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Flat surface-plasmon-polariton bands and resonant optical absorption on short-pitch metal
gratings

W.-C. Tan, T. W. Preist, J. R. Sambles, and N. P. Wanstall
Thin Film Photonics Group, School of Physics, University of Exeter, Stocker Road, Exeter EX4 4QL, United Kingdom

~Received 20 November 1998!

The dispersion curves of surface plasmon polaritons~SPP’s! on short-pitch metal gratings consisting of an
array of narrow Gaussian grooves are calculated. Very flat SPP bands~large band gaps! are observed in the
frequency region where the electromagnetic wavelength is much larger than the grating pitch and grating
depth. These flat SPP bands originate from the coupled SPP modes localized in the narrow grating grooves.
The interaction between SPP modes and free radiation broadens the SPP modes inside the light line and also
leads to strong anticrossings wherever the flat SPP bands cross the light line. Excitation of the SPP modes on
these zero-order gratings by incident electromagnetic radiation may result in strong resonant absorption. The
line shape of the resonant absorption is explained in terms of the radiative broadening and thermal broadening
of the SPP modes.@S0163-1829~99!02619-3#
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I. INTRODUCTION

A surface plasmon polariton~SPP! is a fundamental elec
tromagnetic~EM! excitation on a metal-dielectric interface
On a flat metal surface, a SPP mode cannot be dire
coupled to by incident radiation because the dispersion cu
of the SPP is outside the light cone. On a metallic grati
however, the SPP dispersion splits into bands, just as
electronic states in a periodic potential form into ban
which makes the direct coupling between SPP and radia
modes possible. In effect in-plane momentum is provided
the grating periodicity. It is known that the excitation of SP
modes is the main cause for the optical anomalies on m
gratings, such as resonant absorption,1–3 large field
enhancement,4 and strong modulation of spontaneous lig
emission.5 Clearly the knowledge of the SPP band structu
an inherent property of the corrugated metal surface, is
cial for the understanding of the optical response of me
gratings. The study of SPP dispersion is also important in
context of photonic band structures. Very recently, it h
been found that in three-dimensional metallo-dielectric p
tonic crystals large photonic band gaps can occur at
frequencies where the light wavelengths are much larger
the period of the structure6 and it is suggested that this is du
to strong capacitive coupling between metallic islan
Studying the SPP band structures on metal gratings, w
may be considered as simple one-dimensional photonic c
tals, may provide substantial insight into the formation
photonic bands in metallo-dielectric photonic solids.

The SPP band structures of metal gratings have been
tensively studied in the re´gime of small pitch to depth ratio.7

In this régime the SPP can be very well described by pert
bation theory which only leads to a band gap at the Brillo
zone~BZ! boundary~the ‘‘small-gap’’ limit! while the dis-
persion away from the BZ boundary remains unperturb
Advances in technology permit the manufacture of gratin
with nanometer scale pitches and large depth to p
ratios.2–4 It has been shown that such structures can h
pronounced optical response. Wirgin and Lopez-Rios3 found
experimentally that on a zero-order silver grating contain
deep rectangular grooves resonant absorption can occ
PRB 590163-1829/99/59~19!/12661~6!/$15.00
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some frequencies accompanied by strong-field enhancem
By modeling a silver surface with nanometer scale roughn
as an array of half cylinders embedded in a silver surfa
Garcia-Vidal and Pendry4 found that very localized SPP
modes are created, which lead to large-field enhancem
Very recently Sobnacket al.8 studied the scattering of EM
waves from zero-order silver gratings at a fixed wavelen
and observed that as the grating depth increases a s
reflection minima occur due to the excitation of standing S
modes localized in the grooves. In contrast to the interes
the optical properties of short-pitch deep metallic gratin
the SPP band structures of such gratings have rarely b
studied. As far as we know, the only paper published is t
by Laks, Mills, and Maradudin,9 in which the dispersion re-
lation of SPP’s on a metallic grating with a pitch of 50 n
and depth-to-pitch ratio up to 0.6 are calculated by use o
integral method proposed by Toigoet al.10 Their results
show that outside the light line very flat SPP bands
formed, but the physical mechanism for the formation
these flat SPP bands was not explained. Furthermore, L
et al. only obtained SPP dispersions outside the light lin
therefore their results provide little information about t
optical response of a zero-order grating because only the
mode within the light cone can couple to incident radiatio

In this paper, we study the dispersion and field distrib
tions of SPP modes on short-pitch zero-order metal gratin
The SPP dispersions both inside and outside the light line
obtained and a clear physical picture for the formation
SPP bands in such structures is proposed. The optica
sponse of the gratings forp-polarized~transverse magnetic!
light incident in a plane orthogonal to the grating grooves
also calculated over a wide range of frequency and explai
in relation to the SPP band structure.

II. METHOD

Our calculation is based on a method originally propos
by Chandezonet al.11 The essence of the method is to m
the curved surface onto a flat plane by the use of a n
orthogonal curvilinear coordinate transformation. The Ma
well’s equations are then solved in the new coordinate
both the top medium and the substrate. Matching the tang
tial components of the fields cross the interface, we can
12 661 ©1999 The American Physical Society
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culate the scattering matrix of the interface, which is defin
by

S CT
1

CS
2D 5SS CT

2

CS
1D , ~1!

where CT
1 (CT

2) is a vector containing the coefficients o
upward ~downward! going eigenmodes in the top mediu
and CS

1 (CS
2) is a vector containing the coefficients of u

ward ~downward! going eigenmodes in the substrate. Sin
the SPP modes are states bound in the vicinity of the in
face, each of them leads to a pole in the scattering matr12

The dispersion relation of the SPP can therefore be obta
by finding the values of frequencyv and wave vectork that
lead to such poles in the scattering matrix. In practice,
calculate the value of

P5(
m,n

uSm,nu ~2!

as a function ofv for a fixedk along the interface. The SP
frequencies are then given by the peaks in theP(v) curve.
Performing the calculation for wave vectors over the wh
BZ yields the complete SPP dispersion relation.

We consider a model grating profile defined by

y5s~x!52d (
m52`

`

expF2S x2ml

w D 2G . ~3!

As shown in Fig. 1, such a surface contains an array
identical Gaussian shaped grooves. The advantage of
model is that the depth of the grooves, the width of t
grooves and the separation between two neighboring gro
~i.e., the grating pitch! can be controlled independently b
adjusting the three parametersd, w, andl. We assume the top
medium and the substrate are air and silver, respectively.
dielectric function of the silver is described by a simple fre
electron Drude model,

em~v!511
i tvp

2

v~12 ivt!
, ~4!

FIG. 1. An example of a grating interface containing an array
identical Gaussian-type grooves (l 5100,d5200,w510 nm).
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where vp is the plasma frequency andt is the relaxation
time of the electrons. In our calculation we have takenvp
51.3231016 s21 andt51.45310214 s; values for silver.13

III. RESULTS AND DISCUSSIONS

Figures 2~a!, 2~b!, and 2~c! show the calculated SPP dis
persion~thick solid lines! for three silver gratings with grat
ing pitchesl 550, 75, and 100 nm, respectively, atkz50 (z
is along the groove direction!. All three gratings have the
same Gaussian type grooves withd5200 andw510 nm.
For comparison the light line specified byv5ckx ~thin-solid
lines! and the dispersion of the SPP on a flat silver surfa
v5v f s(k) ~dot-dashed lines! are also plotted. All the SPP
bands are quite flat except for the region near the light li
especially for the grating with 100 nm pitch. Figure 3 pr
sents a fewP(v) curves for the grating of 100 nm pitch
from which the dispersion shown in Fig. 2~c! is obtained.
Because the imaginary part of the dielectric function is mu
smaller than the real part, SPP modes outside the light c
have a long life time and therefore corresponds to sh
peaks in theP(v) curve. In contrast a mode within the ligh
cone corresponds to a wider peak because it is radiative

According to simple perturbation theory, band ga
should occur nearvn5v f s(kn), where kn5np/ l and n
51,2,3, . . . , therefore, the number of bands in a given fr
quency region should strongly depend on the grating pitcl,
so that for all three gratings, there should be no band ga
the frequency region considered. However, Fig. 2 shows
all three gratings have four full bands forv up to 6.2
31015 s21 despite their very different grating pitches, whic
clearly indicates that these SPP band structures are be
the description of perturbation theory.

To understand the physical origin of these SPP bands
calculate the field distribution of the SPP modes. It is fou
all the SPP modes considered are related to some kin
standing SPP mode strongly localized in the grating groov
Figures 4~a! and 4~b! show the amplitudes of the magnet
field of two SPP modes@marked by stars on Fig. 2~c!# for the
100 nm pitch grating. Only thez component of the magneti
field is plotted because SPP modes arep polarized. We see
that these two SPP modes have very similar field distri
tions although they belong to different bands and have v
different wave vectors. In fact it is found that a SPP mo
with a wave vectorkx5p/ l in thenth band and a mode with
a wave vectorkx50 in the (n11)th band always have ver
similar field distribution, i.e., both haven21 nodes in a
groove @see Figs. 4~a! and 4~b!# suggesting that they origi
nate from the same standing mode. It is also found that
surface charge distributions on the two sides of a groove
antisymmetric for all the modes withkx50 andkx5p/ l ~not
shown here!.

With the help of the field distributions, we propose th
the formation of SPP bands shown in Figs. 2~a!, 2~b!, and
2~c! can be explained by three steps:~1! The narrow groove
width results in very strong coupling between surfa
charges on the two opposite sides of a groove, creatin
series of standing SPP modes in each groove.~2! Each of
these standing modes is weakly coupled to the correspon
mode in nearest-neighbor grooves and develops into a
row band. These narrow bands on thel 5100 nm grating are
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FIG. 2. The calculated SPP dispersion relations~thick-solid
lines! for three gratings with grating pitches:~a! l 550, ~b! l 575,
~c! l 5100 nm. The three gratings have the same Gaussian sh
grooves (d5200,w510 nm). Also plotted are the light line~thin-
solid lines! and the SPP dispersion on a flat silver surface~thin-dot-
dashed lines!. The four dotted lines in~c! schematically show the
narrow SPP bands on thel 5100 nm grating derived from the firs
four standing SPP modes localized in a grating groove.
schematically illustrated in Fig. 2~c! by thin-dotted lines.~3!
The coupling between SPP modes and free radiation lead
strong anticrossings whenever a flat SPP band crosses
light line, therefore resulting in the calculated dispersio
Our detailed arguments are as follows.

First, because of the narrowness of the grooves, sur
charges on the two opposite sides of a grating groove
strongly coupled, creating standing SPP modes strongly
calized in the groove.4,8 These coupled SPP modes are sim
lar to the coupled SPP modes in a narrow air gap betw
two semi-infinite metals.14 Now, the coupled SPP wave i
reflected from the bottom and top of the grooves, produc
a zero momentum standing wave. As the width of the air g
is decreased, the coupling increases and the waveleng
this coupled SPP mode becomes much shorter than tha
the SPP on an isolated interface. This is why the separat
between two neighboring nodes in the field distributio
shown in Figs. 4~a! and 4~b! (,70 nm) is much smaller than
the corresponding light wavelength ('400 nm).

Considering an isolated groove on an otherwise flat m
surface, the frequencyvn

0 of thenth localized SPP mode ca
be estimated by requiring that the phase changefn of the
coupled SPP mode along the depth of the groove satisfi

fn5E
2d

0

kc@vn
0 ,D~y!#dy5S n211

1

2Dp. ~5!

HereD(y) is the width of the groove, which isy dependent
and kc(v,D) is the wave vector of a coupled surface pla
mon in an air gap of widthD sandwiched by two semi
infinite metals, which is determined by14

tanhF2~kc
22k0

2!1/2
D

2 G5
1

em
S kc

22emk0
2

kc
22k0

2 D 1/2

, ~6!

wherek05v/c.
For a single Gaussian groove withd5200 and w

510 nm on the gratings considered here, this simple esti

ed

FIG. 3. P(v) curves calculated for thel 5100 nm grating at a
few kx values~in units of p/ l ).
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12 664 PRB 59TAN, PREIST, SAMBLES, AND WANSTALL
tion predicts thatvn
051.10, 3.07, 4.50, and 5.6331015 s21

for n51, 2, 3, and 4, respectively. If we take the calculat
bands in Fig. 2~c! we see that thekx5p/ l values of the first
four bands, 1.27, 2.90, 4.29, and 5.4131015 s21, are closely
in agreement with the approximate calculation.

Second, let us now consider the interaction between

FIG. 4. Distributions of uHzu for two SPP modes on thel
5100 nm grating that are marked by stars on Fig. 2~c!. ~a! v
54.5331015 s21, kx50; ~b! v54.2931015 s21, kx5p/ l . The
line represents the grating profile, and regions of high-field inten
are darker.
d

e

standing SPP modes in different grooves of a grating. T
most important interactions are those between the same
of modes in the nearest-neighbor grooves, which are
versely proportional to the product of the dielectric const
of silver, em , and the separation between nearest-neigh
grooves. Sinceuemu@1 in the frequency region considere
here and the separation between grooves is larger than
groove width, the interactions between standing SPP mo
in different grooves can be treated as weak perturbation
is instructive to consider the standing SPP modes in an
lated groove as the electron levels in an isolated atom, t
the formation of SPP bands on a grating is a photonic a
ogy of the tight-binding model for electron bands in a on
dimensional lattice. Similar to the tight-binding model fo
electron states, the standing SPP mode with frequencyvn

0

will develop into a flat band@as shown by the dotted lines i
Fig. 2~c!#, which has a simple dispersion

vn~kx!5vn
012Vncoskxl , ~7!

whereVn is a parameter describing the interaction betwe
the nth standing SPP modes in two nearest-neigh
grooves, which can be estimated by considering the inte
tion between the surface charges on the two sides of a g
ing peak. Because the surface charges on the two sides
groove are antisymmetric, the surface charges on the
sides of a grating peak should be antisymmetric atkx50 and
symmetric atkx5p/ l . Noting that the real part ofem is nega-
tive we expectVn.0 @hencevn(0).vn(p/ l )#, which is in
agreement with the calculated results shown in Fig. 2. As
grating pitch increases,Vn decreases and the SPP bands
come flatter, which is clearly seen in Fig. 2. From Eq.~7! we
have

vn
05@vn~0!1vn~p/ l !#/2. ~8!

This allows us to calculatevn
0 from the calculated band

structures. For the grating withl 5100 nm, Fig. 2~c! gives
vn

051.32, 3.05, 4.42, and 5.5431015 s21 for n51, 2, 3, and
4, which are in very good agreement with the simple estim
tion from Eqs. ~5! and ~6! and accord better than thekx
5p/ l values from Fig. 2~c!.

Third, we have to include the interaction between the
SPP bands with the continuous spectrum of free radiation
first sight it seems surprising that the interaction between
flat SPP bands with the free radiation modes spreading o
the whole light cone can cause a strong distortion of the
SPP bands in the vicinity of the light line. The reason is th
to enable the coupling between a SPP mode and the
radiation the in-plane wave vectors of the SPP mode and
free radiation, specified bykx and kz, have to be matched
while ky does not have to be conserved. The density of sta
of the free-radiation modes with a given in-plane wave v
tor (kx ,kz) is proportional to@v22c2(kx

21kz
2)#21/2, which

is divergent on the light conev5c(kx
21kz

2)1/2. Therefore the
coupling between the SPP modes withkz50 and the free
radiation is strongest near the light linev5ckx , which leads
to strong anticrossings in the SPP band structure when
the light line crosses the flat bands. Furthermore, becaus
the interaction with free radiation, the SPP modes within
light cone are no longer bound in they direction. They be-
come resonant modes with a finite lifetime as can be see

y
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Fig. 3. As discussed above the closer a SPP mode is to
light line the shorter the life time of the mode. Decreasi
the separation between the grooves increases the numb
grooves per unit length and hence, the percentage of
grooves, consequently this increases the coupling betw
the SPP modes and the radiation. This in turn broadens
modes.

The SPP bands shown in Fig. 2 can provide a great d
of information about the optical properties of the correspo
ing grating. For example, if ap-polarized incident wave ha
the same frequency and wave vector in thex-z plane as those
of a SPP mode on a grating, it will excite the SPP mo
resulting in large-field enhancement in the grooves. Since
dielectric constant of a real metal,em , has a nonzero imagi
nary part, the excitation of a SPP mode will lead to reson
absorption and hence, a minimum in the reflection. In Fig
we plot the reflection coefficients of five short-pitch silv
gratings as a function of frequency forp-polarized normally
incident light. The five gratings have the same Gauss
shaped grooves as the grating shown in Fig. 1 but they h
different grating pitches,l 550, 75, 100, 150, and 175 nm.

Figure 5 shows that in each reflection coefficient cu
there are a set of minima. Comparing the curves for the th
gratings with l 550, 75, and 100 nm with the SPP ban
shown in Fig. 2, we see that the reflection minima occur
the same frequencies as those of the SPP modes witkx
5kz50 on the corresponding grating. Note, such reflect
minima do not exist fors-polarized incident waves and the
are no higher order diffractions since all the three gratin
are zero order in the frequency range considered.

The understanding of the formation of the SPP bands
also provide physical insight into the line shape of the refl
tion minima. Generally the widthDv of a SPP mode within
the light cone is roughlyDv rad1Dvheat, whereDv rad and
Dvheat are the broadenings corresponding to the radia
loss of energy to the vacuum and the thermal loss of ene
to the metal, respectively. The resonant absorption line-sh

FIG. 5. Reflection coefficients as a function of frequency
p-polarized normal incident radiation from five gratings consist
of the same Gaussian shaped grooves (d5200, w510 nm) but
with different grating pitches:l 550, 75, 100, 150, and 175 nm.
he

r of
he
en
he

al
-

e
e

nt
,

n
ve

e
e

t

n

s

n
-

e
y

pe

related to the SPP mode is determined by the balance
Dv rad andDvheat. WhenDv rad /Dvheat@1 ~the over cou-
pling case!, the SPP mode only leads to a very shallow a
very broad reflection minimum. AsDv rad /Dvheat de-
creases, the reflection minimum becomes narrower
deeper. The resonant absorption is expected to reach
maximum ~where R'0) when Dv rad /Dvheat'1. Further
decreasingDv rad /Dvheat narrows the width of the reflec
tion minimum but decreases its depth. Finally, the reson
absorption will disappear asDv rad /Dvheat→0 ~the weak-
coupling limit!.

Figure 5 clearly shows that for a given grating the refle
tion minima become deeper and sharper as the freque
increases. This is because the radiative damping of the
coupled SPP modes are less at higher frequency. This a
becauseuemu of silver decreases rapidly with increasing fr
quency, the SPP modes at higher frequency can pene
more easily into the metal, therefore they are more locali
in the grooves and the coupling to the radiation is weaker.
a result SPP modes at higher frequency have sma
Dv rad /Dvheat values and therefore lead to narrower a
deeper reflection minima. Figure 5 also shows that as
grating pitch increases the reflection minima shift to low
energies and become deeper and narrower, which is a
expected from the SPP band structures discussed ab
Most interesting is that for the grating withl 5175 nm, the
reflection minimum at 5.5231015 s21 is only 0.003, which
indicates that for the corresponding SPP mode the condi
Dv rad /Dvheat'1 is nearly satisfied.

It should be noted that the so called surface shape r
nances recently observed on a lamellar gold grating15 have a
similar physical origin to the resonant absorption shown
Fig. 4. The first resonance in Ref. 15 occurs at a wavelen
to groove depth ratiol/d'5.5, which is slightly larger than
the valuel/d'4 expected for a very wide groove, while fo
the 100 nm pitch grating here the first resonance occur
l/d'7, reflecting the fact that the coupling between the s
face charges on the two sides of a grating groove~500-nm
wide! in Ref. 15 is much weaker than that of the narro
grooves studied here.

IV. CONCLUSIONS

In conclusion, we have studied the band structures
SPP’s on short pitch gratings with narrow and deep Gaus
grooves. Very flat SPP bands~large band gaps! are observed
in the frequency region where the EM wavelength is mu
larger than the grating pitch and grating depth. These
SPP bands originate from coupled SPP modes localize
the grating grooves, a photonic version of narrow electro
bands developed from tight-binding atomic levels. The co
pling between SPP modes and free radiation not only bro
ens the SPP modes inside the light line but also leads
strong anticrossings wherever the flat SPP bands cross
light line. It is shown that exciting the SPP modes can res
in strong resonant absorption ofp-polarized incident EM
waves. The frequencies and the width of these flat bands
be easily controlled by the shape~width and depth! of the
grooves and the separation between grooves, respecti
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This opens the possibility of engineering the electromagn
properties of metal surfaces over a wide spectrum rang
from microwave to the visible. Very flat SPP bands cor
spond to a strong modulation of photonic density of sta
therefore short metallic gratings may be used to control
spontaneous light emission of molecules. The simple ph
cal picture for the formation of SPP bands described h
N.

un
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re

also provides a useful guide for designing more sophistica
metallo-dielectric photonic crystals.
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