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We propose the physical origin for a directional beam of light emitting from a single subwavelength slit in
metallic film that is characterized by a corrugation feature at the exiting side of the film. We theorize that the
beaming phenomenon can be explained simply as surface plasmon diffraction along the corrugation as long as
the multiple scattering effects are taken into account to restate the dispersion relationship of the surface
plasmon. In order to prove our theory, both an experimental setup and numerical simulations were undertaken.
Results obtained match well with our theory of an explanation based on a surface plasmon diffraction scheme.
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The phenomenon dealing with extraordinary transmission
has stimulated much interest over the years.1,2 In one study, it
was found that when we illuminated a metallic film perfo-
rated with periodic subwavelength apertures, the transmis-
sion was unexpectedly large in certain wavelength regions.
Another study, based on an astounding phenomenon called
“directional beaming” recently published by Ebbesenet al.,3

found that under transverse magnetic polarization illumina-
tion, when a single slit in a metallic screen is surrounded by
periodic surface corrugations, the emitted light field from the
slit will concentrate in a specific direction at a confined
angle, instead of diverging in all directions. This phenom-
enon was confirmed experimentally in another study using
microwaves.4 Some theoretical methods by means of Huy-
gens’s principle and surface cavity resonance recently
published5–7 provide information to predict the beaming phe-
nomenon. However, the underlying physical mechanism is
still not clear and is still being investigated by many. Herein,
we propose a comprehensive explanation to the intriguing
beaming phenomenon. Our theory is based on the diffraction
of surface plasmonsSPd propagating along the corrugation
beside the slit. We validated this theory both experimentally
and numerically with an excellent match of the two results.

The beaming structure discussed is composed of a sub-
wavelength aperture in a metallic thick film with surface
gratings on the exiting planesFig. 1d. We used finite-
difference time-domainsFDTDd8 simulations and observed
that the incidentp-polarization electromagnetic waves in-
duced the surface plasmon and caused flow along the metal-
lic surface through the aperture where it is then diffracted by
the periodic corrugation on the exiting side. Then, the so-
called grating diffraction takes place and the beaming phe-
nomenon can be observed. However, if we use a surface
plasmon dispersion relationshipfEq. s1dg along an infinite
planar interface between a dielectric and metal9 and take the
grating equationfEq. s2dg to calculate the diffracted angle,
we get the following:

ksp= k0Î «dielectric· «metal

«dielectric+ «metal
, s1d

ksp± m
2p

L
= k0 sinu, s2d

where ksp represents the wave vector of SP,k0 the wave
vector in free space, andL the grating period; no desirable
prediction can be found to match the experimental results in
Ref. 3. This result indicates that a surface plasmon wave
vector larger than that in Eq.s1d will be required to support
the above diffraction argument. In fact, this is the case when
the surface plasmon dispersion relationship is altered by sur-
face corrugation/roughness, especially when the depth of sur-
face corrugation is not negligible.10 This is known as a mul-
tiple scattering effect. Therefore, in this case, Eq.s1d is not
applicable, and we need to identify the actual dispersion for-
mula of the surface plasmon.

The existence of surface plasmon is typically recognized
to be the reason behind a grating resonance anomaly,11–13

resulting in a bell-like variation in the spectrum signal that
signifies a maximum absorption of an external incident en-
ergy. This resonance phenomenon provides us with a physi-
cal path to approach the needed dispersion formula. Al-
though the way to calculate the dispersion relation is clear, in
general, its analytical expression is difficult to derive. We can
try to obtain it numerically instead. We adopt the concept of
a Helmholtz reciprocity theorem14 and chose a rigorous
coupled wave analysissRCWAd method15 to deal with the
computations. Therefore, the beaming angles can be obtained
from the angles excited on the surface plasmon, which cor-
respond to a minimum reflection or maximum absorption.
fFig. 1sadg.

In summary, we propose a SP diffraction scheme to ex-
plain the beaming phenomenon where we believe the beam-
ing angle can be successfully predicted. In addition, we can
convert the original directional beaming for obtaining the
resonance condition of the surface corrugation/grating by lo-
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cating the maximum energy absorption. In order to prove our
theory, both experimental16 and numerical analyses were per-
formed. We considered a sample with a surface binary grat-
ing fabricated on a 200-nm-thick Ag film, where the nominal grating period, grating depth, and duty cycle were set as

480 nm, 40 nm, and 0.5, respectively. The fabrication pro-
cess then took place. The first step uses optical lithography to
pattern a target crossmark that was then transferred to a
quartz substrate with a reactive ion etching system. Then, a
200-nm silver film was deposited onto the substrate using a
thermal evaporator. Finally, the surface structures needed
were patterned on the silver film by using a focus ion beam
sFIBd system. The final beaming structure, developed as seen
by scanning electron microscopysSEMd and atomic force
microscopy sAFMd metrology fshown in Figs. 1sbd and
1scdg, was characterized by an actual grating period, grating
depth, and duty cycle at 481 nm, 42 nm, and 0.5, respec-
tively. An inverted microscope equipped with a transmission
halogen light source with a 10-nm bandpass color filters633,
520, and 467 nmd was used to determine the beaming angles.
Photographs of the transmitted light beam images were taken
at every single micrometer above the sample surface by us-
ing an attached charge-coupled devicesCCDd camera.

The optical images shown in Figs. 2sad–2sdd reflect the
images taken at a distance off the exit surface of the optical
structure from 4 to 16mm. The various varying concentrated
beaming situations for each wavelength can be seen. After
specifying the lateral location of the emerging beams, we can
derive the regression lines and estimate the beaming angles
via the slope of the lines. The beaming angle appears at 12.7°
at 633 nm incident light, 2.3° at 520 nm, and 15.7° at
467 nm. On the other hand, according to our theory, we can
obtain the surface plasmon dispersion relationship for each
wavelength by calculating the minimum total diffraction ef-
ficiency outside the grating structuresFig. 3d. By a reverse of

FIG. 1. sad Concept of Helmholtz’s reciprocity theorem.sbd
SEM andscd AFM image of the beaming structure.sThe structure is
composed of an opaque silver film perforated by a slit with a sur-
face grating on the exiting side.d

FIG. 2. sColord Optical images at a distance above the surface
structure:sad 4, sbd 8, scd 12, andsdd 16 mm.

FIG. 3.
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the wave, we can observe that the resonance angles are ac-
tually equal to the diffraction angles, i.e., the beaming
angles. Our theoretical predications of 14.6°, 2.6°, and 15.8°
at 633, 520, and 467 nm illumination, respectively, closely
matches the experimental data. Thus we are convinced that a
surface plasmon diffraction scheme is capable of explaining
the directional beaming phenomenon.

To delve further into the unusual beaming nature, FDTD
simulations were carried out and are illustrated in Fig. 4. It
should be noted that a remarkable characteristic was ob-
servedfFig. 4sadg. Under a 633 nm illumination, the light
appears in the center at a distance 4mm above the exit sur-
facesslice Ad. The beam appears to propagate without angu-
lar divergence but on the contrary, its central beam width
seems smaller than the prior case at 8mm above the exit
surfacesslice Bd. In slice C, there are three stripes in the
center and they appear to be interference fringes caused by
crossover beams. After that, the crossover beams separate
into further distances as seen in slice D. However, at 520 and
467 nm illumination, the transmission light separates from
the beginning to the end, and there is no crossover observed
during FDTD simulationsfFigs. 4scd and 4sedg or experimen-
tally. When we compare FDTD simulationsfFigs. 4sad, 4scd,

and 4sedg with the experimental resultssFig. 2d, we find good
agreement at every cross section.

One interesting observation worth highlighting is that the
two categories of beaming situations can be recognized in
the pictures by distinguishing whether the emerging beams
overlap or notfFigs. 4sad and 4scd, respectivelyg. This inter-
esting beaming feature can be explained by a surface plas-
mon diffraction theory. As stated in Eq.s2d, when ksp is
smaller than the grating vector 2p /L, the in-plane compo-
nent of the wave vector of diffracted lightk0 sinu is nega-
tive. In other words, the projected direction of the diffracted
beam is opposite that of the SP propagation. Thus, accord-
ingly we can define the beaming angle as being negative
fFig. 4sbdg. In such a situation, the two emerging beams over-
lap to form a scissorlike beaming pattern. Conversely, when
the beaming angle is positive, the beams will propagate with-
out intersectingfFig. 4sddg. Consequently, this feature indi-
cates the inherent grating-diffraction nature of the beaming
phenomenon. In addition, with such evidence, it also makes
stronger the argument for our theory.

In conclusion, we propose that directional beaming is es-
sentially an alternative form of surface plasmon diffraction.
Moreover, since multiple scattering effects affect the surface

FIG. 4. sColord Calculated en-
ergy distribution and angular iden-
tification of the transmission field.
The illumination wavelength is
633 nm insad and sbd, 520 nm in
scd andsdd, and 467 nm insed and
sfd. Note sad, scd, and sed are the
transmitted energy distributions
calculated by FDTD. The solid
lines A–D represent the cross area
at 4, 8, 12, and 16mm above the
surface structure; whilesbd, sdd,
and sfd show the sign convention
of the diffracted angles.
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plasmon dispersion relationship significantly, the beaming
direction can be determined by the full interaction of the
light beams and grating system, with primary emphasis on
the grating topography such as period, shape, groove depth,
etc.18–22 We know that the efficiency of the beaming and its
degree of angular divergence are influenced by these factors
as well. In addition, our proposed theoretical scheme can be
both verified experimentally and numerically. Thus, we have
excellent proof that our surface plasmon diffraction theory is
closely related to the dynamics governing directional beam-
ing.

Once we understand the phenomenon of beaming, we can
control the beaming of light beams in the microscopic world.
Along with this configuration, various nano-optical research
fields and technologies can be facilitated and amplified, such
as the field of optical switches, optical sensors, optical li-
thography, optical storage, and optical microscopy, etc. An
important recent development proves that surface mode dif-
fraction occurs in photonic crystals.23,24 If we modulate the

period of photonic crystal interface cylinders, we should ex-
pect to see the same diffraction results as we have suggested.
With applications to such a broad range of diverse potential
products, the importance of this line of research work can be
clearly seen and felt.
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