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Sharp Surface-Plasmon Resonances on Deep Diffraction Gratings
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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

In 1902 Wood reported the observation of a series of pre = (—sing,0,c0s¢p). 4)

anomalies in the spectra from ruled metallic d|ffract|on.|.WO tangents to the grating surface arer o'y and ,

gratings [1]. One of these anomalies, now [2,3] known towherea’(x) — keacosk,x is the gradient of the surface

correspond to the excitation of surface plasmon polariton§ nction y = a(x) = asink,x, a being the grating am
— — X, -

.(SPPS.)’ took the form of shar_p changes n the reﬂt:“(.:teé:itude. The cross product of these tangents gives the unit
intensity of transverse magnetic (TM) polarized radiation

when the grating vector is parallel to the plane ofector normal

incidence. SPPs are localized electromagnetic oscillations q= a’k — § 5)
associated with the surface charge at a metal-dielectric J1 + a2’

interface. These nonradiative modes which are locallyyhich leads to the local normal componentpagiven by
TM in character have a wave vect@rspp) greater than

a photon of the same frequency in the adjacent dielectric. .4 _ @/cosdcosp — sing 6
. . . . ; Pt™m - I ) (6)

Light can be coupled to SPPs using a diffraction grating, V1 + a”?

which changes the in-plane wave vector of the incident A a'sing

photon field by the addition or subtraction of integer PTE " I = _\/ﬁ' (7

multiples of the grating wave vectofk,), provided

the incident radiation is polarized so as to create g A .
surface charge on the metal. Here it is shown that foP!@ne Of incidence) botipry - i and prg - i remain
large amplitude gratings oriented with the grating wave Mt at ¢ =90°, provided that in the TM casé is
vector perpendicular to the plane of incidenbeth TM nonzero and SO both polarizations can couple to SPPs.
and transverse electric (TE) polarizations create norma he nor_mglE-ﬂeId comeonents at the surfage= a(x)
components of electric field on the grating surface whicH® €Xplicitly fore = 90%

dor ¢ = 90° (the grating wave vector orthogonal to the

A

couple to SPPs. This results not only in the excitation of . ATy Sing .
an SPP by TE radiation, but also a new and strikingly Ery -8 = — mexp(zkzz)
sharp SPP resonance is observed in the TM polarized )
reflectivity. X exp(—ikpa COSH Sinkgx) (8)

Figure 1 shows the geometry considered, the polar
angle # and the azimuthe define the orientation of y
the incident beam with respect to the grating vector,  mcigentBeam y
ko (Ik,| = 27/A,), which runs parallel to thex axis. P
Figure 1 also shows the orientation of the polarization Pre
unit vectorp for both TM and TE polarizations. The .
local normal component of the electric field which excites
surface charges and thus couples to a SPP [2] is obtained e Rl X
using a simple perturbation analysis. Consider an incident / Semi - infinite Dielectric
E field represented by Eq. (1), wherk is the field
amplitude.

E = Ap exp(ik - r), (1)
Semi - infinite Metal
k = ko(siné cose, — cosh, sind sing) . 2 : N

To obtain the polarization dependenpds projected onto A

the coordinate axes shown, g'V'ng ' FIG. 1. The coordinate system used to describe the orientation
prm = (cos6H cose, sind, cosh sing), (3)  of the incident beam with respect to the grating grooves.
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and of Chandezoret al. [9] using a coordinate transformation,
X Arpa which allows for easy matching of the electromagnetic
Erg -h=— ﬁ explik.z) boundary conditions at the interface. This approach, which
@ does not suffer the limitations of the Rayleigh method
X exp(—ikoa cosO sinkgx) . (9) [10,11], has been shown to agree well with experimental

data for a range of structures [12—-14].

Expanding the exponent in the limit of smallwe find Figure 3 shows theoretical model reflectivities, for

Erv - i = — Ay sind explik,z) 632.8 nm radiation incident upon a silvefes, =
iArskoa Sin260 . _ —-17.5 + 0.7i)_, 800_nm peri_od_, sinusoidal grating, at
5 explik.z) Sinkgx + ... ¢ = 90°. (This choice ofp eliminates thex’ cosé cose
S term in Eq. (6) which gives rise to the reported azimuthal
= flat surface termt a term periodic ink,x dependence of TM coupled SPPs [15].) These graphs

(10) show the change in the angle dependent reflectivity of

the two polarizations, plotted as the amplitude of the

= —Argkga explik.z) cosk,x + ... sinusoid is increased from 0—1000 nm. The main region
o ) of interest is to the right of the heavy dotted line in Fig. 3

a term periodic ink,x + higher order terms 5t g — 38.8°, which represents the Rayleigh anomaly,
(11) Where aty = 90°, the *1 orders have just become

N h hile th | for the TE ol evanescent, with the corresponding increase in the zero-
ote that while the normal component for the TE polar-o.qo reflectivity. Beyond this angle, there is sufficient

ization is polar angle independent, that for TM depends, yitional grating momentum to couple light to SPPs.

upon Sirgg. Thfe induced local surfage charge IS pro- - 1he sharp, dark, and therefore well coupled resonance
portional toE - it and for TM the maxima in the local ..oy emerges afl = 41.3° in the low amplitude region

norrr?al compone?ti oceur whdgx = (2"h+ D7, i.e.,h (a < 50 nm) of the TE reflectivity corresponds to exci-
at the extrema of the grating. For TE they occur Wheniqn of the coupled SPP with a standing wave in the

kgx =_"7T’°"eh" atthe pol'mS of maximum gradient. Thus, 4jrection having its field extrema at the points of the
at ¢ = 90" the two polarizations may excite two Sur'ieepest surface gradient. This is readily coupled to by

+ higher order terms

E1g -

=
|

face plasmon resonances which correspond to a pair G raqiation since there is significant surface charge in-

coupled waves crgated when two SPPS are excited _sim uced at the steepest gradient parts of the surface. As
taneously. This is shown schematically in the recipro-

X Ig is increased the position and depth of this resonance
Cf”d space map of F'.g' 2(a). . Eor a ﬂ‘f"t surfacr_e the SPBre strongly perturbed and hy~ 250 nm the resonance
cm_:lgs cross ai while for f!nlte grating ‘?‘mp"t“de @ has moved out to the maximum momentum available to
“minigap” [4—7] appears at this point [see Fig. 2(b)], with a photon in the plane of the grating surfacefat 90°.
two coupled modes dt; andk,. The lower momentum s ampjitudes greater than these closed loop&E dfeld

bhrancg_, expited .bﬁ’ fT'}fj radigtion, Is ha standing Wave Ngorm within the grooves of the grating [16]. These are
the x direction with field maxima at the grating extrema. .5 yitested as guided waves along the grating grooves and
The higher momentum branch excited by TE radiation IS3ccount for the upper branches seen here

a standing wave in the direction, with its field maxima '

at the steepest gradient of the grating surface.

We now go on to investigate this for large amplitude  &1o000 1000
metal gratings by numerically solving Maxwell's equations =
with appropriate electromagnetic boundary conditions at -3 soo 800 I 0.0 - 0.1
. . 3 o1 - 02
the interface. We employ a theoretical method based = — Ty
upon a conical version [8] of the differential formalism & 60 # o0 -gj - o4
< 05 - 06
T 400 400 0.6 — 0.7
c 0.7 -- 0.8
(0]
0.8 -- 0.9
g 200 200 oo 1o
g ™
> T T T v 0+— iy T T
e 20 40 60 80 20 40 60 80

Polar Angle (6) /°

FIG. 3. Model reflectivities, for both TE and TM polarized
632.8 nm wavelength radiation incident at= 90° upon a
FIG. 2. lllustration of the surface plasmon dispersion curvessilver, sinusoidal diffraction grating, plotted as a function of
crossing aty = 90°: The dashed lines are the pseudocriticalamplitude and polar angle. The dashed line represents the
edges. (a) Zero grating amplitude; (b) finite grating amplitudegrating pseudocritical edge. The dark areas of the grey scale
showing the minigap. represent regions of low reflectivity.
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The most original physics is found in the TM reflec- because it supports sharp SPPs in the visible. Polar
tivity, where a very sharp SPP resonance evolves as angle dependent reflectivity scans were recorded from
is increased. This startling coupling of TM radiation to this grating aligned with its grooves parallel to the plane
SPPs aip = 90° arises because for finigthe Ery - i of incidence ¢ = 90°), for both TM and TE polarized
term remains finite ap = 90°. (Note: There is no corre- 632.8 nm radiation. All reflectivity scans were recorded
sponding mode for the TE polarization@t= 0°.) This  within an hour of deposition, to avoid problems with sil-
mode is a standing wave with field maxima at the extremaer sulphide formation. Figure 5 shows the experimen-
of the grating surface. Because of the increasing band gapl data. The position of the Rayleigh anomaly gives a
asais increased, this branch only gradually moves awaygrating pitch of811.2 = 0.5 nm. Knowing this and with
from the =1 Rayleigh anomaly, and remains strongly the permittivity of air set at,;; = 1.0006 the parameters
coupled over a wide range of grating amplitudes. Thiswhich quantify the silver grating were obtained by itera-
strong coupling of TM radiation to the SPP at= 90° tively changing their values until good agreement between
arises because of the phase shift of the incident radigheory and experiment was obtained, as shown by the con-
tion between the top and bottom of the grating grooves ofinuous lines in Fig. 5. The grating profile is found to be
(47ra/Acosp), which leads directly to a change in the represented by
amplitude of the local surface charge thereby allowing ) )
coupling to the SPP on the metal surface. This resonance @(x) = aisin(kgx) + a2 sin(2Zkgx + 90°)

evolves from the same resonance angle as the TE branch + a3 Sin(3kex) + aysin(dk,x + 90°), (12)
at low grating amplitude. Optimum 100% coupling for
this sharp TM mode occurs at ~ 440 nm. Figure 4 with ¢y = 113 = 1 nm, a =40 = 1 nm, az = —6 =

shows the modulus of th& field for this resonance at 1 nm, andays = 6 = 1 nm. This distorted sinusoidal pro-
a = 440 nm, § = 48.5°. This shows a maximum field file was confirmed by cleaving the grating in the direction
enhancement factor of 15, centered upon the peaks of perpendicular to the grooves, and imaging the relief pro-
the grating surface. Without the excitation of the SPP thdile using a scanning electron microscope. The silver per-
grating surface acts as a mirror, with a small absorptiomnittivity was found to besa, = —17.2 = 0.8 £ (0.1 *
even though it is quite deep since there is no resonariL05:), in close agreement with expectation [18].
impedance matching condition. Also note that because Figure 5 clearly shows the presence of the predicted
the strongest fields of this resonance are on the flat poiffM mode as a very sharp resonance at 4@nlthe TM
tions of the grating (zero gradient regions) then the disperreflectivity curve, with the TE data showing coupling to
sion of this branch with grating amplitude is quite slow. a second SPP at 65,4shifted from the unperturbed SPP
To test the modeling a surface relief diffraction gratingmomentum because of the large amplitude corrugation.
was manufactured in photoresist using interferographid@hus the existence of a sharp surface plasmon resonance
techniques [17]. This was then coated, by thermal evapdor TM radiation ate = 90° on deep gratings has been
ration, with an optically thick layer of silver, chosen confirmed experimentally. Further, we have shown that

B 141 - 150
131 - 141
22 - 131
B2 - 122
B 03 - 112
Bl o38 - 103
B s.44 - 9.38
B 750 -- 8.44
B 656 - 7.50
W 5.62 -- 6.56
469 -- 5.62
3.75 -- 4.69
2.81 -- 3.75
1.87 -- 2.81
0.938 -- 1.87
0 -- 0.938

FIG. 4. The modulus of th& field above the grating surface, when TM polarized 632.8 nm wavelength radiation is incident at
@ =90°, 9 = 48.5° upon a 800 nm period, silvée,, = —17.5 + 0.7i) sinusoidal surface with an amplitude of 440 nm, so as to
give optimum coupling to the new TM mode.
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1.0 | 10 clearly identified theoretically in Fig. 3, and confirmed

0.9 0.9 experimentally in Fig. 5.
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