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Resonant tunneling of light through thin metal films via strongly localized surface plasmons
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We present a theoretical model of the optical response of a silver film having narrow-grooved zero-order
gratings on both sides. It is found that incid@apolarized photons can resonantly tunnel through such a metal
film via exciting standing-wave surface plasmon-polarit&®P modes localized in the grooves of the two
opposite surfaces. This leads to strong transmission peaks in the visible and ultraviolet regions, while for
s-polarized photons the film acts as a nearly perfect mirror.

A flat silver surface is almost a perfect reflector for elec-gratings, surface charges on the opposite sides of a groove
tromagnetic waves in the visible region, and its applicationare strongly correlated, leading to the formation of a new
as a mirror has a long history. The optical response of damily of strongly localized standing-wave SPP modes in the
silver surface can be easily understood by examining its digrating grooves—® Resonant excitation of these localized
electric function, which, as a good approximation, can beSPP modes on zero-order gratings by incidpigolarized

described by the Drude model radiation H field parallel to the grating groove the in-
cident plane containing the grating vector results in
imrz, strong field enhancement and strong frequency-selective
€(w)=1+ w(l=ion (1) absorptiorf:5’ Therefore a zero-order grating may be used as

an effective frequency-selective absorber fgoolarized ra-
Here  is the angular frequency of the radiatiom, the  diation and, at the same time, a good mirror $qpolarized
plasma frequency, andthe relaxation time of the electrons. radiation. _ _ _
For silver at room temperature,=1.32x10® s** and 7 Another important recent development in metallic grat-
=1.45¢10 s Below w, the re@; part of is negative and  INgs is the study of optical transmission of thin-film metal
only evanescent waves are allowed in the metal. The perfifatings, which was stimulated by a report of unexpectedly
etration of light into the metal is characterized by the skin!2'9€ optical transmission through metallic films with a peri-
depth 6=c/2w\/e. In the visible region (1.8 10'® s '<w odic array of subwavelength size holes by Ebbeetal.
~3.0¢106 5 1 .th kin deoth of sil ' b . The motivation of these studies is twofold. First, the effect
‘ s ) the skin depth of silver can be approxi- yiscovered by Ebbesen and collaborators may find a wide
mately expressed a&~c/2w,=12.5 nm. The transmission

e : ; . : range of potential applications in areas such as optical dis-
ggifsfﬁ;ent(of intensity through a flat metal film of thick- plays, near-field microscopy, and photolithogragiSecond,

the understanding of the physical mechanism behind such a
T=e 6. ) strong transmission, which is much larger than expected

from diffraction theory? for an isolated hole, poses a theo-
Thus a flat silver film with a thickness>100 nm is effec- retical challenge. It has been proposed that the effect is due
tively opaque. It is, in fact, a very good mirror in the visible to the resonant interaction of the incident light with SPP
region because the absorption resulting from the smalinodes in the surfaces of the metal filnHowever, the de-
imaginary part ofe is very weak. tailed physical picture of the interaction is still not clear.

An imposed surface corrugation may, however, signifi- Very recently, Porto, Garcia-Vidal, and Pentirgtudied
cantly alter the optical response of a metal surface, and theoretically a very interesting structure—a metallic grating
corrugated silver surface may no longer be a good mirror. Itvith very narrow slits. They found thatpolarized incident
is very well known that an incident plane wave will be re- light can excite a series of standing modes in the slits, lead-
flected into diffracted orders by a diffractive surface. In ad-ing to very large transmission resonances through the grat-
dition, a grating can also provide the in-plane momenturring. This study provides some physical insight into the
required for the incident radiatidiif appropriately polarized  mechanism of the strong transmission through two-
to excite a surface plasmon polaritd8PB, resulting in  dimensional(2D) hole arrays. A numerical study of a metal
strong optical absorption. This effect has been extensivel§ilm with narrow slits was also reported by Schroter and
studied in the last centu’yA recent development is the in- Heitmann'?> However there is an important difference be-
vestigation of SPP resonances on zero-order metal gratingsyeen a thin film with an array of subwavelength size holes
which are gratings with pitches smaller than half the wave-and a film with subwavelength width slits, which is that a
length of the electromagnetic waves considered. It may apsubwavelength width slit can support propagating modes
pear that incident radiation cannot excite SPP modes on taaveling along the direction perpendicular to the film plane
zero-order metal grating because there are no diffracted owhile a subwavelength hole can only support evanescent
ders, and subsequently a zero-order grating should still be waves along that direction. Therefore the mechanism pro-
good mirror. However, it has been shown recently that beposed by Portet al.is not necessarily directly related to the
cause of the narrowness of the grooves of such zero-ordexperiment of Ebbeseet al®
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FIG. 1. A schematic illustration of the thin film grating. 0.4

In this paper we propose a new mechanism for enhance
optical transmission through thin metallizero-ordergrat-
ings by theoretical examination of the structure schemati-
cally illustrated in Fig. 1. The model structure is a free- 05
standing thin silver film having periodic Gaussian-shaped
grooves on both surfaces which are described mathemati®
cally by

* _ 2
z2(x)=t—d 2, exr{—(x ml)

10" 7

W , top surface (33

- x—ml\?
z2(x)=d >, exp{—( v )

, bottom surface.
(3b)

As can be seen in Fig. 1 the profiles of the top and the
bottom surfaces are symmetric about the plard/2. Each
of the surfaces contains a periodic array of identical
Gaussian-shaped grooves. The depth of these grodyés,
taken to be less thati2, wheret is approximately the maxi-
mum thickness of the film. We assume that the minimum
separation between the grooves on the opposite surfaces ()

s=t—2d>0; therefore there should be no propagating elec- FIG. 2. (a) Transmission andb) reflection coefficients as a

tromagnetic modes betwe?n .the top and the bottorr_l Sl"rf""c":’fﬁ'rwction of frequency for normally incider-polarized radiation
a situation rather more similar to the hole experiment Ofc,icyjated for silver films with the same surface profile (50 nm,

Ebbeseret al. than the narrow slits model of Por&d al. The 50,5 nm, andv= 10 nm but different film thickness as marked.
model also has the advantage that the width and depth of the
grooves, the grating pitch, and the maximum and minimunthere are two small peaks at frequenaigs=3.83x 10°s™1
of the film thickness can all be controlled easily by adjusting(green and w,~6.72<10% s™* (ultravioley. With a small
the four parameterd, w, |, andt, which facilitates the flex- decrease of film thickness the two transmission peaks be-
ibility required for investigation of both photon-plasmon come more prominent, and their positions remain unchanged.
coupling and plasmon-plasmon coupling mechanisms. For thet=121 nm film, the transmission coefficient at the
Our numerical method is based on a combination of dirst peak is about 0.85. On further decreasg, @fach of the
coordinate transformation technique proposed by Chandezawo transmission peaks splits into two. For the film with
et al'® and a scattering matrix approathit allows the cal- =102 nm we see that there are two well-separated transmis-
culation of both reflection and transmission of systems withsjon peaks in the infrared and violet regions, respectively.
frequency-dependent permittivities. In our calculation the As expected Fig. 2 shows that a peak in a transmission
Drude model is used to describe the dielectric function ofcurve always corresponds to a minimum in the reflection
silver. We assume that both the top and bottom media are aigurve at the same frequency. It should be pointed out that
which has a frequency-independent optical permittiity these strong transmission peaks only occur ggolarized
=1.0006. incident radiation. Our calculation shows that, $guolarized
Figure 2 shows the calculated transmission coefficientncident radiation, the transmission coefficient can be ap-
(Tpp) and reflection coefficientR,,) as a function of fre- proximately described by Eq2) and the existence of the
quency for normally incidenp-polarized radiation i field  grating grooves has little effect on the transmission of
parallel to the grooveon the top side of several silver films. s-polarized waves. For example, @t~ 3.83x 10'° s~ the
For ease of analysis, in our calculation, we assume that atransmission coefficient cd-polarized radiation through the
the silver films have the same surface profile, which is det=121 nm film isT,.=0.000 16. This shows that the grating
fined byl =150 nm,d=50.5 nm, andv=10 nm, while their  grooves on the film surface have enhanced the transmission
thicknesd is varied from 102 nm to 251 nifonly the results  for p-polarized radiation by a factor df,,/Tss=5.5x 10°.
for t<161 nm are presentgdAs can be seen from Fig(&, To understand the physical origin of the enhanced trans-
in the transmission coefficient curve of the 161 nm film,  mission we start by looking at very thick films. For a film
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FIG. 3. Distribution of|H,| for various resonancesa) t=161 nm, w=3.86x10"° s™1; (b) t=161 nm, w=6.67X10"° s %; (¢) t
=112 nm,w=3.86x10°s7%; (d) t=112 nm,w=6.67X10° s71; (e) t=102 NnM,w=2.45x 10°° s7%; (f) t=102 nm,w=4.52< 10!° s,

thicknesst—oo, the incident radiation cannot “sense” the  For a film with a finite thickness, when the incident radia-
bottom surface and the reflection coefficient curve should b&on matches the frequency of a standing-wave SPP mode, it
identical to that of a single air/silver interface, which has tworesonantly excites the SPP mode on the top surface and
deep minima atw;~3.83x10"° s ! and w,~6.72<10"  builds up strong fields in the grooves. This in turn resonantly
s~ 1. Since there are neither transmitted waves nor diffracteeéxcites the standing-wave SPP mode on the bottom surface.
orders, any deviation of the reflection coefficient from oneA strong EM field is then built up in the grooves of the
must be due to absorption. The optical response of zerdsottom surface, which finally emits the radiation downwards
order silver gratings containing an array of narrow Gaussiainto the air. Therefore resonant transmission happens at the
grooves has been analyzed in detail in Ref. 6. Following Reffrequencies of standing-wave SPP modes. This transmission
6, in both the top and the bottom surface there should be process is effectively photon tunneling through a metal film
series of standing-wave SPP modes strongly localized in theia resonantly exiting localized SPP modes. Clearly such
grooves. Resonant excitation of a localized SPP mode in theesonant transmission cannot occur $quolarized radiation

top surface grooves results in strong field enhancement andsince it cannot couple to the SPP modes. This mechanism
reflection minimum at the frequency of the SPP mode. can be readily seen from the optical magnetic field distribu-
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minimum thickness of the film. For a thick film in which
Awyp,<Aw,,, the transmission coefficient at resonance is
proportional toA wy, . Therefore the height of a transmission
peak increases exponentially as the film thickness decreases,
as can be seen in Fig(@. WhenAwy,=Aw,,, the height

of the peak should reach a maximum value dfeks than 1

in practice because of the absorplioAt this condition, the

100 I 03162 - 0.4467 standing-wave SPP modes on both surfaces are nearly
— B 0.4467 - 0.6310 . . . . . .
c I 0.6310 — 0.8913 equally excited and the distribution of field amplitudes on
c =‘1’j§;3._"1_‘7-§g" both surface are almost symmetric, as is shown in Fig9. 3
; B .78 - 2512 and 3d).
50 —— e With further decrease of the film thickness, the separation
=§-g;§ - between the bottoms of the grooves on the two opposite
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FIG. 3. (Continued)

surfaces becomes very small, and we hAvg,>Aw,,. In

this regime, it is no longer a good approximation to consider
the SPP modes on each surface as individual entities. The
strong coupling between the two SPP modes on the opposite
surfaces creates a pair of new modes with a frequency sepa-
ration proportional tAA wy,. The frequency splitting of the
two SPP modes is rather like the energy splitting of electron
states in a symmetric double-quantum-well structure in semi-
conductor physics when the barrier between the two wells
decreases. Exciting each of these two modes by incident ra-
diation will result in a resonant transmission peak, which is
what we see in Fig. 2. The pair of SPP modes has different
symmetries. As is shown in Fig.(§, the magnetic field
distribution of the low-frequency mode is antisymmetric
about the central line of the filnz=t/2 with a node(in
practice a minimur at z=t/2, while that of the high-
frequency mode, Fig.(8), is symmetric abouz=t/2 with a

100 — it maximum atz=t/2.

S =g:gg}g T Now let us analyze how various physical parameters af-
£ B 1259 ~ 1778 fect the amplitude and line shape of a resonant transmission
> T e peak. A metallic thin film grating may be regarded as a

switch, which redirects an incident photon into different
channels: transmission, zero-order reflection, high diffractive
order reflections, and absorption. To optimize the transmis-
sion we need to minimize the probabilities to the remaining
channels. Clearly the most obvious ingredient is to make the
grating of zero order so all the diffraction channels are elimi-
nated, which is exactly the reason why in the present work
we consider zero-order gratings.

For a SPP resonance on a zero-order grating, the probabil-
ity of an incident photon being scattered into one of the three
available channel$zero-order reflection, transmission, and
absorption depends on the coupling strength between the
SPP mode in the film and the given channel. For the silver

tions given in Figs. @) and 3b), which, respectively, show films considered here the SPP modes are strongly localized;
the resonant excitation of the first two standing-wave SPpherefore their coupling to the reflection and transmission

modes by incoming radiation.

channels are weak. As a good approximation, the transmis-

The width of a standing-wave SPP mode with a frequencysion, absorption, and reflection coefficients in the vicinity of
wspp ON the top surface of a metal film may be approxi-& SPP resonance at,, may be expressed as
mately characterized by just two parametexsy,,, the fre-

quency broadening due to the coupling to the free radiation T— AwaAwy (4a)
in the space above the film, addv,,, the frequency broad- (w— wspp)2+ Awﬁp,j4'

ening due to the coupling to the standing-wave SPP mode on

the bottom surface. For the moment we ignore the thermal AorAo

broadening of the mode due to absorption of the méta,, T b= b (4b)

. . . . N ) ab:( _ 2+A 2 47
is mainly determined by the surface profile and the dielectric @~ Wspp) @5pd
constant of the metal\ wy, is proportional tof2e %, where

f is the field enhancement factor of the SPP mode stin R=1-T—Tg, (40
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whereAwsp,=Aw,+Awp+Awyy, is the total width of the  in Fig. 2. This effect will be useful for novel device applica-
SPP mode, whilA w,,,Aw,, ,Aw,, are the widths of the tions, especially in the area of integrated optoelectronic sys-
SPP mode due to its coupling to the reflected channel, transems where the size of the components is vital.
mitted channel, and the absorption, respectively. It is easy to In conclusion we have proposed an alternative mechanism
see that the conditions for a total transmission A@,,  for strong optical transmission through metallic films. By
=0 andAw;;=Aw;,. The three widths are determined by modeling a silver film, which has an array of narrow grooves
the film thiCkneSS, surface prOf”eS, and the dielectric fUnC'On both SurfaceS, we demonstrate that, via resonanﬂy excit-
tion of the metal film. By choosing an appropriate combina-jng the standing-wave SPP modes trapped in the grooves of
tion of _the_se parameters, one will be able to obtain Specme%oth Surfacesp_po|arized photons may tunnel through the
transmission line shapes. film with a probability close to 1, while-polarized photons

It should be pointed out that since the standing-wave SPRill be almost completely reflected by the film. We have
modes are strongly localized in the grooves, they form venanalyzed the physical parameters that affect the amplitude
flat bands. As a result the frequencies of the SPP resonancggd line shape of the resonant transmission. We believe our
are nearly independent of the angle of incidence. Thereforgesuyits not only shed light on the physical mechanism of the
the metal films considered here have potential application agnexpected strong light transmission through metal films
optical filters. They may also be used as polarizers becausgving an array of subwavelength size holes observed by

only p-polarized photons may tunnel through the films while eppeseret al.? but they may also lead to novel device ap-
s-polarized photons are effectively blocked. Another impor-pjications.

tant feature of the thin film grating proposed in this work is
that the wavelength of a standing-wave SPP mode in the
narrow grooves is much shorter than the optical wavelength
at the same frequency. Consequently resonant photon trans-
mission can occur even when the wavelength of the photons The authors are grateful to the Leverhulme Trust and
is much larger than the thickness of the metal film, as showBBSRC (U.K.) for supporting this research.
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