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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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[. INTRODUCTION through thin metal films. LSP resonant excitation on zero-
order gratings by incident TM-polarized radiati¢H field

A flat metallic surface or thin film is almost a perfect parallel to the grating groovgsesults in strong field en-
reflector for visible light. For example, a flat silver film with hancement and absorption. Several researchers studied theo-
thicknesst larger than several ten nanometers is effectivelyretically a metallic grating with very narrow slit;** and
opaque. An imposed surface structure may, however, Signiﬁ_found th_at TM-polarized incident Iight_ca_n excite LSP modes
cantly alter the optical response of a metal surface. It is well? the slits, and lead to large transmission through the grat-
known that a periodic structure, like a grating, can reflectnd- However, there is a major difference between a film with
incident light into diffracted orders. A periodic metallic @n array of subwavelength holes and a film with subwave-
structure can also provide the in-plane momentum requirelgngth slits, which is that only a subwavelength slit can sup-
for the incident light in the appropriate polarization to excite POt Propagating modes traveling along the direction perpen-
a surface plasmon polaritdSPB, resulting in strong optical dlcglar to_the fll_m plane. Therefore Tat al. proposed to use
absorption. This effect has been extensively studied in th@ Silver film with narrow-grooved zeroth-order grating on
last century:2 both sides to overcome this probléfiThey found that LSP

A closely related development is the study of extraordi-modes localized in the grooves of the two opposite surfaces,
narily high optical transmission through metallic films with a @1d led to high transmission in the visible and ultraviolet
periodic array of subwavelength holes by Ebbesen andgions for TM-polarized incident light.
co-workerd~® At resonant frequencies, the enhancement on [N this paper we chose a model similar to the work of Tan
transmission can be several orders of magnitude compared £ @l- to show that there are two different mechanisms for
what is predicted for a subwavelength apertuiéhe loca- €nhanced optical transmission through thin metal films with
tions of transmission peaks correspond to the SPP resonanggriodic structures at different periods. To reduce the com-
modes. Consequently, the phenomenon was explained Qéexny resulted _from the_ metallic dispersion at d|ffer_en'F in-
plasmon-enhanced light tunneling through subwavelengtident frequencies, we fixed the wavelength of the incident
holes®—11 light at 650 nm and changed the periods instead. Though the

On the other aspect, nanoscale noble-metal structures c&&Sonant modes of a one-dimensional periodic system are not
exhibit anomalous optical excitation in the visible range dueth€ same as those of a two-dimensional periodic system, it is
to the localized surface plasméhSP). The LSP resonance still important to study the special characterlstlcs of SPP and
positions depend mainly on the structure geometry and thkSP resonance modes. They appear in much broader areas
polarization state of the incident light and the LSP excitationthan the subwavelength hole arrays, and are useful tools to
is accompanied with a highly localized field enhancemengontrol, and selectively transport light.
around the nanostructures. With fast progress of near-field

optics and nanolithography technology, these properties II. NUMERICAL MODEL
make such metallic nanoscale structures especially interest-
ing in the future micro- or nanophotonic applications. The model structure is a free-standing thin silver film with

The investigation of the LSP resonance on zeroth-ordeperiodic Gaussian-shaped grooves on both surfaces. As in
metal gratings, which are gratings with periods smaller tharFig. 1, the profiles of the left and the right surfaces are sym-
the wavelength of incident light, also intended to shed lightmetric. The depth of these groovek,is less thari/2, where
on the physical mechanism of resonant tunneling of light is the maximum thickness of the film. The minimum sepa-
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FIG. 1. A schematic illustration of the thin-film grating. 206k \\ .. |==t=104nm
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ration between the grooves on the opposite surfaces is larger = .
than zero; therefore there should be no propagating electro- =
magnetic modes between the left and the right surfaces, that 02F  ~a >
is a situation rather more similar to the hole experiment of o ) . - . v
Ebbeseret al. than the narrow slits model. In our calcula- 0 100 200 300 400 500 600

tion, we assume that all the silver films have the same groove Period [in nm]

profile, the depth of the grooved=50 nm, and the width FIG. 2. (a) Reflection andb) transmittance coefficients as func-

_of the groovesw=10 nm, while the film thicknessis Var- tons of the period. The thickness of the films are from 104 to 116
ied from 104 to 116 nm. The periddbetween the adjacent .,

grooves is always less than the wavelength of incident light,

A=650 nm. The normally incident TM-polarized ligtthe 4 neg5_ 4 44 when the wavelength of incident light is 650
H field is parallel to the grooves, i.e., the direction of thenm The silver film is surrounded by air, which has a

incident field polarization is along thedirection in Fig. J is frequency-independent index of refractior-1.0. Our cal-

fro'.“ the left side (.)f t_he silver film. In previous research, .theculations were carried out on a cluster of seven dual Pentium
period of the periodic structure was fixed and the optlcalIII workstations

responses for different frequencies of the incident light were
studied. Because the noble metals are highly dispersive ig,
the visible and ultraviolet regions, the fixed-period approac
encountered varied indices of refraction of the noble-meta
film at different frequencies, and substantially confounde
the results. In this work, we fixed the frequen@nd wave-
length of the incident light, and changed the periods of the
structures to eliminate the complicated effects of dispersiv
properties. The control variables of the SPP and LSP res
nance is the period only, that is the in-plane momentum pro
vided by the periodic structure.

The numerical method used in this work is based on th

Two special issues should be noted in order to simulate
e SPP resonance appropriately. While the conditions near
he resonance, strong evanescent waves would be built up
round the surfaces of the thin film, and the electromagnetic
ave propagated inside the thin film at an extremely slow
group velocity, which results from the fact that the propaga-
tion constantks, becomes very large in the SPP resonant
%ondition. Because the usual PML can only absorb propagat-
ng waves, there will be serious artificial reflection if the
evanescent waves encounter the boundaries. To solve the
evanescent wave problem, a modified PML boundary condi-

Rion was used to absorb the evanescent waves as well as the

two-dlmen_5|ona| finite-difference tlme-domri\;r(FDTD) propagating waves at the boundé‘?yFor the slow group
me_thod with the perfectly matched lay@?ML), because_ velocity problem, long incident pulse duration and extra-long
of its computational advantgggs of rgduged Memory réquir€s,|culation time were used for the system to have sufficient
ments, freedom from matrix inversion issues, and ease Mme to interact

treating complex materials and shapes. It allows the calcula- '

tions of both reflection and transmission of systems, and

near-field distributions. To implement the FDTD approach, a [ll. RESULTS AND DISCUSSION

region of space is discretized into a mesh of square cells.
Maxwell’s equations in differential form are solved directly.
Material parameters are attributed to each cell of the mesh to Figure 2 shows the calculated reflection coefficient and
create a discrete grid representation of the silver film, and thtransmission coefficient as a function of the period for silver
second-order Lorentz dispersion mdfeés used to simulate films with different thicknesses. There are two valleys of the
the metallic materials. To minimize the size of the requiredreflection coefficients for the film of 116 nm thickness. The
grid, the perfect matched layer boundary conditidf®are  very sharp one is arourid=616 nm, and the quite broad one
applied to the left and right boundaries of the region showris nearl =566 nm. When the thickness of film decreases, the
in Fig. 1. In this work, the index of refraction of silver is position of the sharp valley shifts slightly to longer periods,

A. SPP and LSP resonance
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This trend was observed in our simulations. While the thick-
ness of the films is reduced frot= 116 nm tot=104 nm,

the sharp peak positions shift slightly from 616 to 623 nm.
Figure 3b) shows a typical near-field distribution at the SPP
resonance. There are strong fields on both sides of the sur-

faces of the film and the maxima of the fields located at 1/4
100 and 3/4 period. The near-field distribution agrees with physi-
cal pictures of the surface plasmon polariton in a periodic
50 structure.
0 Similar to the field distributions analyzed in previous
work,1822in Fig. 3a) there are LSP modes strongly localized
=50 in the grooves on both sides of the film surfaces. Resonant
-100 excitation of a LSP mode in the left surface grooves results
in strong field enhancement. This in turn resonantly excites
the LSP mode on the right surface and builds a strong elec-
- tromagnetic field, which finally emits the radiation down-
208 wards into the ait® This transmission process is effectively
200 tunneling light through a metal film via resonantly excited
T LSP mod_es. _ _
The existence of two kinds of electromagnetic resonances
0 in one-dimensiona(1D) periodically nanostructured metals
~100 and their relation with enhanced optical transmission was
reported by Porteet al'? and they used a metallic grating
-200 with very narrow slits to demonstrate the properties of the
~300 coupled SPP resonance and the waveguide mode resonance.

It is instructive to compare the surface plasmon modes from
a grating with very narrow slits and those from a grating with

FIG. 3. Near-field distributions of periodic groove®) illus- very narrow grooves. It is clear that the same SPP resonance
trates the LSP resonance mode ter106 nm andl=291 nm  exists in both cases. On the other hand, the waveguide mode
which is the broad resonant peak of the transmittance cuble. resonance of the grating with narrow slits cannot be sup-
illustrates the SPP resonance mode for106 nm and|  ported in the model of this work. The waveguide mode reso-
=621 nm which is the narrow resonant peak of the transmittanc gnce and the LSP resonance in this work have many simi-
curve. The field amplitude has been normalized for the incideniyrities: both are highly localized in the slits or the grooves
field amplitude to be 1. The length unit afandy axes is in nm. and both have broad transmittance peaks. They also show

different characteristics. The peaks of the waveguide modes

but the broad valley moves significantly to shorter periodsgye away from the peaks of the SPP resonances and be-
Figure 2b) shows that a peak in a transmission curve alwaysome broader with increasing grating height, the peaks of the
corresponds to a minimum in the reflection curve at the samgsp resonance move away from the peaks of the SPP reso-
period. The transmittance peaks arouhd616—623 nm nance and become broader with decreasing grating height
never exceed 0.3, but the broad transmittance peaks can P@m thickness. The peak transmittance coefficients of the
quite large. Att=104 nm, the transmittance almost reachesyayeguide modes are not very sensitive to the grating height,
to unity. The clear contrasts in the resonance broadness ag# the contrary, the peak transmittance coefficients of the
shift suggest that they have different phySical mEChanismS.LSP resonance Strong|y depend on the grating hd@m

The near-field distributions of these two different resonan&hicknesg as well as the distance between the t|ps of the
modes in Fig. 3 are obviously different. From the dispersiorgpposite grooves. The different characteristics of the wave-
relation of SPP, guide modes and the LSP modes may be suitable to different
demands from various applications.
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B. Cavity energy and phase lag

the period to match with the real part kf, is =617 nm. To study how the energy of the incident light couples into
The narrow transmission peaks shown in Fi¢h)2can be the SPP and LSP modes, we calculated the electromagnetic
identified as the SPP resonances, and the small deviatiofigld energy in the grooves at the Igihcideny and right

may result from the small thickness of the film and the(outgoing sides of the film. For example, in the case of the
grooves. By solving the dispersion relations exactly for afilm thicknesst=106 nm, the field energy as a function of
thin metal film surrounded by dielectric media, the real partperiods has two peaks correspond with the LSP and SPP
of the propagation constant becomes smditethe symmet- resonance modes, respectivébge Fig. 4. The field energy

ric mode with decreasing film thickne<s,i.e., the period s strongly built up in the grooves at both the LSP and the
needed to match the in-plane momentum would be longelSPP resonance peaks, but the field energy in the LSP reso-
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FIG. 4. Electromagnetic field enerdyn arbitrary unij in the
grooves on both sides for thicknelss 106 nm. 6
=
nance is larger than that in the SPP resonance. The field L4
energy peaks are not at exactly the same period as the trans- '8
mittance peaks. For the LSP resonance, the field energy peak B oL
m

of the left (incidend groove shifts to the longer period, and
that of the right(outgoing groove shifts even more at the
same direction. Another interesting feature is that, at shorter . - . - - .
periods, field energy in the lefincidend groove is larger 0 100 200 300 400 3500 600
than that in the rightoutgoing groove. On the other hand, Period [in nm]

when the periods are longer than the LSP resonance peak, the
field energy in the rightoutgoing groove is larger than that
in the left(inciden) groove. The period of the LSP resonance
peak is quite close to the position where the field energy of -
the left (incideny and right(outgoing groove are the same. groove array at 650 nm wavelength, both exhibited large
This behavior could be related to the coupling process of th&eCtive index of refraction for the SPP resonance.

LSP resonant modes between the grooves at both sides of thﬁ Fron|1 the ;hepry §f| resona_ntly drilven oscil[atio?, thﬁ
film. The SPP resonance does not exhibit such behavior. Pnase lag and time delay are inversely proportional to the

An important feature of the general resonance IOhenomc_iamplng constant of the oscillator and the damping constant

enon is the phase lag and the time delay in the resonaft Proportional to the width of the resonance peak. The large
response. Dogariat al2* have measured the time delay of a Phase lag of the SPP resonance accompanies the narrow SPP
pulse going through the silver film with a subwavelengthresonam peak. This feature infers that at the SPP resonance
hole array. At 800 nm resonance, the measured group velo{;Fe damping constant is sma}ll "?md. _t@evalue of cavity is .

ity in the film can be as low as/7. It indicates that the igh. Qn the other hand, the.|n5|gn|f|_cant ph.ase lag and time
effective index of refraction of the thin film is about 7. Their d€lay in the LSP resonance is associated with the very broad

experiment agrees with a resonantly driven oscillator mod'e:};SP resonance, which suggests the damping constant of the
and supports that the resonant coupling of light with SP SP resonance is large.

modes results in the high optical transmission and the slow

group velocity of light passing through the silver film with C. Implications on randomly distributed grooves

subwavelength hole arrays. To examine the resonant ré- | o014 e noticed that since the LSP modes are highly
sponses in our simulations, we calculated the phase lag of ”ISCaIized in the grooves, their response curves form very
o_utgoin_g plane wave, comparing with_the case \_Nithou'_[ theoroad bands. The respo,nses of the LSP resonance are not
silver film. The phase lag for a continuous incident light sgitive 1o the period over a large range of variation. Con-
sequently the broad nature of the LSP resonance can be ap-

FIG. 5. (a) Relative phases anh) effective indexes of refrac-
tion as a function of period for film thickne$s- 104—-116 nm.

directly corresponds with the time delay for the pulsed inci-

dent light. In Fig. 5, there is no obvious phase-lag peak as.gglied to the situations other than the periodic array of

sociated with the LSP resonance, except a smooth rising if.qoves. If the distance between the grooves are slightly dif-

the phase lag near the LSP resonance position of each thiiient from the resonant period, we can expect the system to
film with different thickness. On the contrary, the SPP reso- b ’ P y

. . still have high transmittance. Therefore if the groove dis-
nance exhibits large phase lag. The relation tances have some small random deviation from the resonant
Ag=2m(Ngsi— L)1\ ®) pe_riod, we still can anticipate that the system has high trans-

mittance. This property not only gives large tolerance for
can be applied to obtain the effective index of refraction. Atfuture mass production of micro- or nanophotonic devices,
the SPP resonant peak, the effective index of refraction cahut also provides insight on the optical properties of ran-
reach as large as 6.9. Though the experiment by Dogaridomly distributed nanostructures.
et al. was on a two-dimensional hole array around 800 nm To illustrate our hypothesis, we calculated the transmit-
wavelength and our calculation was on a one-dimensionaance coefficients of a thin film with such randomly distrib-
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uted grooves. From the Fig. 2, the LSP resonant pdried resonantly exciting the SPP and LSP modes, TM-polarized
about 290 nm for the thin film of thicknes¢s=106 nm and light may tunnel through the filnfwith a transmittance close
the peak transmittance coefficient is about 0.69. For thiso 1 at LSP resonangewhile TE-polarized light will be al-
case, we add random deviations in the groove positions frormost completely reflected by the film. Though the electro-
the resonant period. The center positions of the grooves ahagnetic field energy of cavities was built up at both LSP
both sides are nownl+v*[2*random(}~1],n="---,—2, and SPP resonant conditions, different resonance modes have
—1,0,1,2...,where random() is a random number from adistinguishable features. SPP mode has very narrow reso-
uniformly random number generator of regitlh 1) andv is  nance peak, which corresponds to large phase lag and time
the range of the random deviations. kor29 nm(10% of  delay. Our model presents high effective index of refraction
the resonant periold the average transmittance coefficient is for the SPP resonance and this feature was also demonstrated
0.648+0.027 and fow =58 nm(20% of the resonant period by the previous experiment on a two-dimensional hole array.
) the average transmittance coefficient is 0512019. LSP modes have broad resonance, and their near-field distri-
They are only 94 and 84% of the peak transmittance at théutions are highly concentrated in the grooves at both sides
resonant period respectively, and these examples confirm oof the film. The special characteristics of the LSP modes may
hypothesis. extend our understanding on the optical properties of ran-
Another example is the super-resolution near-field strucdomly distributed metallic structures.
ture (super-REN$2* which exhibits dynamical nonlinear Our results not only bring insight on the different physical
behaviord®~?” and strong local near-fiel#é;?°and has vast mechanisms of the unexpected strong light transmission
potential on applications like high-density optical storagethrough metal films with subwavelength hole arrays or
systems and photonic transistéfsthe Sb-type super-RENS groove arrays, but they may also lead to micro- and nano-
has very rough interfaces between the 15-nm Sb layer anphotonics applications. Since the LSP resonance is closely
the protective dielectric layefS.The rough interfaces look dependent on the details of nanoscale structures, it is hard to
like randomly distributed narrow grooves and may allow predict what kind of LSP resonance modes would appear in a
strong LSP resonance when the super-RENS was excitd@o-dimensional, periodic metallic structure. Nevertheless,
with incident light. This hypothesis can explain the strongsimilar local-field excitation phenomena have often been ob-
local near field and unusual high transmittance of the superserved in the near field optical research, and it is reasonable
RENS. The very broad nature of the LSP resonance can al¢o expect the LSP resonance in various metallic nanostruc-
explain why the super-RENS responses effectively to differtures from further experiments. Up to now, little is known
ent frequencies of incident light. The physical mechanism ofibout the optical near fields around nanoscale metal struc-
another AgQ-type super-RENS may also be explained in atures, nor about the LSP modes excited by incident light.
similar way. The only difference is that the LSP resonance i$etter understanding of such knowledge is greatly desirable
not at small narrow grooves, but at the randomly distributedin order to manipulate and localize light in subwavelength
nanosize silver particles embedded in the Ad&yer?® scale.

IV. CONCLUSION
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