the model directly predicts transmission suppression as well as
enhancement, which is observed for properly normalizedTR(λ ). The transmission enhance-
ment in hole arrays is found to be at most a factorG' 7, a value consistent with the two-sided
lateral-interference mechanism underlying the CDEW model.

While the small transmission enhancement diminishes the relevance of hole arrays for use
in a number of applications, the modulation in the transmission spectrum is still attractive for
use in, for instance, display devices: Since the positions of the maxima and minima are tunable,
this means that for fixed wavelength the transmission efficiency can be controlled [37]. Display
devices based on hole arrays can be light and flexible, and the peak transmission can in principle
be close to unity. This high efficiency could result in mobile devices with vastly improved
battery lifetimes.

Although G ≤ 7 for hole arrays, it can be far larger for a single hole with an optimized
corrugation [2] (see also Fig. 9). The largest transmission enhancement reported to date is
G= 125for a single hole with a set of concentric ring grooves, periodically spaced in the radial
direction [38]. In that sample, second harmonic generation was demonstrated with an enhanced
efficiency: For a given input power, the intensity in the second harmonic is increased by a
factor104 compared to the signal from a bare hole in the same film, since the second harmonic
intensity follows the square of the excitation intensity. Such a transmission enhancement is very
promising for near-field optical microscopy, in particular real-time high-resolution imaging or
microscopy of nonlinear optical processes such as Raman scattering and optical conversion.
Concentric-ring devices may also prove to be useful in applications such as read-heads for
high-density data storage [39, 40].

The CDEW model has bearing on the long-standing problem of Wood’s anomaly, in which
the diffraction efficiency of a grating shows large variations as the wavelength is varied. The
variations are usually characterized as a combination of deep minima, known as Rayleigh
anomalies, and high maxima, labeled Fano resonances [25]. Both of these effects follow natu-
rally from the interference properties of CDEWs, with Rayleigh minima occurring at conditions
of destructive interference of the CDEW with the incident light, and Fano-resonance occuring at
conditions of constructive interference (the spectral positions and relative magnitudes of these
minima and maxima depending sensitively on the details of the surface and its corrugation
geometry).

Similarly, the CDEW model offers a quantitative yet intuitive approach to the related issue of
dichroic filters, also known as metallic meshes or frequency-selective surfaces [41, 42]. These
are perforated metal films of which the transmission spectra exhibit intensity variations with
such high contrast ratios that they are useful as filters. In fact, the first reports of the enhanced
transmission phenomenon in hole arrays can be traced back to studies on near-millimeter [43]
or far-infrared [44] band-pass filters. In the first case [43], a hexagonal array of holes in thick
brass (t = 3 mm, d = 1.4 mm, hole spacings = 1.6 mm) was shown to display a distinct
transmission peak at a red-shifted wavelengthλp = 1.44P, whereP = 0.87s is the smallest
spacing between the rows of holes, leading to a per-hole transmission coefficientTR(λp) = 1.17.
In the second case [44], a distinct red-shifted transmission peak,λp = 1.12P corresponding to
a per hole transmission coefficientTR(λp) = 3.2 was observed for a hexagonal arrays of holes
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in Ni (t = 52 µm, d = 37 µm, s = 72 µm). In both cases, the transmission is enhanced to
efficiencies larger than unity when normalised to the fractional area occupied by the holes. Such
high efficiencies are comparable to values forTR(λp) > 1 obtained for hole arrays operating in
the visible (such as the devices of Fig. 1 or Fig. 2), hinting at the key role of CDEWs, in all
frequency ranges, in recovering power lost to evanescent modes by diffraction.

The most efficient hole-array filters are metallic simply because the large index contrast
between the film material and the holes results in the most efficient generation of evanescent
waves. But a metal surface is not necessary, as demonstrated for instance in beaming effects at
the surface of a photonic crystal [13]. The CDEW model is thus not limited to the problem of
transmission through subwavelength apertures in metal films, but is relevant to a large class of
systems with periodic surface structures.
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