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Abstract:  Photonic band properties are presented for a two-dimealion
rectangular-groove grating of metal into air. The progsrtdf the surface
modes are shown and discussed with a perfect electric ctorgdwnd
compared to those of surface plasmons with real metal. Tine séructure

is also studied with real metal in the near infrared. Thelteswe obtained
with a 3-D finite element numerical code.
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1. Introduction

Nanoscale patterning of metal surfaces is a very powerghlrtieue, opening new perspectives
in the field of photonics, such as ultra-compact photoniegrdated circuits, new kinds of op-
tical sources and sub-diffraction limited imaging [1]. larficular, a complete photonic band
gap in the dispersion of surface plasmons (SPs) [2] is obdaihrough periodic patterning of
metallic surfaces. These structures are the surface deuivaf photonic crystals. Instead of
being confined inside a dielectric, the optical mode is inug, although tightly bounded to
the surface. These properties imply that the local dengiphotonic states is modified and so
the emission from nanoscale optical sources (the Purdelttef This effect was exploited to
improve the emission properties of nanocrystals [3]. By bimimg double periodicity with a
"defect” a surface concentration effect was predicted,ciwlian be exploited in detection or
emission enhancement from a point source[4].

A very intuitive picture for explaining the behavior of tleeperiodically patterned surfaces
could be used: a bound mode, the surface plasmon (SP), dxist® the plasmon resonance
into the metal for a flat surface ; therefore, the periodic ffication of the properties of the
surface (e.g. by etching the metal layer, or modifying itSfibe) induces the Bragg scattering
pretty much as holes do in dielectric photonic crystalssTd@rturbative approach is not ade-
guate for understanding the more general properties ofnoeitl surfaces. First of all, periodic
patterning not only generates Bragg scattering, but alsdififee the degree of confinement of
the mode at the surface. Indeed, the mode of the low frequesmay is more strongly confined
(stronger extinction) than the SPs mode on a flat surfacde\te high frequency band mode
isless [12, 13]. This effect becomes stronger as the deptieqdatterning increases ; moreover
the SP effect is reduced when moving from the visible spedraye to the infrared. Thus, it
is expected that the high-frequency band disappears betmiaff frequency, which depends
on the materials (metal and dielectric) and on the depthepttterning. In any case, surface
wave exists in any spectral range, even in the limit of peactric conductors (PEC), at least
in 1D periodic structures defined on the x-y plane which aediation-invariant along z.

The case of 2D periodic surfaces in the 3D space is more camyédgy recently, Pendry
made the connection between surface plasmons and surfaes wa PEC surfaces with
holes[6]. Indeed, the cut-off frequency in metallic holetsaas a plasmon resonance and
evanescent penetration of the field in the holes mimics timeeffect. The experimental demon-
stration of such effect followed [10].

The recent literature on patterned PEC surfaces focusespac#ic geometry, that is plane
PEC surfaces with sub-wavelength holes [7, 8, 9]. In thissPag consider a complementary
case, that is a plane PEC surface with bumps or other kindotfiperances forming a regular
array. This is the case investigated experimentally [2]thaedretically [15] in the visible spec-
tral range. We focus on the long wavelength limit and we withw that this structure supports
surface waves and, depending on the depth of the pattemimg, than one band under the air
light line. We discuss the nature and the properties of suatie® in the case of a rectangular
lattice and compare the case of PEC structures with reallnmetae near infrared. We also
show how the properties of this band structure depend on gemparameters, which can be
controlled by surface designers.

2. Discussion

In our structure, the metal/dielectric interface consist two-dimensional rectangular-groove
grating of metal into air, as shown in Fig. 1. The structurgyismetric, with the same period,
A, in both orthogonal directions x and y. The bumps have a sqo@ss-section x o, with
heighth.

We compute the photonic band structure by solving a suitilglenvalue problem according
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Fig. 1. Structure of the metal coated two-dimensional array of squmneghs

to the Floquet-Bloch theorem. Thus, only one unit cell, witte/A x A, is simulated, limited by
two lateral planes orthogonal to x direction and two otheteagonal to y direction. Bound-
ary conditions imposed on two parallel lateral surfacepaesthe field’s property to be the
same except for the phase, with a phase difference functitreavave vector. The eigenvalue
problem is solved by HFSS (Ansoft), a 3-D finite-element careial code. The height of the
computational domain in the air is chosen to be large enoeagha( toA) to ensure the exis-
tence of the surface modes, and to avoid artefact modes. fivee d@erfectly Matched Layers
(PML) conditions in the z direction outside of the air domaiihen non-perfect conductor is
used, the metal is included in the computational domain amdashed, and Perfect E bound-
ary conditions are defined outside of the metal, to limitliiskness to{‘—S. The precision for
eigenmode solutions in HFSS is given by the difference inrélsenant frequencies from one
adaptative solution to the next in the convergence proddss.mesh size we used allowed a
precision of 01% for PEC and 1% with real metal. To ensure that HFSS capthesghysics
associated with surface plasmons, we have computed theeiney of the SP constant on a
metallic plane surface for metal witty, = —50. The theory predicts a propagation constant
for a surface plasmoky, = £/&m/(ém+ 1), corresponding td. 71/ (ksp.c) = 0.495. The value
calculated with HFSS is 0.497, which is reasonably close.
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Fig. 2. Photonic bands of surface modes of structure in figure 1 witthdiep 0.2 x A (left)
andh = 0.4 x A (right). The thick dark lines correspond o= A/+/2 while the thick grey
lines correspond ta = A /2. The solid dots are obtained for metal with finite permittivity
&g =50, fora = /\/ﬁ, whereas PEC is simulated in the other cases.

The calculated band structures are presented for two vafuesa = A/2 anda = A\/v/2,
and for two values of the depth h,= 0.2 x A (figure 2 a) anch = 0.4 x A (figure 2 b). The
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air light line, (thin dark line), defines the domain betweemw regions : the modes above the
light line (shaded region) are leaky as they can couple veithiation. Thus, only modes with
frequency below the light line are really confined at theatefand are of real interest for us.

The existence of surface modes with a corrugated PEC sudatearly established by the
diagrams, since for each structure there is at least one badde the light line. Band flattening
is remarkable betwedm= 0.2 x A andh= 0.4 x A.

Fig. 3 represents the Electric Field distribution of theface Bloch modes at the high sym-
metry points. We represent tii® component as it is the dominant polarisation. We also indi-
cate the polarization of the field with arrows. Both figuresrespond to a case with PEC, and
h=0.2x A anda = A/+/2. The field is confined in the z direction at the interface REC/

Fig. 3. Magnitude of theg; field, at an interface PEC/air, on the-y, z—y andz—x
planes corresponding to (X point (R = (#,0)) and low frequency band, () point,
low frequency band, (c) and (d) doubly degenerdiechodes of the high frequency band.
The depth of the grooves is= 0.2.A anda = A/+/2. The (x,y) cross-section, represented
by a dashed-dotted line on the top figures, is situated3t ffom the metallic plane. The
(y,z) and (x,z) planes are also represented by dashed-dotted findbe d@ottom figures,
where the dotted square shows the position of the bumps.

Let us first consider the low frequency mode at #e and Xy points, k = (x,0) and

k= (0, %) respectively, which are doubly degenerated in frequeneg (ge Brillouin’s zone
sketched in Fig. 2). ThE; field at theXx point is periodic with period\ along thex direction

and it is almost invariant alongwith anti-nodes centered on the bumps (Fig. 3(a)). Note the
changes of sign ever in thex direction. The mode at tHe point,k = (A»n). Is represented

in figure 3 b, the field changes sign evekyin both x andy directions and the anti-nodes are
centered on the bumps.

A high frequency band appears below the light line nearMhpoint (see. Fig. 2(a)). The
upper band mode at tHd point is doubly-degenerated in frequency: the field distidn is
consistent with the symmetries of tiv point, but differs from that of the lower frequency
band in the position of the anti-nodes. More specificallg, @imti-nodes are centerédtween
two bumps, which leaves two possibilities (Fig. 3(c),(d))

We have shown that a PEC surface with an arrays of bumps dspmaface waves and
exhibit a complete photonic band gap. In this respect, &pat PEC surface keeps the prop-
erties of SPs on corrugated surfaces [2, 15], although tkdenying physical mechanism is
not related to the plasmon resonance. First of all, we nakiae patterning of a PEC surface
results in general into a penetration of the electric fielthwespect to an "average” flat sur-
face. However, there is an important difference betweernray af holes, which is considered
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in [6, 7, 8, 9] and an array of bumps. The first case corresptmdsnply connected domains
into the metal, forming waveguides with a cut-off frequeneliich is the key to understand the
properties of the surface waves on PEC surfaces. The caseagfat bumps is different, as
the grooves between the bumps does not form simply conndotedins, therefore no cut-off
exists.

Several papers on the dispersion properties of sinusoit@ho-periodical gratings of real
metal [12, 13, 2, 14] explain the onset of a photonic bandgagnihe effective wavelength of
the SP mode is twice the period of the grating, thagis 11/A at the X point andky =k, = 11/A
at the M point. The lower and the upper bands correspond terdift field distributions. The
field of the low frequency mode is concentrated at the peakkeofjrating, while the field of
the high frequency mode is concentrated at the troughs; ¢kt Ifnes are more distorted in
the latter case and consistently the greater energy stottbeé fields by this mode corresponds
to a higher frequency [12]. From this point of view, the modé2D PEC gratings have the
same properties as in 1D gratings, no matter if PEC or not. Mileanthat, in our 2D case, even
the high frequency band exists, with exactly the same kinfietd distribution as it would be
expected with metal with finite negative permittivity.

Fig. 4. Magnitude of thés; field, at an interface meta(= —50)/air, on thex —y plane
corresponding to (aXx point and low frequency band, () point, low frequency band,
(c) and (d) doubly degeneratéd modes of the high frequency band. The depth of the
grooves ish = 0.2.A anda = A/+/2. The (x,y) cross-section is situated a8 from the
metallic plane.
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Fig. 5. Field cross sections at the interface meta(—50)/air corresponding to X point
and high frequency bandEy (a), Ey (b) andE; (c). h=0.4A anda = A/V2. The (x,y)
cross-section is situated aBp\ from the metallic plane.

To support that, we compare the near infrared with the PEE ce real permittivity of the
metal is -50 (complex permittivity, thus losses are not taikd¢o account). Only points at the
X and M points are calculated, and they are shown with soltd otoFig. 2. The low and high
frequency bands are lower with real metal in the near infraféne Electric Field distribution
of these modes is presented (Fig. 4)do= A/+/2 andh = 0.2/, and is very similar to the case
with PEC (Fig. 3).

#72206 - $15.00 USD Received 20 June 2006; revised 25 August 2006; accepted 26 August 2006
(C) 2006 OSA 16 October 2006/ Vol. 14, No. 21/ OPTICS EXPRESS 9986



Itis also interesting to notice that a new mode appears & fiant for a deeper gratindi=
0.4A, Fig. 2(b)). The Electric Field distribution of this modeskown (Fig. 5) forEy, E, and
E;, since, oppositely to the previous casesis not prevailing on the other fields components
; the antinodes are centered between two bumps. The pétyodi¢2 for E; shows that this
mode is of higher order than the mode of Fig. 4(a). We thinkith@ould be the mode situated
at (r//A\, 2rt/A) in the reciprocital lattice, corresponding to thg point in the Brillouin zone
(Fig. 5(d)). This mode being further from tiiepoint, it has a higher frequency than the mode
of Fig. 4(a), and thus appears for deeper gratings.
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Fig. 6. Position of the modes at the X and M points for several valu%wfth PEC, for

a = A\/v/2. The corresponding; cross-sections in a (x,y) plane are presented near to each
set of points. The position of the light line for the X and M points are reprteskby two

grey lines. Index 0 is for the low frequency modes.

Finally, we show in Fig. 6 the positions of the modes at the XIslrpoints for several values
of % for a PEC surface and for = A /v/2. The normalized frequencjytA of each set of modes
is decreasing Wheﬁ increases, because the modes become less well bound tofémesand
their energy and thus their frequency is decreased [12]nEarly shallow gratings/—*“\( =0.1),
only the low frequency modes exist at the X and M points, aey tre very close to the light
line. For deeper grooves, the normalized frequency of thesdes decreases and a new mode
appears at the M poinﬂ}\(: 0.2 and 04) then at the X point% = 0.6 and 075). This X mode
has the same field distribution as for real metal (Fig. 5). &kistence of this mode labeled
X3 is clearly due to the geometry of the grating, while it onl\pagars for deep grooves. It is
interesting to mention here that the causal role for thetemée of this mode with real metal
(Fig. 5) is played by the geometry of the structure and noturfase plasmons, although SPs
may enhance the phenomena.

3. Conclusions

In conclusion, we have investigated the photonic bands iddse modes supported by a PEC
structure consisting in an array of bumps. This structureimplementary with the array of
holes considered very recently in the litterature. We firat thery similar properties, typically
associated with surface plasmons, still hold in the longehength limit. We conclude that
surface gratings, allowing the penetration of the field egtructure, give birth to plasmon-like
waves. We think that a better understanding of the proesfisurface waves on PEC will be
very important for infrared and THz photonics.
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