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Sharp Surface-Plasmon Resonances on Deep Diffraction Gratings
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(Received 20 March 1997)

Deep metallic surface relief diffraction gratings are shown to couple radiation to surface plasmon
polaritons when transverse magnetic radiation is incident in a plane orthogonal to the grating wave
vector. This sharp resonance for a deep sinusoidal surface profile is explored using modeling
programs and its presence is confirmed experimentally for a silver grating in the visible part of the
spectrum. [S0031-9007(97)04485-2]

PACS numbers: 71.36.+c, 42.25.Fx
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In 1902 Wood reported the observation of a series
anomalies in the spectra from ruled metallic diffractio
gratings [1]. One of these anomalies, now [2,3] known
correspond to the excitation of surface plasmon polarito
(SPPs), took the form of sharp changes in the reflec
intensity of transverse magnetic (TM) polarized radiatio
when the grating vector is parallel to the plane
incidence. SPPs are localized electromagnetic oscillatio
associated with the surface charge at a metal-dielec
interface. These nonradiative modes which are loca
TM in character have a wave vectorskSPPd greater than
a photon of the same frequency in the adjacent dielect
Light can be coupled to SPPs using a diffraction gratin
which changes the in-plane wave vector of the incide
photon field by the addition or subtraction of intege
multiples of the grating wave vectorskgd, provided
the incident radiation is polarized so as to create
surface charge on the metal. Here it is shown that
large amplitude gratings oriented with the grating wa
vector perpendicular to the plane of incidence,both TM
and transverse electric (TE) polarizations create norm
components of electric field on the grating surface whi
couple to SPPs. This results not only in the excitation
an SPP by TE radiation, but also a new and striking
sharp SPP resonance is observed in the TM polariz
reflectivity.

Figure 1 shows the geometry considered, the po
angle u and the azimuthw define the orientation of
the incident beam with respect to the grating vecto
kgsjkgj  2pylgd, which runs parallel to thex axis.
Figure 1 also shows the orientation of the polarizatio
unit vector p for both TM and TE polarizations. The
local normal component of the electric field which excite
surface charges and thus couples to a SPP [2] is obtain
using a simple perturbation analysis. Consider an incid
E field represented by Eq. (1), whereA is the field
amplitude.

E  Ap expsik ? rd , (1)

k  k0ssinu cosw, 2 cosu, sinu sinwd . (2)
To obtain the polarization dependence,p is projected onto
the coordinate axes shown, giving

pTM  scosu cosw, sinu, cosu sinwd , (3)
3978 0031-9007y97y79(20)y3978(4)$10.00
of
n
to
ns
ted
n

of
ns

tric
lly

ric.
g,
nt
r

a
for
ve

al
ch
of
ly
ed

lar

r,

n

s
ed,

ent

pTE  s2 sinw, 0, coswd . (4)

Two tangents to the grating surface arex̂ 1 a0ŷ and ẑ,
wherea0sxd  kga coskgx is the gradient of the surface
function y  asxd  a sinkgx, a being the grating am-
plitude. The cross product of these tangents gives the u
vector normal

n̂ 
a0x̂ 2 ŷ
p

1 1 a02
, (5)

which leads to the local normal components ofp given by

pTM ? n̂ 
a0 cosu cosw 2 sinu

p
1 1 a02

, (6)

pTE ? n̂  2
a0 sinw

p
1 1 a02

. (7)

For w  90± (the grating wave vector orthogonal to the
plane of incidence) bothpTM ? n̂ and pTE ? n̂ remain
finite at w  90±, provided that in the TM caseu is
nonzero and so both polarizations can couple to SPP
The normalE-field components at the surfacey  asxd
are explicitly forw  90±:

ETM ? n̂  2
ATM sinu
p

1 1 a02
expsikzzd

3 exps2ik0a cosu sinkgxd (8)

FIG. 1. The coordinate system used to describe the orientati
of the incident beam with respect to the grating grooves.
© 1997 The American Physical Society
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ETE ? n̂  2
ATEa0

p
1 1 a02

expsikzzd

3 exps2ik0a cosu sinkgxd . (9)

Expanding the exponent in the limit of smalla we find

ETM ? n̂  2 ATM sinu expsikzzd

1
iATMk0a sin2u

2
expsikzzd sinkgx 1 . . .

 flat surface term1 a term periodic inkgx

1 higher order terms. (10)

ETE ? n̂  2ATEkga expsikzzd coskgx 1 . . .

 a term periodic inkgx 1 higher order terms.

(11)

Note that while the normal component for the TE pola
ization is polar angle independent, that for TM depen
upon sin2u. The induced local surface charge is pro
portional to E ? n̂ and for TM the maxima in the local
normal components occur whenkgx  s2n 1 1dp

2 , i.e.,
at the extrema of the grating. For TE they occur whe
kgx  np, i.e., at the points of maximum gradient. Thu
at w  90± the two polarizations may excite two sur
face plasmon resonances which correspond to a pair
coupled waves created when two SPPs are excited sim
taneously. This is shown schematically in the recipr
cal space map of Fig. 2(a). For a flat surface the S
circles cross atA while for finite grating amplitude a
“minigap” [4–7] appears at this point [see Fig. 2(b)], with
two coupled modes atkz1 andkz2. The lower momentum
branch, excited by TM radiation, is a standing wave
the x direction with field maxima at the grating extrema
The higher momentum branch excited by TE radiation
a standing wave in thex direction, with its field maxima
at the steepest gradient of the grating surface.

We now go on to investigate this for large amplitud
metal gratings by numerically solving Maxwell’s equation
with appropriate electromagnetic boundary conditions
the interface. We employ a theoretical method bas
upon a conical version [8] of the differential formalism

FIG. 2. Illustration of the surface plasmon dispersion curv
crossing atw  90±: The dashed lines are the pseudocritica
edges. (a) Zero grating amplitude; (b) finite grating amplitud
showing the minigap.
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of Chandezonet al. [9] using a coordinate transformation,
which allows for easy matching of the electromagnet
boundary conditions at the interface. This approach, whi
does not suffer the limitations of the Rayleigh metho
[10,11], has been shown to agree well with experiment
data for a range of structures [12–14].

Figure 3 shows theoretical model reflectivities, fo
632.8 nm radiation incident upon a silvers´Ag 
217.5 1 0.7id, 800 nm period, sinusoidal grating, at
w  90±. (This choice ofw eliminates thea0 cosu cosw

term in Eq. (6) which gives rise to the reported azimutha
dependence of TM coupled SPPs [15].) These grap
show the change in the angle dependent reflectivity
the two polarizations, plotted as the amplitude of th
sinusoid is increased from 0–1000 nm. The main regio
of interest is to the right of the heavy dotted line in Fig. 3
at u  38.8±, which represents the Rayleigh anomaly
where at w  90±, the 61 orders have just become
evanescent, with the corresponding increase in the ze
order reflectivity. Beyond this angle, there is sufficien
additional grating momentum to couple light to SPPs.

The sharp, dark, and therefore well coupled resonan
which emerges atu  41.3± in the low amplitude region
sa , 50 nmd of the TE reflectivity corresponds to exci-
tation of the coupled SPP with a standing wave in th
x direction having its field extrema at the points of th
steepest surface gradient. This is readily coupled to
TE radiation since there is significant surface charge i
duced at the steepest gradient parts of the surface.
a is increased the position and depth of this resonan
are strongly perturbed and bya , 250 nm the resonance
has moved out to the maximum momentum available
a photon in the plane of the grating surface, atu  90±.
At amplitudes greater than these closed loops ofE field
form within the grooves of the grating [16]. These ar
manifested as guided waves along the grating grooves a
account for the upper branches seen here.

FIG. 3. Model reflectivities, for both TE and TM polarized
632.8 nm wavelength radiation incident atw  90± upon a
silver, sinusoidal diffraction grating, plotted as a function o
amplitude and polar angle. The dashed line represents
grating pseudocritical edge. The dark areas of the grey sc
represent regions of low reflectivity.
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The most original physics is found in the TM reflec-
tivity, where a very sharp SPP resonance evolves asa
is increased. This startling coupling of TM radiation to
SPPs atw  90± arises because for finiteu the ETM ? n̂
term remains finite atw  90±. (Note: There is no corre-
sponding mode for the TE polarization atw  0±.) This
mode is a standing wave with field maxima at the extrem
of the grating surface. Because of the increasing band g
asa is increased, this branch only gradually moves awa
from the 61 Rayleigh anomaly, and remains strongly
coupled over a wide range of grating amplitudes. Th
strong coupling of TM radiation to the SPP atw  90±

arises because of the phase shift of the incident rad
tion between the top and bottom of the grating grooves
s4payl cosud, which leads directly to a change in the
amplitude of the local surface charge thereby allowin
coupling to the SPP on the metal surface. This resonan
evolves from the same resonance angle as the TE bran
at low grating amplitude. Optimum 100% coupling for
this sharp TM mode occurs ata , 440 nm. Figure 4
shows the modulus of theE field for this resonance at
a  440 nm, u  48.5±. This shows a maximum field
enhancement factor of,15, centered upon the peaks of
the grating surface. Without the excitation of the SPP th
grating surface acts as a mirror, with a small absorptio
even though it is quite deep since there is no resona
impedance matching condition. Also note that becau
the strongest fields of this resonance are on the flat po
tions of the grating (zero gradient regions) then the dispe
sion of this branch with grating amplitude is quite slow.

To test the modeling a surface relief diffraction grating
was manufactured in photoresist using interferograph
techniques [17]. This was then coated, by thermal evap
ration, with an optically thick layer of silver, chosen
nt at
to
FIG. 4. The modulus of theE field above the grating surface, when TM polarized 632.8 nm wavelength radiation is incide
w  90±, u  48.5± upon a 800 nm period, silvers´Ag  217.5 1 0.7id sinusoidal surface with an amplitude of 440 nm, so as
give optimum coupling to the new TM mode.
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because it supports sharp SPPs in the visible. Po
angle dependent reflectivity scans were recorded fro
this grating aligned with its grooves parallel to the plan
of incidence (w  90±), for both TM and TE polarized
632.8 nm radiation. All reflectivity scans were recorde
within an hour of deposition, to avoid problems with sil
ver sulphide formation. Figure 5 shows the experime
tal data. The position of the Rayleigh anomaly gives
grating pitch of811.2 6 0.5 nm. Knowing this and with
the permittivity of air set at́ air  1.0006 the parameters
which quantify the silver grating were obtained by itera
tively changing their values until good agreement betwe
theory and experiment was obtained, as shown by the c
tinuous lines in Fig. 5. The grating profile is found to b
represented by

asxd  a1 sinskgxd 1 a2 sins2kgx 1 90±d

1 a3 sins3kgxd 1 a4 sins4kgx 1 90±d , (12)

with a1  113 6 1 nm, a2  40 6 1 nm, a3  26 6

1 nm, anda4  6 6 1 nm. This distorted sinusoidal pro-
file was confirmed by cleaving the grating in the directio
perpendicular to the grooves, and imaging the relief pr
file using a scanning electron microscope. The silver p
mittivity was found to bé Ag  217.2 6 0.8i 6 s0.1 6

0.05id, in close agreement with expectation [18].
Figure 5 clearly shows the presence of the predict

TM mode as a very sharp resonance at 40.1± in the TM
reflectivity curve, with the TE data showing coupling t
a second SPP at 65.4±, shifted from the unperturbed SPP
momentum because of the large amplitude corrugatio
Thus the existence of a sharp surface plasmon resona
for TM radiation atw  90± on deep gratings has been
confirmed experimentally. Further, we have shown th
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FIG. 5. The symbols show experimental reflectivities for TE
and TM polarized 632.8 nm radiation incident atw  90±

upon a silver diffraction grating; the lines are theoretical mod
reflectivities fitted to this experimental data.

for w  90±, two coupled SPP modes exist at very dif
ferent polar angles, one excited by TM radiation and on
by TE, in accordance with the modeling prediction. Th
separation of the two modes is greater in the experimen
data (Fig. 5) than in the theoretical curves obtained for
purely sinusoidal grating (Fig. 3) simply because the di
tortion of the grating from sinusoidality introduces a2kg

component giving direct coupling between the SPPs, e
hancing the gap between the two coupled modes.

In conclusion, the presence of a new sharp surfa
plasmon resonance for TM radiation atw  90± on
a deep metallic diffraction grating has been predicte
by modeling theory and verified experimentally. This
new mode, the low momentum branch of the spl
coupled SPP modes which shows little dispersion wi
grating amplitude, has for silver at a wavelength o
632.8 nm a maximum field enhancement of,15. This
mode is a member of two independent families of TM
and TE coupled modes in the geometry, which ar
el

-
e

e
tal
a

s-

n-

ce

d

it
th
f

e

clearly identified theoretically in Fig. 3, and confirmed
experimentally in Fig. 5.
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