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Optical tunneling effect of surface plasmon polaritons and localized surface plasmon resonance
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Surface plasmon resonance of periodic narrow-grooved metallic thin films were studied with finite-
difference time-domain simulations. Two distinguishable modes, surface plasmon polaritons and localized
surface plasmons, are associated with different periods. The surface plasmon polaritons have widely extended
near-field distributions and sharp resonance; however, the localized surface plasmon modes are highly concen-
trated in the grooves, and have broad resonance. Our results demonstrate that the surface plasmon polaritons
and localized surface plasmons were coupled with electromagnetic waves to resonantly tunnel through the
array of subwavelength holes. This optical tunneling effect exhibited large phase lag and time delay for the
surface plasmon polariton. The broadness of localized surface plasmon resonance indicated that it could exist
in randomly distributed, narrow-grooved structures as well.
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I. INTRODUCTION

A flat metallic surface or thin film is almost a perfe
reflector for visible light. For example, a flat silver film wit
thicknesst larger than several ten nanometers is effectiv
opaque. An imposed surface structure may, however, sig
cantly alter the optical response of a metal surface. It is w
known that a periodic structure, like a grating, can refl
incident light into diffracted orders. A periodic metalli
structure can also provide the in-plane momentum requ
for the incident light in the appropriate polarization to exc
a surface plasmon polariton~SPP!, resulting in strong optica
absorption. This effect has been extensively studied in
last century.1,2

A closely related development is the study of extraor
narily high optical transmission through metallic films with
periodic array of subwavelength holes by Ebbesen
co-workers3–6 At resonant frequencies, the enhancement
transmission can be several orders of magnitude compare
what is predicted for a subwavelength aperture.7 The loca-
tions of transmission peaks correspond to the SPP reson
modes. Consequently, the phenomenon was explaine
plasmon-enhanced light tunneling through subwavelen
holes.8–11

On the other aspect, nanoscale noble-metal structures
exhibit anomalous optical excitation in the visible range d
to the localized surface plasmon~LSP!. The LSP resonance
positions depend mainly on the structure geometry and
polarization state of the incident light and the LSP excitat
is accompanied with a highly localized field enhancem
around the nanostructures. With fast progress of near-fi
optics and nanolithography technology, these proper
make such metallic nanoscale structures especially inte
ing in the future micro- or nanophotonic applications.

The investigation of the LSP resonance on zeroth-or
metal gratings, which are gratings with periods smaller th
the wavelength of incident light, also intended to shed lig
on the physical mechanism of resonant tunneling of li
0163-1829/2002/65~15!/155423~6!/$20.00 65 1554
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through thin metal films. LSP resonant excitation on ze
order gratings by incident TM-polarized radiation~H field
parallel to the grating grooves! results in strong field en-
hancement and absorption. Several researchers studied
retically a metallic grating with very narrow slits,12–15 and
found that TM-polarized incident light can excite LSP mod
in the slits, and lead to large transmission through the g
ing. However, there is a major difference between a film w
an array of subwavelength holes and a film with subwa
length slits, which is that only a subwavelength slit can su
port propagating modes traveling along the direction perp
dicular to the film plane. Therefore Tanet al.proposed to use
a silver film with narrow-grooved zeroth-order grating o
both sides to overcome this problem.16 They found that LSP
modes localized in the grooves of the two opposite surfac
and led to high transmission in the visible and ultravio
regions for TM-polarized incident light.

In this paper we chose a model similar to the work of T
et al. to show that there are two different mechanisms
enhanced optical transmission through thin metal films w
periodic structures at different periods. To reduce the co
plexity resulted from the metallic dispersion at different i
cident frequencies, we fixed the wavelength of the incid
light at 650 nm and changed the periods instead. Though
resonant modes of a one-dimensional periodic system are
the same as those of a two-dimensional periodic system,
still important to study the special characteristics of SPP
LSP resonance modes. They appear in much broader a
than the subwavelength hole arrays, and are useful too
control, and selectively transport light.

II. NUMERICAL MODEL

The model structure is a free-standing thin silver film w
periodic Gaussian-shaped grooves on both surfaces. A
Fig. 1, the profiles of the left and the right surfaces are sy
metric. The depth of these grooves,d, is less thant/2, where
t is the maximum thickness of the film. The minimum sep
©2002 The American Physical Society23-1
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ration between the grooves on the opposite surfaces is la
than zero; therefore there should be no propagating elec
magnetic modes between the left and the right surfaces,
is a situation rather more similar to the hole experiment
Ebbesenet al. than the narrow slits model. In our calcula
tion, we assume that all the silver films have the same gro
profile, the depth of the grooves,d550 nm, and the width
of the grooves,w510 nm, while the film thicknesst is var-
ied from 104 to 116 nm. The periodl between the adjacen
grooves is always less than the wavelength of incident lig
l5650 nm. The normally incident TM-polarized light~the
H field is parallel to the grooves, i.e., the direction of t
incident field polarization is along they direction in Fig. 1! is
from the left side of the silver film. In previous research, t
period of the periodic structure was fixed and the opti
responses for different frequencies of the incident light w
studied. Because the noble metals are highly dispersiv
the visible and ultraviolet regions, the fixed-period approa
encountered varied indices of refraction of the noble-me
film at different frequencies, and substantially confound
the results. In this work, we fixed the frequency~and wave-
length! of the incident light, and changed the periods of t
structures to eliminate the complicated effects of dispers
properties. The control variables of the SPP and LSP re
nance is the period only, that is the in-plane momentum p
vided by the periodic structure.

The numerical method used in this work is based on
two-dimensional finite-difference time-domain~FDTD!
method with the perfectly matched layer~PML!,17 because
of its computational advantages of reduced memory requ
ments, freedom from matrix inversion issues, and ease
treating complex materials and shapes. It allows the calc
tions of both reflection and transmission of systems, a
near-field distributions. To implement the FDTD approach
region of space is discretized into a mesh of square c
Maxwell’s equations in differential form are solved direct
Material parameters are attributed to each cell of the mes
create a discrete grid representation of the silver film, and
second-order Lorentz dispersion model18 is used to simulate
the metallic materials. To minimize the size of the requir
grid, the perfect matched layer boundary conditions19,20 are
applied to the left and right boundaries of the region sho
in Fig. 1. In this work, the index of refraction of silver i

FIG. 1. A schematic illustration of the thin-film grating.
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0.055524.44i when the wavelength of incident light is 65
nm. The silver film is surrounded by air, which has
frequency-independent index of refractionn51.0. Our cal-
culations were carried out on a cluster of seven dual Pent
III workstations.

Two special issues should be noted in order to simu
the SPP resonance appropriately. While the conditions n
the resonance, strong evanescent waves would be bui
around the surfaces of the thin film, and the electromagn
wave propagated inside the thin film at an extremely sl
group velocity, which results from the fact that the propag
tion constantksp becomes very large in the SPP resona
condition. Because the usual PML can only absorb propa
ing waves, there will be serious artificial reflection if th
evanescent waves encounter the boundaries. To solve
evanescent wave problem, a modified PML boundary con
tion was used to absorb the evanescent waves as well a
propagating waves at the boundary.20 For the slow group
velocity problem, long incident pulse duration and extra-lo
calculation time were used for the system to have suffici
time to interact.

III. RESULTS AND DISCUSSION

A. SPP and LSP resonance

Figure 2 shows the calculated reflection coefficient a
transmission coefficient as a function of the period for silv
films with different thicknesses. There are two valleys of t
reflection coefficients for the film of 116 nm thickness. T
very sharp one is aroundl 5616 nm, and the quite broad on
is nearl 5566 nm. When the thickness of film decreases,
position of the sharp valley shifts slightly to longer period

FIG. 2. ~a! Reflection and~b! transmittance coefficients as func
tions of the period. The thickness of the films are from 104 to 1
nm.
3-2
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but the broad valley moves significantly to shorter perio
Figure 2~b! shows that a peak in a transmission curve alw
corresponds to a minimum in the reflection curve at the sa
period. The transmittance peaks aroundl 5616–623 nm
never exceed 0.3, but the broad transmittance peaks ca
quite large. Att5104 nm, the transmittance almost reach
to unity. The clear contrasts in the resonance broadness
shift suggest that they have different physical mechanism

The near-field distributions of these two different reson
modes in Fig. 3 are obviously different. From the dispers
relation of SPP,

ksp
2 5

v2

c2

esilver

esilver11
, ~1!

the period to match with the real part ofksp is l 5617 nm.
The narrow transmission peaks shown in Fig. 2~b! can be
identified as the SPP resonances, and the small devia
may result from the small thickness of the film and t
grooves. By solving the dispersion relations exactly fo
thin metal film surrounded by dielectric media, the real p
of the propagation constant becomes smaller~in the symmet-
ric mode! with decreasing film thickness,21 i.e., the period
needed to match the in-plane momentum would be lon

FIG. 3. Near-field distributions of periodic grooves.~a! illus-
trates the LSP resonance mode fort5106 nm andl 5291 nm
which is the broad resonant peak of the transmittance curve~b!
illustrates the SPP resonance mode fort5106 nm and l
5621 nm which is the narrow resonant peak of the transmitta
curve. The field amplitude has been normalized for the incid
field amplitude to be 1. The length unit ofx andy axes is in nm.
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This trend was observed in our simulations. While the thic
ness of the films is reduced fromt5116 nm tot5104 nm,
the sharp peak positions shift slightly from 616 to 623 n
Figure 3~b! shows a typical near-field distribution at the SP
resonance. There are strong fields on both sides of the
faces of the film and the maxima of the fields located at
and 3/4 period. The near-field distribution agrees with phy
cal pictures of the surface plasmon polariton in a perio
structure.

Similar to the field distributions analyzed in previou
work,16,22in Fig. 3~a! there are LSP modes strongly localize
in the grooves on both sides of the film surfaces. Reson
excitation of a LSP mode in the left surface grooves res
in strong field enhancement. This in turn resonantly exc
the LSP mode on the right surface and builds a strong e
tromagnetic field, which finally emits the radiation dow
wards into the air.16 This transmission process is effective
tunneling light through a metal film via resonantly excite
LSP modes.

The existence of two kinds of electromagnetic resonan
in one-dimensional~1D! periodically nanostructured meta
and their relation with enhanced optical transmission w
reported by Portoet al.12 and they used a metallic gratin
with very narrow slits to demonstrate the properties of
coupled SPP resonance and the waveguide mode reson
It is instructive to compare the surface plasmon modes fr
a grating with very narrow slits and those from a grating w
very narrow grooves. It is clear that the same SPP resona
exists in both cases. On the other hand, the waveguide m
resonance of the grating with narrow slits cannot be s
ported in the model of this work. The waveguide mode re
nance and the LSP resonance in this work have many s
larities: both are highly localized in the slits or the groov
and both have broad transmittance peaks. They also s
different characteristics. The peaks of the waveguide mo
move away from the peaks of the SPP resonances and
come broader with increasing grating height, the peaks of
LSP resonance move away from the peaks of the SPP r
nance and become broader with decreasing grating he
~film thickness!. The peak transmittance coefficients of th
waveguide modes are not very sensitive to the grating hei
on the contrary, the peak transmittance coefficients of
LSP resonance strongly depend on the grating height~film
thickness! as well as the distance between the tips of
opposite grooves. The different characteristics of the wa
guide modes and the LSP modes may be suitable to diffe
demands from various applications.

B. Cavity energy and phase lag

To study how the energy of the incident light couples in
the SPP and LSP modes, we calculated the electromag
field energy in the grooves at the left~incident! and right
~outgoing! sides of the film. For example, in the case of t
film thicknesst5106 nm, the field energy as a function o
periods has two peaks correspond with the LSP and S
resonance modes, respectively~see Fig. 4!. The field energy
is strongly built up in the grooves at both the LSP and
SPP resonance peaks, but the field energy in the LSP r

e
t
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WEI-CHIH LIU AND DIN PING TSAI PHYSICAL REVIEW B 65 155423
nance is larger than that in the SPP resonance. The
energy peaks are not at exactly the same period as the t
mittance peaks. For the LSP resonance, the field energy
of the left ~incident! groove shifts to the longer period, an
that of the right~outgoing! groove shifts even more at th
same direction. Another interesting feature is that, at sho
periods, field energy in the left~incident! groove is larger
than that in the right~outgoing! groove. On the other hand
when the periods are longer than the LSP resonance peak
field energy in the right~outgoing! groove is larger than tha
in the left~incident! groove. The period of the LSP resonan
peak is quite close to the position where the field energy
the left ~incident! and right~outgoing! groove are the same
This behavior could be related to the coupling process of
LSP resonant modes between the grooves at both sides o
film. The SPP resonance does not exhibit such behavior

An important feature of the general resonance phen
enon is the phase lag and the time delay in the reso
response. Dogariuet al.23 have measured the time delay of
pulse going through the silver film with a subwaveleng
hole array. At 800 nm resonance, the measured group ve
ity in the film can be as low asc/7. It indicates that the
effective index of refraction of the thin film is about 7. The
experiment agrees with a resonantly driven oscillator mo
and supports that the resonant coupling of light with S
modes results in the high optical transmission and the s
group velocity of light passing through the silver film wit
subwavelength hole arrays. To examine the resonant
sponses in our simulations, we calculated the phase lag o
outgoing plane wave, comparing with the case without
silver film. The phase lag for a continuous incident lig
directly corresponds with the time delay for the pulsed in
dent light. In Fig. 5, there is no obvious phase-lag peak
sociated with the LSP resonance, except a smooth risin
the phase lag near the LSP resonance position of each
film with different thickness. On the contrary, the SPP re
nance exhibits large phase lag. The relation

Dc52p~ne f f21!l /l ~2!

can be applied to obtain the effective index of refraction.
the SPP resonant peak, the effective index of refraction
reach as large as 6.9. Though the experiment by Dog
et al. was on a two-dimensional hole array around 800
wavelength and our calculation was on a one-dimensio

FIG. 4. Electromagnetic field energy~in arbitrary unit! in the
grooves on both sides for thicknesst5106 nm.
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groove array at 650 nm wavelength, both exhibited la
effective index of refraction for the SPP resonance.

From the theory of resonantly driven oscillation, th
phase lag and time delay are inversely proportional to
damping constant of the oscillator and the damping cons
is proportional to the width of the resonance peak. The la
phase lag of the SPP resonance accompanies the narrow
resonant peak. This feature infers that at the SPP reson
the damping constant is small and theQ value of cavity is
high. On the other hand, the insignificant phase lag and t
delay in the LSP resonance is associated with the very br
LSP resonance, which suggests the damping constant o
LSP resonance is large.

C. Implications on randomly distributed grooves

It should be noticed that since the LSP modes are hig
localized in the grooves, their response curves form v
broad bands. The responses of the LSP resonance are
sensitive to the period over a large range of variation. C
sequently the broad nature of the LSP resonance can be
plied to the situations other than the periodic array
grooves. If the distance between the grooves are slightly
ferent from the resonant period, we can expect the system
still have high transmittance. Therefore if the groove d
tances have some small random deviation from the reso
period, we still can anticipate that the system has high tra
mittance. This property not only gives large tolerance
future mass production of micro- or nanophotonic devic
but also provides insight on the optical properties of ra
domly distributed nanostructures.

To illustrate our hypothesis, we calculated the transm
tance coefficients of a thin film with such randomly distri

FIG. 5. ~a! Relative phases and~b! effective indexes of refrac-
tion as a function of period for film thicknesst5104–116 nm.
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OPTICAL TUNNELING EFFECT OF SURFACE PLASMON . . . PHYSICAL REVIEW B65 155423
uted grooves. From the Fig. 2, the LSP resonant periodl is
about 290 nm for the thin film of thicknesst5106 nm and
the peak transmittance coefficient is about 0.69. For
case, we add random deviations in the groove positions f
the resonant period. The center positions of the groove
both sides are nownl1v* @2*random()21#,n5•••,22,
21,0,1,2, . . . , where random() is a random number from
uniformly random number generator of region~0, 1! andv is
the range of the random deviations. Forv529 nm ~10% of
the resonant periodl ) the average transmittance coefficient
0.64860.027 and forv558 nm~20% of the resonant period
l ) the average transmittance coefficient is 0.57960.019.
They are only 94 and 84% of the peak transmittance at
resonant period respectively, and these examples confirm
hypothesis.

Another example is the super-resolution near-field str
ture ~super-RENS!,24 which exhibits dynamical nonlinea
behaviors25–27 and strong local near-fields,27–29 and has vast
potential on applications like high-density optical stora
systems and photonic transistors.30 The Sb-type super-RENS
has very rough interfaces between the 15-nm Sb layer
the protective dielectric layers.29 The rough interfaces look
like randomly distributed narrow grooves and may allo
strong LSP resonance when the super-RENS was exc
with incident light. This hypothesis can explain the stro
local near field and unusual high transmittance of the sup
RENS. The very broad nature of the LSP resonance can
explain why the super-RENS responses effectively to diff
ent frequencies of incident light. The physical mechanism
another AgOx-type super-RENS may also be explained in
similar way. The only difference is that the LSP resonance
not at small narrow grooves, but at the randomly distribut
nanosize silver particles embedded in the AgOx layer.29

IV. CONCLUSION

In conclusion, we have demonstrated different mec
nisms for strong optical transmission through metallic film
By modeling a silver film, which has an array of period
narrow grooves on both surfaces, we have shown that,
lff

n

T

B

ev
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resonantly exciting the SPP and LSP modes, TM-polariz
light may tunnel through the film~with a transmittance close
to 1 at LSP resonance!, while TE-polarized light will be al-
most completely reflected by the film. Though the elect
magnetic field energy of cavities was built up at both LS
and SPP resonant conditions, different resonance modes
distinguishable features. SPP mode has very narrow re
nance peak, which corresponds to large phase lag and
delay. Our model presents high effective index of refracti
for the SPP resonance and this feature was also demonst
by the previous experiment on a two-dimensional hole arr
LSP modes have broad resonance, and their near-field d
butions are highly concentrated in the grooves at both si
of the film. The special characteristics of the LSP modes m
extend our understanding on the optical properties of r
domly distributed metallic structures.

Our results not only bring insight on the different physic
mechanisms of the unexpected strong light transmiss
through metal films with subwavelength hole arrays
groove arrays, but they may also lead to micro- and na
photonics applications. Since the LSP resonance is clo
dependent on the details of nanoscale structures, it is har
predict what kind of LSP resonance modes would appear
two-dimensional, periodic metallic structure. Neverthele
similar local-field excitation phenomena have often been
served in the near field optical research, and it is reason
to expect the LSP resonance in various metallic nanost
tures from further experiments. Up to now, little is know
about the optical near fields around nanoscale metal st
tures, nor about the LSP modes excited by incident lig
Better understanding of such knowledge is greatly desira
in order to manipulate and localize light in subwaveleng
scale.
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13U. Schröter and D. Heitmann, Phys. Rev. B58, 15 419~1999!.
14S. Astilean, P. Lalanne, and M. Palamaru, Opt. Commun.175,

265 ~2000!.
15Y. Takakura, Phys. Rev. Lett.86, 5601~2001!.
16W.-C. Tan, T.W. Preist, and J.R. Sambles, Phys. Rev. B62, 11 134

~2000!.
17A. Taflove, Computational Electrodynamics: The Finite

Difference Time-Domain Method~Artech House, Boston, 1995!.
18J.B. Judkins and R.W. Ziolkowski, J. Opt. Soc. Am. A12, 1974

~1995!.
19S.D. Gedney, IEEE Trans. Antennas Propag.44, 1630~1996!.
3-5



s:

hy

ec

ys

. J.

.P.

l.

N.

WEI-CHIH LIU AND DIN PING TSAI PHYSICAL REVIEW B 65 155423
20S.D. Gedney, inAdvances in Computational Electrodynamic
The Finite-Difference Time-Domain Method, edited by A.
Taflove ~Artech House, Boston, 1998! Chap. 5, p. 263.

21J.J. Burke, G.I. Stegeman, and T. Tamir, Phys. Rev. B33, 5186
~1986!.

22W.-C. Tan, T.W. Preist, R.J. Sambles, and N.P. Wanstall, P
Rev. B59, 12 661~1999!.

23A. Dogariu, T. Thio, L.J. Wang, T.W. Ebbesen, and H.J. Lez
Opt. Lett.26, 450 ~2001!.

24J. Tominaga, T. Nakano, and N. Atoda, Appl. Phys. Lett.73, 2078
~1998!.

25T. Fukara, J. Tominaga, T. Nakano, and N. Atoda, Appl. Ph
15542
s.

,

.

Lett. 75, 3114~1999!.
26J. Tominaga, H. Fuji, A. Sato, T. Nakano, and N. Atoda, Jpn

Appl. Phys., Part 139, 957 ~2000!.
27H. Fukaya, D. Buechel, S. Shinbori, J. Tominaga, N. Atoda, D

Tsai, and W.C. Lin, J. Appl. Phys.89, 6139~2001!.
28D.P. Tsai and W.C. Lin, Appl. Phys. Lett.77, 1413~2000!.
29W.-C. Liu, C.-Y. Wen, K.-H. Chen, W.C. Lin, and D.P. Tsai, App

Phys. Lett.78, 685 ~2001!.
30J. Tominaga, C. Mihalcea, D. Buechel, H. Fukuda, T. Nakano,

Atoda, H. Fuji, and T. Kikukawa, Appl. Phys. Lett.78, 2417
~2001!.
3-6


