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Flat surface-plasmon-polariton bands and resonant optical absorption on short-pitch metal
gratings
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The dispersion curves of surface plasmon polarit@®RP’g on short-pitch metal gratings consisting of an
array of narrow Gaussian grooves are calculated. Very flat SPP lfiangs band gapsare 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 mode$S0163-182609)02619-3

I. INTRODUCTION some frequencies accompanied by strong-field enhancement.
By modeling a silver surface with nanometer scale roughness
A surface plasmon polaritofSPP is a fundamental elec- as an array of half cylinders embedded in a silver surface,
tromagnetic(EM) excitation on a metal-dielectric interface. Garcia-Vidal and Pendfyfound that very localized SPP
On a flat metal surface. a SPP mode cannot be directinodes are created, which lead to large-field enhancement.

8 . .
coupled to by incident radiation because the dispersion curvé 'Y recently Sobnaclkt al.” studied the scattering of EM
waves from zero-order silver gratings at a fixed wavelength

of the SPP s OUtS'deT the I!ght Coﬂe-.on a metalll|c gratmgand observed that as the grating depth increases a set of
however, the SPP dispersion splits into bands, just as thgiection minima occur due to the excitation of standing SPP
electronic states in a periodic potential form into bandsmodes localized in the grooves. In contrast to the interest in
which makes the direct coupling between SPP and radiatiofhe optical properties of short-pitch deep metallic gratings,
modes possible. In effect in-plane momentum is provided byhe SPP band structures of such gratings have rarely been
the grating periodicity. It is known that the excitation of SPP studied. As far as we know, the only paper published is that
modes is the main cause for the optical anomalies on metdly Laks, Mills, and Maradudifi,in which the dispersion re-
gratings, such as resonant absorpﬁf):ﬁ, large field lation of SPP'S_ on a r_netallic grating with a pitch of 50 nm
enhancemerft,and strong modulation of spontaneous lightand depth-to-pitch ratio up to 0.6 are calculated by use of an
emissior? Clearly the knowledge of the SPP band structure/ntégral method proposed by Toiget al.™ Their results

an inherent property of the corrugated metal surface, is cruS"oW that outside the light line very flat SPP bands are
cial for the understanding of the optical response of metao'med, but the physical mechanism for the formation of

gratings. The study of SPP dispersion is also important in thd1€Se flat SPP bands was not explained. Furthermore, Laks

: ; t al. only obtained SPP dispersions outside the light line
context of photonic band structures. Very recently, it hass . ; X : . ’
P y y therefore their results provide little information about the

been found that in three-dimensional metallo-dielectric pho- ticalr nse of a zero-order arating b Alv the SPP
tonic crystals large photonic band gaps can occur at lowPlCal reSponse ot a zero-order grating because only the
ode within the light cone can couple to incident radiation.

frequencies where the light wavelengths are much larger thall X . . . o
the period of the structufand it is suggested that this is due . In this paper, we study the _dlsper5|on and field dlstn_bu-
tions of SPP modes on short-pitch zero-order metal gratings.

to strong capacitive coupling between metallic islands . : o : ; ;
Studying the SPP band structures on metal gratings, Whichlj{he .SPP dispersions both |r_13|de gnd outside the light I_|ne are
btained and a clear physical picture for the formation of

may be considered as simple one-dimensional photonic cry “PP bands in such structures is proposed. The optical re-

tals, may provide substantial insight into the formation of fth i f larized(t i
photonic bands in metallo-dielectric photonic solids. sponse ot the gratings Igrpolarized{iransverse magneyic
Qght incident in a plane orthogonal to the grating grooves is

The SPP band structures of metal gratings have been eaIso calculated over a wide range of frequency and explained
ivel ied in the g f Il pitch hratib. .
tensively studied in the ggme of small pitch to depth ratib in relation 1o the SPP band structure.

In this regime the SPP can be very well described by pertur-
bation theory which only leads to a band gap at the Brillouin Il. METHOD

zone (BZ) boundary(the “small-gap” limit) while the dis-

persion away from the BZ boundary remains unperturbed. Our calculation is based on a method originally proposed
Advances in technology permit the manufacture of gratingdy Chandezoret all! The essence of the method is to map
with nanometer scale pitches and large depth to pitchhe curved surface onto a flat plane by the use of a non-
ratios> It has been shown that such structures can haverthogonal curvilinear coordinate transformation. The Max-
pronounced optical response. Wirgin and Lopez-Rioand ~ well's equations are then solved in the new coordinate for
experimentally that on a zero-order silver grating containingooth the top medium and the substrate. Matching the tangen-
deep rectangular grooves resonant absorption can occur @l components of the fields cross the interface, we can cal-
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50 - where w,, is the plasma frequency andis the relaxation
" vacuum time of the electrons. In our calculation we have ta
y =1.32x10% s ! and r=1.45x 10 ™ s; values for silvel:

50 | silver
lll. RESULTS AND DISCUSSIONS
d Figures 2a), 2(b), and Zc) show the calculated SPP dis-
persion(thick solid lineg for three silver gratings with grat-
ing pitchesl =50, 75, and 100 nm, respectively,lgt=0 (z
is along the groove directignAll three gratings have the
] I same Gaussian type grooves will=200 andw=10 nm.
— For comparison the light line specified = ck, (thin-solid
lines) and the dispersion of the SPP on a flat silver surface
80 o 100 80 © 50 100 150 200 250 o= w¢(K) (dot-dashed lingsare also plotted. All the SPP
X (nm) bands are quite flat except for the region near the light line,
especially for the grating with 100 nm pitch. Figure 3 pre-
sents a fewP(w) curves for the grating of 100 nm pitch,
from which the dispersion shown in Fig(Q is obtained.
ecause the imaginary part of the dielectric function is much
maller than the real part, SPP modes outside the light cone
have a long life time and therefore corresponds to sharp
(G) c peaks in the®(w) curve. In contrast a mode within the light
(g}

-100

Y (nm)

-160

-200

FIG. 1. An example of a grating interface containing an array of
identical Gaussian-type groovels{100,d=200,w=10 nm).

culate the scattering matrix of the interface, which is define
by

1) cone corresponds to a wider peak because it is radiative.
According to simple perturbation theory, band gaps
should occur neamw,= wi(k,), where k,=nz/l and n
where Cf (Cy) is a vector containing the coefficients of =1,2,3 .. ., therefore, the number of bands in a given fre-
upward (downward going eigenmodes in the top medium quency region should strongly depend on the grating gitch
and C{ (Cg) is a vector containing the coefficients of up- so that for all three gratings, there should be no band gap in
ward (downward going eigenmodes in the substrate. Sincethe frequency region considered. However, Fig. 2 shows that
the SPP modes are states bound in the vicinity of the interall three gratings have four full bands fas up to 6.2
face, each of them leads to a pole in the scattering m#trix. X 10'° s~* despite their very different grating pitches, which
The dispersion relation of the SPP can therefore be obtainedearly indicates that these SPP band structures are beyond
by finding the values of frequenay and wave vectok that  the description of perturbation theory.
lead to such poles in the scattering matrix. In practice, we To understand the physical origin of these SPP bands, we
calculate the value of calculate the field distribution of the SPP modes. It is found
all the SPP modes considered are related to some kind of
standing SPP mode strongly localized in the grating grooves.
P:% |Sml (2 Figures 4a) and 4b) show the amplitudes of the magnetic
’ field of two SPP modesnarked by stars on Fig(@] for the
as a function ofw for a fixedk along the interface. The SPP 100 nm pitch grating. Only the component of the magnetic
frequencies are then given by the peaks in @) curve.  field is plotted because SPP modes prgolarized. We see
Performing the calculation for wave vectors over the wholethat these two SPP modes have very similar field distribu-

BZ yields the complete SPP dispersion relation. tions although they belong to different bands and have very
We consider a model grating profile defined by different wave vectors. In fact it is found that a SPP mode

with a wave vectok,= 7/l in thenth band and a mode with
a wave vectok,=0 in the (h+1)th band always have very
(3)  similar field distribution, i.e., both have—1 nodes in a
groove[see Figs. &) and 4b)] suggesting that they origi-
R . ate from the same standing mode. It is also found that the
As shown in Fig. 1, such a surface contains an array OEurface charge distributions on the two sides of a groove are

identical Gaussian shaped grooves. The advantage of the .. ic for all th H ko= 7/l
model is that the depth of the grooves, the width of thelig\?vynmr:zfglc or all the modes witg=0 andk, =/l (not

grooves and the separation between two neighboring grooves With the help of the field distributions, we propose that

(i.e_., the grating pitchcan be controlled independently by the formation of SPP bands shown in Figga)2 2(b), and
adjusting the three parametetsw, andl. We assume the top 2(c) can be explained by three stefp#) The narrow groove

”?edi“”? and th_e substratg are girand ;ilver, respgctively. Tr\ﬁidth results in very strong coupling between surface
dielectric function of the silver is described by a simple free—Charges on the two opposite sides of a groove, creating a

electron Drude model, series of standing SPP modes in each grod2g Each of

Cs Cs

x—ml)2

y=s(x)=-d 2 exr{—

— these standing modes is weakly coupled to the corresponding
e(w)=1+ I 7wy 4) mode in nearest-neighbor grooves and develops into a nar-
m o(l-iwTr)’ row band. These narrow bands on tke100 nm grating are
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/ FIG. 3. P() curves calculated for the=100 nm grating at a
/ few k, values(in units of =/l).
40 t 1
— // schematically illustrated in Fig.(@) by thin-dotted lines(3)
i / The coupling between SPP modes and free radiation leads to
2 , strong anticrossings whenever a flat SPP band crosses the
3 light line, therefore resulting in the calculated dispersions.
20 1 ] Our detailed arguments are as follows.

First, because of the narrowness of the grooves, surface
charges on the two opposite sides of a grating groove are
strongly coupled, creating standing SPP modes strongly lo-

00 } calized in the groové&® These coupled SPP modes are simi-
~0.0 0.5 1.0 lar to the coupled SPP modes in a narrow air gap between
(b) ky (/1) two semi-infinite metald* Now, the coupled SPP wave is
reflected from the bottom and top of the grooves, producing
60 ' 7 i a zero momentum standing wave. As the width of the air gap
__________________________________ - is decreased, the coupling increases and the wavelength of
7 this coupled SPP mode becomes much shorter than that of
g the SPP on an isolated interface. This is why the separations
"""""""""" e, between two neighboring nodes in the field distributions
40 - g ] shown in Figs. 4a) and 4b) (<70 nm) is much smaller than
- // the corresponding light wavelength=@400 nm).
e;’ """""""""""" Considering an isolated groove on an otherwise flat metal
5 / surface, the frequenayg of the nth localized SPP mode can
20 L | be estimated by requiring that the phase chaggeof the
coupled SPP mode along the depth of the groove satisfies
0 1
¢n=f dkC[wS,D(y)]dy:(n—H s|m
%0 0.5 1.0 HereD(y) is the width of the groove, which ig dependent
{c) k,(r/1)

andk.(w,D) is the wave vector of a coupled surface plas-
mon in an air gap of widthD sandwiched by two semi-

FIG. 2. The calculated SPP dispersion relatidtiick-solid  infinite metals, which is determined By
lines) for three gratings with grating pitche&) 1=50, (b) | =75, 2 2\ 12
(c) =100 nm. The three gratings have the same Gaussian shaped tan —(k2— k2)1/29 i ke — €mko 6)
grooves (I=200,w=10 nm). Also plotted are the light linghin- ¢ 002 ey kg— kg '
solid lineg and the SPP dispersion on a flat silver surfétban-dot-
dashed linegs The four dotted lines irfc) schematically show the Whereko=w/c.
narrow SPP bands on the=100 nm grating derived from the first For a single Gaussian groove witdi=200 and w
four standing SPP modes localized in a grating groove. =10 nm on the gratings considered here, this simple estima-
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standing SPP modes in different grooves of a grating. The
most important interactions are those between the same type
of modes in the nearest-neighbor grooves, which are in-
versely proportional to the product of the dielectric constant
of silver, €,, and the separation between nearest-neighbor
grooves. Sinceey|>1 in the frequency region considered
here and the separation between grooves is larger than the
groove width, the interactions between standing SPP modes
in different grooves can be treated as weak perturbations. It
is instructive to consider the standing SPP modes in an iso-
lated groove as the electron levels in an isolated atom, then
the formation of SPP bands on a grating is a photonic anal-
ogy of the tight-binding model for electron bands in a one-
dimensional lattice. Similar to the tight-binding model for
electron states, the standing SPP mode with frequerﬁ:y
will develop into a flat bandlas shown by the dotted lines in
Fig. 2(c)], which has a simple dispersion

100

-100

y (nm)

-200

wn(ky) = 02+ 2V, cosk,l, 7

whereV, is a parameter describing the interaction between
-300 . the nth standing SPP modes in two nearest-neighbor
-50 0 50 grooves, which can be estimated by considering the interac-
(@) x (nm) _tion between the surface charges on the two sides o_f a grat-
ing peak. Because the surface charges on the two sides of a
100 groove are antisymmetric, the surface charges on the two
sides of a grating peak should be antisymmetrik,at0 and
symmetric ak, = 7r/l. Noting that the real part of,, is nega-
tive we expectV,>0 [hencew,(0)> w,(#/1)], which is in
agreement with the calculated results shown in Fig. 2. As the
grating pitch increasey/, decreases and the SPP bands be-
come flatter, which is clearly seen in Fig. 2. From Ef).we
have

08=[wn(0)+ wn(7/l)]/2. (8)

This allows us to calculates’ from the calculated band
structures. For the grating with=100 nm, Fig. 2c) gives
0®=1.32, 3.05, 4.42, and 5.5410° s~ * for n=1, 2, 3, and

4, which are in very good agreement with the simple estima-
tion from Egs.(5) and (6) and accord better than the
=7/l values from Fig. &).

Third, we have to include the interaction between the flat
SPP bands with the continuous spectrum of free radiation. At
first sight it seems surprising that the interaction between the
flat SPP bands with the free radiation modes spreading over

-300 . the whole light cone can cause a strong distortion of the flat
-50 0 50 SPP bands in the vicinity of the light line. The reason is that

b) x (nm) to enable the coupling between a SPP mode and the free

radiation the in-plane wave vectors of the SPP mode and the

FIG. 4. Distributions of|H,| for two SPP modes on the [re€ radiation, specified bl andk;, have to be matched
=100 nm grating that are marked by stars on Fig)2(a) While ky does not have to be conserved. The density of states
=4.53x10%s%, k,=0; (b) w=4.29x10%s ! k==/l. The Of the free-radiation modes with a given in-plane wave vec-
line represents the grating profile, and regions of high-field intensitytor (k) is proportional to[ w?— c?(kZ+k2)]~ Y2 which
are darker. is divergent on the light cone = c(kZ+k2)2. Therefore the

coupling between the SPP modes with=0 and the free
tion predicts thatwy=1.10, 3.07, 4.50, and 5.63L0'*s™"  radiation is strongest near the light line=ck,, which leads
forn=1, 2, 3, and 4, respectively. If we take the calculatedto strong anticrossings in the SPP band structure whenever
bands in Fig. &) we see that th&,= «/l values of the first the light line crosses the flat bands. Furthermore, because of
four bands, 1.27, 2.90, 4.29, and 5:410'° s™*, are closely the interaction with free radiation, the SPP modes within the
in agreement with the approximate calculation. light cone are no longer bound in tlyedirection. They be-

Second, let us now consider the interaction between theome resonant modes with a finite lifetime as can be seen in

-200 A
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related to the SPP mode is determined by the balance of
] Aw;ag aNdA wpear. WhenA w,,q/Awpea>1 (the over cou-
Y Y pling case¢, the SPP mode only leads to a very shallow and
sl W very broad reflection minimum. AS\w,.q/Awhes de-
i creases, the reflection minimum becomes narrower and
" deeper. The resonant absorption is expected to reach its
. maximum (where R~=~0) when Aw,,q/Awnear=1. Further

o
=]
:
>==

o
(2]
T

o decreasingA w54/ A wheat NArrows the width of the reflec-
- 1=50nm tion minimum but decreases its depth. Finally, the resonant
04 I=75nm i absorption will disappear a8 w,,q/A whear—0 (the weak-
— 1=100nm | coupling limit). _ _
e 1=150nm } | _ Flgu_re_ 5 clearly shows that for a given grating the reflec-
02 r  =175mm i tion minima become deeper and sharper as the frequency
B y' increases. This is because the radiative damping of the over
. ] coupled SPP modes are less at higher frequency. This arises
% 2 4 6 becausde,,| of silver decreases rapidly with increasing fre-
0 (10°5™) guency, the SPP modes at higher frequency can penetrate

more easily into the metal, therefore they are more localized
FIG. 5. Reflection coefficients as a function of frequency for in the grooves and the coupling to the radiation is weaker. As
p-polarized normal incident radiation from five gratings consistinga result SPP modes at higher frequency have smaller
of the same Gaussian shaped grooves-200, w=10 nm) but Aw;aq/Awpea Values and therefore lead to narrower and
with different grating pitches:=50, 75, 100, 150, and 175 nm.  deeper reflection minima. Figure 5 also shows that as the
grating pitch increases the reflection minima shift to lower
energies and become deeper and narrower, which is again
Fig. 3. As discussed above the closer a SPP mode is to th&pected from the SPP band structures discussed above.
light line the shorter the life time of the mode. Decreasingmost interesting is that for the grating with= 175 nm, the
the separation between the grooves increases the number @flection minimum at 5.52 10'° s~ is only 0.003, which
grooves per unit length and hence, the percentage of th@dicates that for the corresponding SPP mode the condition
grooves, consequently this increases the coupling betweeqy, _ /A w,..~1 is nearly satisfied.
the SPP modes and the radiation. This in turn broadens the |t should be noted that the so called surface shape reso-
modes. ) nances recently observed on a lamellar gold gratingve a
The SPP bands shown in Fig. 2 can provide a great deafimjlar physical origin to the resonant absorption shown in
of information about the optical properties of the correspondig. 4. The first resonance in Ref. 15 occurs at a wavelength
ing grating. For example, if p-polarized incident wave has +tg groove depth ratia/d~5.5, which is slightly larger than
the same frequency and wave vector inxReplane as those the value/d~4 expected for a very wide groove, while for
of a SPP mode on a grating, it will excite the SPP mod&he 100 nm pitch grating here the first resonance occurs at
resulting in large-field enhancement in the grooves. Since thg 4~ 7, reflecting the fact that the coupling between the sur-
dielectric constant of a real metady,, has a nonzero imagi- face charges on the two sides of a grating grot8@0-nm
nary part, the excitation of a SPP mode will lead to resonanfyide) in Ref. 15 is much weaker than that of the narrow
absorption and hence, a minimum in the reflection. In Fig. 5¢rooves studied here.
we plot the reflection coefficients of five short-pitch silver
gratings as a function of frequency fpspolarized normally
incident light. The five gratings have the same Gaussian
shaped grooves as the grating shown in Fig. 1 but they have
different grating pitched,=50, 75, 100, 150, and 175 nm. V. CONCLUSIONS
Figure 5 shows that in each reflection coefficient curve In conclusion, we have studied the band structures of
there are a set of minima. Comparing the curves for the threBPP’s on short pitch gratings with narrow and deep Gaussian
gratings with1=50, 75, and 100 nm with the SPP bandsgrooves. Very flat SPP bandarge band gapsare observed
shown in Fig. 2, we see that the reflection minima occur ain the frequency region where the EM wavelength is much
the same frequencies as those of the SPP modes kyith larger than the grating pitch and grating depth. These flat
=k,=0 on the corresponding grating. Note, such reflectionSPP bands originate from coupled SPP modes localized in
minima do not exist fos-polarized incident waves and there the grating grooves, a photonic version of narrow electronic
are no higher order diffractions since all the three gratingdands developed from tight-binding atomic levels. The cou-
are zero order in the frequency range considered. pling between SPP modes and free radiation not only broad-
The understanding of the formation of the SPP bands caens the SPP modes inside the light line but also leads to
also provide physical insight into the line shape of the reflecstrong anticrossings wherever the flat SPP bands cross the
tion minima. Generally the widthh » of a SPP mode within light line. It is shown that exciting the SPP modes can result
the light cone is roughl w54+ A ®wheatr, WhereAw, ;g and  in strong resonant absorption @fpolarized incident EM
Awpeqat are the broadenings corresponding to the radiativevaves. The frequencies and the width of these flat bands can
loss of energy to the vacuum and the thermal loss of energlge easily controlled by the shapeidth and depth of the
to the metal, respectively. The resonant absorption line-shapgrooves and the separation between grooves, respectively.
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This opens the possibility of engineering the electromagneti@also provides a useful guide for designing more sophisticated
properties of metal surfaces over a wide spectrum rangingnetallo-dielectric photonic crystals.

from microwave to the visible. Very flat SPP bands corre-

spond to a strong modulation of photonic density of states, ACKNOWLEDGMENTS
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