PHYSICAL REVIEW B 71, 235117 (2005)

Enhanced transmission through metallic plates perforated by arrays of subwavelength holes

and sandwiched between dielectric slabs
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This paper presents analytical and numerical studies demonstrating that a perfectly conducting metallic plate
perforated by a periodic array of subwavelength holes and sandwiched in between two dielectric slabs permits
enhanced transmission of electromagnetic plane waves in both the optical and microwave regimes, and this for
both transverse magnetically and electrically polarized fields. The enhanced transmission mechanism is attrib-
uted to coupling between the incident plane wave and resonances supported by the perforated plate that are
associated with the existence of grounded dielectric slab guided waves. The enhanced transmission phenom-
enon occurs in one of two regimes. In the single resonance regime, the incident plane wave couples to a
resonance supported by only a single slab. The transmission coefficient magnitude peaks as the excitation
frequency scans through the resonance; however, the peak magnitude decays exponentially with plate thick-
ness. In the double resonance regime, the incident plane wave couples to resonances in both slabs simulta-
neously. The transmission coefficient magnitude exhibits twin peaks whose magnitudes typically are larger
than those resulting from single resonances and that remain large even for plates of moderate thickness. It is
demonstrated that double resonances may occur for symmetric as well as for asymmetric structures, i.e., when
the two slabs are identical or different. For symmetric structures double resonances occur for any angle of
incidence. In contrast, for asymmetric structures, special conditions on the period and slab parameters have to

be satisfied for the structure to support one or more double resonances.
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I. INTRODUCTION

Metal plates perforated by subwavelength holes find nu-
merous uses in physics and engineering including the con-
struction of probes for imaging and microscopy,' the synthe-
sis of microwave and optical filters,2 and the manufacturing
of cost-effective ground planes and electromagnetic shields.?
Classical Bethe theory* predicts that electromagnetic power
transmitted through an infinitesimally thin perfect electri-
cally conducting (PEC) plate perforated by noninteracting
holes of subwavelength size is very weak and scales as
(s/N\)* when normalized to the hole area; here \ is the wave-
length of the illumination and s is the hole size. However, the
transmitted power may be enhanced substantially when the
holes interact resonantly. Indeed, a recent experiment by
Ebbesen demonstrated that optical power incident on a metal
plate perforated by an appropriately dimensioned periodic
array of subwavelength holes largely may be transmitted,
this seemingly in defiance of Bethe’s theory.’ Ebbesen’s dis-
covery catalyzed many experimental and theoretical studies
into optical enhanced transmission phenomena.~'° Many of
these studies’ authors attribute optical enhanced transmission
phenomena to resonant coupling of the incident plane wave
to surface plasmon polaritons (SPPs—surface waves sup-
ported by metal surfaces with a negative permittivity); strong
coupling is said to occur when the transverse wavenumber of
one of the Floquet modes generated by the interaction of the
incident wave with the perforated plate matches that of the
SPP.5-10:12-20 This viewpoint also leads to the recognition
that optical enhanced transmission through arrayed holes in
metal plates occurs either in a single or in a double reso-
nance regime.'”'*2! Single resonances occur when a field
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bound to either the bottom or top face of the perforated plate
strongly participates in transmission enhancement. Double
resonances occur when field bound to both plate faces simul-
taneously participate in the transmission enhancement; the
ensuing transmission enhancement typically is stronger than
that associated with single resonances. Most studies to date
have associated double resonances with structures that are
symmetric with respect to the plate center.!>!32! One study
suggested that double resonance enhanced transmission can
be achieved through asymmetric modulated metallic plates,'*
though no results demonstrating the effect were presented. In
a departure from the above SPP-centered approaches,
Treacy!' presents a unified explanation of enhanced trans-
mission phenomena using dynamic diffraction concepts; con-
trary to the above referenced works, he does not assign a
causative role to SPPs but rather explains these phenomena
in terms of modal solutions of Maxwell’s equations thus al-
lowing for a host of different physical mechanisms to be
modeled within the same framework. Treacy!' applies his
technique to the study of enhanced transmission phenomena
occurring on metal plates with subwavelength slits.?>~23 It is
to be noted, however, that unlike holes with simply con-
nected cross sections, slits support transverse electric and
magnetic (TEM) modes; therefore the transmission proper-
ties of metal plates with slits differ from those of metal plates
with holes.

Phenomena of enhanced plane wave transmission through
arrayed holes in metal plates are manifestations of so-called
resonant Wood anomalies.!>?® Mathematically, resonant
Wood anomalies manifest themselves through the presence
of complex frequency (angular) poles in the scattering coef-
ficient of the periodic grating for a given real incident angle
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(frequency). When the incident plane wave frequency (angle)
is scanned near these poles, rapid variations and/or peaks in
the scattering coefficient are observed. Resonant Wood
anomalies may occur on any metal-dielectric plate that sup-
ports a slow wave when loaded by an appropriate periodic
grating. It should come as no surprise that recently several
non-SPP mechanisms leading to optical and microwave en-
hanced transmission through metallic plates perforated by
subwavelength holes have been identified.!>2!?7-33 These
mechanisms all involve coupling of incident fields to reso-
nances existing on periodic arrays and associated with the
slow waves they support. Unfortunately, the above (and
many more unreferenced) studies notwithstanding, our
present understanding of enhanced transmission phenomena
on metal plates is incomplete. The present catalog of en-
hanced transmission mechanisms and the structures that sup-
port them do not provide scientists and engineers the design
freedom and control needed in many practical applications.
Many interesting structures that (may) support tunable en-
hancement mechanisms remain unexplored.

This paper presents analytical and numerical studies of
phenomena of enhanced transmission of transverse magnetic
(TM) and transverse electric (TE) polarized plane waves
through PEC plates sandwiched in between two dielectric
slabs and perforated by a doubly periodic array of subwave-
length holes. It should be noted that this structure has been
studied and used extensively in the past.’**3 However, for
plates perforated by subwavelength holes, the transmitted
field was presumed to be very weak and no enhanced trans-
mission phenomena were reported (except for our recent
conference report).>® This paper’s contributions are twofold.
First, the paper demonstrates, via analytical and numerical
means, that the suggested structure, viz. a metal plate perfo-
rated by an array of subwavelength holes that is sandwiched
in between two (potentially different) dielectric slabs, may
give rise to enhanced transmission phenomena, even in the
microwave regime where metals are safely modeled as (lossy
or lossless) electric conductors that do not support SPPs.
Moreover, it is shown that the structure allows enhanced
transmission of arbitrarily (TE and TM) polarized fields and
permits tuning of the enhanced transmission resonant fre-
quency, resonance bandwidth, and polarization by varying its
construction parameters. Second, the paper presents a theo-
retical analysis of the enhanced transmission mechanisms in
both the single and double resonance regimes. The latter is
explored for both symmetric and asymmetric configurations,
viz. for identical and different bottom and top slabs, and
changes in the nature of the phenomenon induced by in-
creases in plate thickness are explored. It is noted that this
particular structure supports phenomena representative of
those occurring on many other subwavelength hole structures
including metal perforated plates whose surfaces support
other types of (identical or different) slow waves.

II. PROBLEM FORMULATION

Consider a PEC plate of thickness d that is perforated by
a doubly periodic orthogonal array of circular holes of radius
s<\ (Fig. 1). The array’s principal axes extend along the x
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FIG. 1. Problem configuration.

and y directions with periodicities L, and L,, respectively.
The plate is sandwiched in between two dielectric slabs of
thicknesses and relative permittivities A; and g; with i=1
(bottom) or 2 (top). The center of the PEC plate resides at
z=0 and the structure is excited from below by a TM or TE
plane wave with magnetic/electric field §fe‘jk0[‘fx+(1‘§2)”2z];
here kog=2m/N=2mf/c is the free-space wave number with f
as the frequency and c as the free-space speed of light. In
addition, £é=sin ¢ is the incident field’s normalized trans-
verse wave number with & the incidence angle. Throughout
this paper, an ¢/’ time dependence is suppressed. Further-
more, it is assumed that #;<(g;—1)""?\/2, i=1,2 to guar-
antee that, for a given polarization and in the absence of
holes, i.e., when s=0, the structure supports at most one
guided wave (GW) in each of the dielectric slabs.?” The
above excitation, upon interacting with the perforated plate,
produces a scattered field that can be expressed as a sum of
Floquet (diffraction) modes. It is assumed that 2s <L, <\
and L,<\/2; these conditions guarantee that the scattered
field comprises only one propagating Floquet mode and thus
that the magnetic/electric field for sufficiently large z>d/2
+h, can be expressed as §T(f)e l&+(1-E"] where T(f) is
the zeroth-order transmission coefficient. Other conse-
quences of the above restrictions on L, and L, are elucidated
below. It is noted, however, that all restrictions on L, and Ly
are introduced solely to render our discussions more trans-
parent and that they can be removed without affecting the
nature of the enhanced transmission phenomena studied.

III. MODEL OF TRANSMISSION COEFFICIENT
T(f)

In the absence of holes the two grounded slabs in the
structure of Fig. 1 support TM/TE GWs*’ with frequency-
dependent and real-valued normalized transverse wavenum-
bers §é’v)v(f) (i=1,2), satisfying

giko+ jki’g tan(kg))h,-) =0 for TM polarization,

k% + jko tan(kggh,-) =0 for TE polarization,
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i=1,2.
(1)
It can be shown that l<|§gfv(f)|<maxi{s}/2}. When s#0,

the structure supports source-free fields that can be repre-
sented as an infinite series of cross- coupled Floquet (diffrac-

tion) modes via X7 1=t 1, (e ~2mrfy Je=j2ml L 2l 1L

here 1,1, are Floquet mode 1nd1ces a ,(z) are modal am-

ko=ko\1=[E0(NT kY =koe,~[ED(NT

plitudes, and f“ are (complex) characterlstlc frequencres
Since
proxrmately satisfy /X flr » Where the (real) resonant fre-

quencies f(r solve &= s1gn(n)§gw(f,n) (en)/(f, L), i.e

fli) _ nc
" {sign(m)|€0,(A)] - 8L,

The source-free solutions associated with the lowest order
frequencies f; .1 exhibit strong coupling between the * first-
order (/,=+1,/,=0) and the zeroth-order (/,=1,=0) Floquet
modes. Whereas the zeroth-order Floquet mode dominates
the source-free field away from the perforated plate, the =
first-order Floquet modes constitute perturbations of
grounded slab GWs propagating along the positive (+1) and
negative (—1) x directions and dominate the source-free field
near the perforated plate. Note also that, due to the TE GW
cutoff phenomenon, TE enhanced transmission only will
occur when at least one slab has sufficiently large electri-
cal thickness, that is when h;>(g;—1)""2\/4, for i=1
and/or 2.%7

The incident plane wave couples to the source-free fields
(resonances) when f= f“ ~Re{f<’)} (note that a resonance
can only be excited by an incident field with a frequency
spectrum with nonvanishing support; therefore, here the term
“coupling” refers to the fact that the scattered field is
strongly affected by the presence of resonances) As a mani-
festation of this coupling the frequencies f( ,.n appear as poles
to T(f). In other words, T(f) can be expressed as

2)

10)-3 %ﬂf)””—)}w(}‘). 3
n,i p.n

The first and second terms in (3) model 7(f)’s resonant and
nonresonant components. The resonant component is charac-
terized by complex poles fl which describe the resonances
occurring on the structure and the corresponding residues
Res{T (fj))n)}, which quantify the excitation of these reso-
nances b’y the incident plane wave. The nonresonant compo-
nent a(f) is smooth and weaker than the resonant one for f
near all Re{f< ) 1.8

As a precursor to a study of |T(f)| for various structure
parameters (presented in Secs. IV and V), the dispersion of
the lowest-order poles fj .1 and their residues with respect to
positive & is studied. The poles were obtained using the
modal approach detailed in Refs. 34 and 35. The perforated
plate parameters are L,=26 mm, L,=5 mm, s=2.4 mm, and
d=2.5 mm; the plate is sandwiched in between two different
slabs with £,=3, h;=3 mm and &,=3, h,=8 mm. The inci-
dent field normalized wavenumber is varied in the range O
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FIG. 2. Dispersion graphs for the structure with L,=26 mm,
L,=5 mm, s=2.4 mm, &;=3, 7;=3 mm and &,=3, h,=8 mm for
TM and TE polarization. (a) tracks Re } (b) tracks Imﬁl1 -2)
and |Res{f(1 20

<§<0 25 These parameters were selected as they lead to
typlcal dispersion dlagrams ” Figures 2(a) and 2(b) track
p+1} and Im{f( "1} of TM and TE poles in the first two
passbands. In addrtron Fig. 2(a) tracks fl ., and Fig. 2(b)
tracks |Res{T(]A’+1)}| Four TM poles f<1 ) 'and two TE poles

l , are obtained; no TE poles exist for |n| =i=1 as then Egs.
(1) and (2) have no real solution due to the TE cutoff phe-
nomenon. All the poles fl')_r1 reside near the corresponding
resonant frequencies f{l ., since Re p+1} r)+1 and
lm{f(pl ,)il}<Re{fl J- Several observations regarding the
structure of these dlspersron diagrams are in order.

(i) First, it is observed that all pole trajectories delineate
stopbands for broadside excitations, viz. £=0. Furthermore,
it is found that Im{fll)l}—>0 Res{T(f“) )}—0 as £&—0. Physi-
cally, this is because when £—0 both the = first Floquet
modes strongly couple to the incident plane wave. This re-
sults in two possible standing waves whose y and z directed
electric field components are symmetric or antisymmetric
with respect to the x=0 plane. However, since the structure
in Fig. 1 is symmetric with respect to x=0, only the symmet-
ric standing wave can be excited.

(i) Second, it is noted that for most &, poles and ffﬁ,

associated with GWs in the bottom and top slabs couphng to
identical (for n=n") or different (for 7# n’) Floquet modes

235117-3



V. LOMAKIN AND E. MICHIELSSEN

are well-separated (example: poles f< and f< ) for the TM
polarization; the notion of pole separatlon s quantlﬁed in
Sec. IV). In other words, for most &, the resonances de-

scribed by poles f(p 137 and f{pzl)? are uncoupled. When a pole

ﬁpl - 1s well separated from all others, it gives rise to single-
resonance enhanced transmission. Under certain conditions,

1 2 .
however, poles ) and 37, may reside near one another

(example: poles ]Xl , and ﬁz for the TM polarization near
£=0.2005, where the trajectones of Re{f“) } and Re{)A2

intersect and Im{f< )1} and Im{}‘( )} experience rapid varia-
tions). When this happens the resonances in the bottom and

top slabs described by poles f( ) and f

p.i
double resonance enhanced transmtsszon These distinct en-
hanced transmission phenomena are discussed in the next
two sections.

couple, resulting in

IV. SINGLE RESONANCE ENHANCED TRANSMISSION

Consider a pole f( which, for a given &, is well separated

from all other poles. This implies that for f= Re{]‘( ~} en-

hanced transmission is observed due to a resonance occur-
ring only in a single (top or bottom) slab; note that there also
exists a weak coupling between the fields in the top and

bottom slabs. It follows that for f= Re{fﬁf -} the resonant

component of 7(f) in essence is due to fﬁ ’)ﬁ; hence, T(f) can
be expressed as

Res{T(f7)} f- f<,
(h=——ran=—25p. @)
£ £ £ £

From (4) it follows that, for f~ Re{f< ~} the graph of [T(f)| vs
fis comprised of a single enhanced transmlssmn peak whose

location and bandwidth are determined by Re{]‘( )N} and
[Im {}‘i7 17!, respectively. The nonresonant component a(f)
includes a(f) and contributions from all poles f( with n
#,i#1i; these contributions are weak as the poles are far

removed from f( Equation (4) and its interpretation are
valid for |f- Re{}‘( ~}|<)(Im{)‘( )~} provided that |Re{ﬂ
—ﬂl~}| x Im{f"” +]Al~} for all n#,i#i; here y>1 is a

P p.n Y pi
dimensionless factor determined by the desired adequacy of

model (4) and the magnitude of the nonresonant component.
Approximating Ei(f)xﬁ(ffﬁ) and combining it with the
resonant  contribution leads to T(f)= aQ((’ - f(')n
+Res{T(fj;ﬁ)}/a0‘('~)]/[f ﬂﬁ] As a result, T(f) has a

it
simple zero f() f( Res{TO‘(' ~)}/a(fj}'ﬁ) and T(f) can be
expressed as in the second equahty of (4) with b(f) a(f)

~a(%)

that |Res{T(f( L)}/a(f{’ )| is not too small—a condition that

. The zero ]A is located near the pole f“ provided
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FIG. 3. Magnitude of TM and TE transmission coefficient
through the structures in Fig. 2 for (a) off-normal incidence £=0.1
and (b) normal incidence £=0.

in practice almost always is satisfied. As a consequence, for f
near Re{)‘;' ?ﬁ}, the graph of |T(f)| vs f typically has an asym-
metric profile with a maximum accompanied by a deep mini-
mum. Note that such |T(f)| profiles often are observed when
studying scattering coefficients of periodic gratings, includ-
ing plates with subwavelength holes, and that they have been
associated with resonant Wood anomalies in the past.'>2

To illustrate the validity of the above model, scattering
from the structure detailed in Sec. III illuminated by plane
waves with various angles of incidence, polarizations, and
frequencies, was analyzed.

Figures 3(a) and 3(b) depict |T(f)| for incident plane
waves with £€=0.1 and =0, respectively. Both the TM and
TE polarizations are analyzed and the frequency range con-
sidered includes Re{ﬁ  for all poles considered in Fig. 2.
For off-normal mmdence (é=0.1), four TM and two TE
single resonance enhanced transmission peaks are observed.
For normal incidence (£=0), only two TM single resonance
peaks and one TE single resonance peak survive. The num-
ber of peaks equals the number of excited poles and their
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FIG. 4. Function V(z/d)=[[ no(|E,|*+|E,[*)dxdy]"* character-
izing the tangential field inside the holes under TE plane wave

excitation. The structure parameters are as in Fig. 2 with £=0 and
d=1.5 mm.

location is very near those of the corresponding Re{f{pi )n}
shown in Fig. 2(a). Moreover, the peaks have asymmetfic
profiles with maxima and deep minima as predicted by (4).

To pin down the origins of the enhanced transmission
phenomena for £=0, Fig. 4 displays the function V(z/d)
=[S h;alyc(|Ex|2+|Ey|2)dxdy]”2 for the three frequencies f at
which |T(#)| in Fig. 3(b) peaks. For the TM polarization, the
function V(z/d) reaches its maximum at z=d/2 and z
=—d/2 for the peaks associated with poles fﬁzl and f(plil
respectively. Moreover, for z away from those maxima the
function V(z/d) decays exponentially. This demonstrates that
the resonances associated with poles ffil and f“ll indeed
occur in the top and bottom slabs, respectively. For the TE
polarization, the field is greatest at z=d/2, demonstrating
that it results from a resonance in the top slab associated with
the pole f;z)_l

To elucidate the dependence of single resonance enhanced
transmission phenomena on the plate thickness d, Fig. 5
tracks |T(f)| versus frequency for a TE polarized field with
£=0.1 incident on a structure that is identical to that studied
in Sec. III except for the plate thickness d, which is varied. It
is observed that, although the largest enhanced transmission
peak is obtained for d=0, total transmission is never ob-
tained. Furthermore, as d increases the transmission peak
narrows, moves towards higher frequencies, and decreases
exponentially in magnitude. This behavior is due to the fact
that coupling between the bottom and top plate faces too
reduces exponentially with plate thickness.

V. DOUBLE RESONANCE ENHANCED TRANSMISSION

Consider a slab configuration, angle of incidence, and po-
larization for which the resonant frequencies f“l and f“l,
r,n rn

coincide. It follows from the discussion in Section III that the
poles f{pl; and ff:?, reside close to one another, too. This
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FIG. 5. Magnitude of TE transmission coefficient through the
structures in Fig. 2 for §=0.1 and different d.

implies that for f= Re{f( {1.2)

piaa’
due to a composite resonance resulting from not only (hori-
zontal) interactions between Floquet modes, but also strong
(vertical) interactions between fields in the bottom and top

L . . 2
slabs. In this situation the superscript index in fﬁ}’)? and f{p ’)7,

}} enhanced transmission arises

only has a nomenclature function as it no longer points to a
resonance in a particular slab; in practice we label the two

poles such that Re pl;}<Re{fi2;i,}. By repeating the argu-
ments leading to (4) but retaining two poles in the resonant
component of (3), T(f) for sze{f({l’Z})

p’{ﬁﬁ,}} is modeled as

Res{T(/')} Res{T(/7)}
S T,
p.it p.i’
USRS
CU-Ar-raa

(5)

From (5) it follows that, for f=~Re p{};?,

|T(f)| vs f exhibits two enhanced transmission peaks with
locations and resonance bandwidths determined by

1,2) 1,2) _ . . R
Re{ fj ) {ﬁﬁ,}} and [Im p’{ﬁﬁ,}}] ! respectively. Equation (5) is

. . i) {i)

valid for | min {f—Re{f; " <x max {Im{f; } pro-
i:l,z,n:ﬁ,ﬁf) L2y i=l,2,'i)1=ﬁﬁ'{1 2

vided that |Re{jj;,n—. e (b le{fﬁ;’ﬁ imay) for all

(7,1) # (n,i) # (7’,2). In the above, the parameter y and the

nonresonant component a(f) have interpretations as in Sec.

IV. Noting that a(f) is approximately constant near leZT and

:’)7,, i.e., that a(f) =al p{;) %Ez’(ff’;,), and combining it with
the two pole contributions, 7(f) is recognized as having a
pair of poles and zeros as shown in the second equality in
(5). It follows that, depending on the locations of these zeros,

the two maxima in graphs of |T(f)| versus f for f

}}, the graph of
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FIG. 6. Equivalent problems for symmetric structures.

~ Re{fﬁ7 {;72;),}} typically are accompanied by one or two deep
minima.

To further dissect the above described double resonance
enhanced transmission phenomenon, two cases are to be dis-
tinguished. Below, Sec. V A describes double resonance en-
hanced transmission phenomena occurring in symmetric
structures, viz. structures with identical bottom and top slabs;
these resonances only exist for 7=#n’. Sec. V B describes
double resonance enhanced transmission phenomena in
asymmetric structures; these may occur both when n=n’
and n#n'.

A. Symmetric structures—Identical top and bottom slabs

Assume that in the structure of Fig. 1 the top and bottom
sl?bs age identiczlll, thag is hy=h, and &, =¢,; this implies that
ff’;: fﬁ; and fﬁ) }i'«% fﬁ) 37 It follows that the fields in the
structure/excitation configuration of Fig. 1 can be expressed
as a sum of fields whose electric field components tangential
to the z=0 structural symmetry plane exhibit even and odd
symmetry.>>37 Specifically, fields in the original structure/
field configuration in the z>0 (upper) half-space are the su-
perposition of responses of the two structures in Figs. 6(b)
and 6(c), obtained from the structure in Fig. 1 by inserting
perfect magnetic and electric conductors in the symmetry
plane z=0, to even and odd plane wave excitations. The
transmission coefficient of the original structure can be ex-
pressed as T(f)=[R(f)—R°(f)]/2, where R(f) and R°(f) are
electric field reflection coefficients of the structures in Figs.
6(b) and 6(c), respectively. This decomposition lends itself to
several observations. First, it is noted that for f %Re{fﬁ;)},
both R¢(f) and R°(f) are characterized by a single pole; these
poles are f;l’; [for R*(f)] and f{pz:? [for R°(f)]. For d=0, the
odd configuration degenerates into a grounded slab; as this
structure supports no resonance only a single pole and en-
hanced transmission peak in 7(f) exists. For moderate d
# 0 the even and odd configurations are sufficiently different
leading to pole separations resulting in twin peaks in graphs
of |T(f)| versus f for fZRe{fL{;Z})}. For large d (d>2s), the
even and odd configurations in Figs. 6(a) and 6(b) become
essentially identical due to the evanescent nature of the field
in the holes; this leads to almost identical poles f“~ and ff”
and a single enhanced transmission peak W1th decreased
magnitude results. Next, since only a single propagating Flo-
quet mode exists and the structures are lossless, R°(f)

=el®() where ¢*°(f) are real valued phase functions,
which experience 27 variations as f passes near Reb‘f,l’; >}.
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The transmission coefficient thus can be expressed as T(f)
= jell & D+ DV2 gin{[ ¢°(f) - ¢(f)]/2}. Tt is concluded that
total transmission results, i.e., =1, whenever ¢°(f)
— ¢°(f) = £ . The latter condition is satisfied near distinct f( )

and fm Therefore, for lossless symmetric conﬁguratlons

not Just enhanced but fofal transmission is guaranteed
through moderately thick plates (d<<2s) and for f near

Re p{z?,};,}}. Finally, the zeros filr.; and fizf); in (5) are com-

prised of a complex conjugate pair when ¢@°(f)—@°(f)
#0,27 for any real f whereas they are a real-valued pair
when equation ¢°(f)—¢°(f)=0,27 has real solutions f(zlé
and f<

Flgure 7 shows the evolution of TE poles ﬂ , ZeTros fl 2
and residues Res{T(f<1 2))} as a function of d for L
=26 mm, L,=5mm, s=24mm, &;,=3, h =8 mm
and £=0.1. For moderate plate thicknesses d the poles 12)
are distinct and the residues are |Res{T(f“2) )} =Im {}‘< }
leading to two strong peaks in |T(f)|. The zeros f< | com-
prise a complex conjugate pair leading to a minimum in
|T(f)|. As d decreases, the pole f )1 and both zeros f“z)
approach each other and merge on the real axis for d=0. As
a result, for d=0 a single pole fﬁ) )1 and a real zero f< )1 are
obtained. As d increases, the poles f;l 2 approach one an-
other and merge when d=2s. For d >2s Res{T(}“ b=
—Res{T! } leading to a single transmission peak W1th re-
duced magmtude As seen from the figure, the actual behav-
ior of poles, zeros, and residues is in line with the above
theoretical observations.

Figure 8 depicts |T(f)| for the structure in Fig. 7 illumi-
nated by a TE wave when f= Re{}‘L1 2} for different d. For
d=0, a single transmission peak is found followed by a real
zero. For thicker plates, peak double, that is, a very narrow
additional peak appears; at the peak maxima |T(f)|=1, i.e.,
total transmission is achieved. As the thickness increases the
peaks approach each other and merge for sufficiently thick
plates (d=5 mm). Transmission coefficients of even thicker
plates exhibit to a single peak whose magnitude decreases
exponentially with d. It is clear that the behavior of |7(f)|
agrees well with theoretical observations made above and the
evolution of the poles, zeros, and residues in Fig. 7.

Figure 9 shows V(d/h) for the structure in Figs. 7 and 8
for d=1.5 mm and f corresponding to the lower and higher
maxima in Fig. 8. It is seen that V(z/h) indeed has essentially
odd and even symmetry due to the excitation of odd and
even resonances.

B. Asymmetric structures—Different top and bottom slabs

Assume that in the structure of Fig. 1 the top and bottom
slabs are different, that is h,# h, and/or €, # €,, but the
structure parameters are such that two resonant frequencies

coincide, i.e., fig: 22,, resulting in ]A ) ~ In general,

rn
this situation may occur for dlfferent (n#n’) or identical
(m=n") modal indices. If we were to lift the above restric-

tions on L, and L,, the resonances in the two slabs even

ﬁﬁ’
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o
—_ oo

v
[ S
[UC ) NN

(c) d (mm)

FIG. 7. TE poles, zeros and residues as a function of d
for a symmetrlc structure with 1dent1ca1 slabs. (a) Re{f(l 2)} and
Re{f\"}: (b) I {12 and {7} (©) RefRes{f\” "} and
Im{Res{)‘(1 }}. The structure parameters are L,=26 mm, L,
=5 mm, s= 24mm £,=3, h;=8 mm and &,=3, h,=8 mm, £=0.1.

could be associated with strong coupling between Floquet
modes with transverse wave vectors pointing in different di-
rections in the x-y plane. However, when abiding to these
restrictions, and focusing on the structure and frequency
range considered in Sec. III, only two cases remain: n=-n"
=+ orn=n"=+x1. When n=-n"=+1, the double resonance
enhanced transmission is caused by strong coupling between
the zeroth order Floquet mode and Floquet modes associated
with GWs that travel along the plate in opposite directions
through the top and bottom slabs; other Floquet modes also
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FIG. 8. TE transmission coefficient for the structure parameters
in Fig. 7 and different d.

participate in these interactions but their influence is weaker.
For example, for the structure giving rise to Fig. 2, this oc-
curs near § 0.2005, i.e., when the trajectories of Re{f“) 1}
and Re{f< .} intersect. Note that such coupling is posslble
only in a very narrow & range since the trajectories of
Re{j( - and Re{]‘( .} in dispersion graphs typically intersect
at a substantlal angle When n=7"=+1 the double resonance
enhanced transmission is due to strong coupling between the
zeroth order Floquet mode and the Floquet modes associated
with GWs traveling in the same direction in two slabs but
having a different field structure. Note that such coupling
often is allowed for a relatively wide range of & since, in this
case, the trajectories of Re{f; 11)7} and Re{ff_;,} typically inter-
sect at a small angle.

Figure 10 shows the evolution of TM poles f“_l, ”. 1,
zeros [\ 2) , and residues Res{T(/A1 D}, Res{T )} as a

z,—1°

function of d for the asymmetric stmcture with parameters of

3 . . : : :
—f 91402GHz
- = f=9.1735GHz
A)
250 ‘-
SN ;
\ X4
\ s
\ ’
. ,
2 BN ’ 1
N z
N s
N ’
[N ,’
<> N
31'5, . ,1 i
= .
N ,
\ s
. ,
\ ,
Ir A ‘ 1
N ’
N 4
N s
. ,
N ,
05F s s .
\
“~ ’
“ s
N ’
~ r'd
B B ; ; 1 ‘ ‘ B B

0
0.5 -04 03 -02 -0l 0 0l 02 03 04 05
=id
FIG. 9. Distribution of the field inside holes V(z/d) under TE
plane wave excitation. The structure parameters are as in Fig. 7 for
d=1.5 mm.
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’_,,-_-----‘_-----_Im[f( 8l

b Nt J,,,,,,,‘,—’-J-
\

(b} d (mm)

FIG. 10. TM poles and zeros as a function of d for an asymmet-
ric structure with different slabs but under double resonance condi-
tion. (a) Re{f{)l 2)} and Re {]‘<1 2 ; (b) Im } and Im{]‘<1 2)} The
structure parameters are as in F1g 2 and é= 0 2005 is chosen on the
intersection between Re{fﬁzl} and Im{f;%l} in Fig. 2.

the structure leading to Fig. 2 and £=0.2005, i.e., at the
intersection of the Re{f“) .} and Re } trajectories in Fig.
2(a). The behavior of the poles, zeros, and residues is similar
to that in Fig. 7 for symmetric configurations. For instance,
two poles and zeros are observed; for large d (d>2s) the
poles merge and Res{T! plll)} ~ —Res{T(ff)l’)_l)}; the zeros are
comprised of a complex conjugate pair. However, the zeros
and poles do not coincide as d— 0; therefore two transmis-
sion peaks are obtained even for d=0.

Figure 11 shows the magnitude of the TM transmission
coefficient for again the same structure aside from the thick-
ness d. The behavior of |T(f)| is similar to that in Fig. 7. For
instance, double transmission peaks are obtained for moder-
ately thick plates whereas only a single decreased peak is
obtained for very thick plates. However, fotal transmission is
not obtained, i.e., )| never reaches unity. In addition, the
second (narrower) transmission peak does not disappear as
d—0. This is in agreement with the results in Fig. 10. Note
that |7(f)| is significantly increased compared to |7(f)| in
Figs. 3 and 5 describing the behavior of the same configura-
tion but in the single resonance regime.

Figure 12 shows V(d/h) in the structure of Fig. 11 for d
=1.5 mm and f corresponding to the two maxima in Fig. 11.
It is seen that V(z/h) is large at both the top and bottom faces
of the holes. This implies the existence of a combined reso-
nance in both slabs.
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FIG. 11. TM transmission coefficient for different d. The struc-
ture is as in Fig. 10.

Finally, double resonance enhanced transmission is dem-
onstrated when 77=7'=—1. Figure 13 depicts the magnitude
of TM transmission coefficient for L,=26 mm, L,=5 mm,
s=2.4 mm, &/=3, hy=3 mm and &,=2.275, h,=4 mm, &
=0. These structure parameters are chosen such that f“)l and

) are close to each other. It is seen that again double reso-
nance transmission is observed. The behavior of |T(f)| is
similar to that in Figs. 7 and 11. The behavior of poles, zeros,
and residues is very similar to that in Fig. 10 and therefore is
not shown.

VI. SUMMARY

Enhanced transmission through PEC plates perforated by
small holes and sandwiched in between two dielectric slabs
can be achieved in frequency bands where the incident plane
wave couples to resonances supported by the perforated plate

1 T T T T T T T

{| = f=8.845GHz
(== f=8944 GHz

0.2, : ' !
205 -04 03 02 01 0 Ol 02 03 04 05

FIG. 12. Distribution of the field inside holes V(z/d) under TM
plane wave excitation. The structure parameters are as in Fig. 10 for
d=1.5 mm.
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94 95 96 97 98 99 10 101 102 103
f(GHz)

FIG. 13. TM transmission coefficient for different d. The struc-
ture parameters are L,=26 mm, L,=5 mm, s=2.4 mm, &;=3, h
=3 mm and &,=2.275, h,=4 mm, £=0.

that are associated with the existence of guided waves in
grounded dielectric slabs. Approximations of the resonant
frequencies can be obtained by matching the wave number of
one of the Floquet modes generated by the periodic hole
array to that of a grounded slab GW. The suggested structure
allows enhanced transmission in the optical and the micro-
wave regimes, and this for both transverse magnetically and
electrically polarized incident fields. The existence of two
distinct enhanced transmission regimes was demonstrated. In
the single resonance regime the incident plane wave couples
to a resonance in a single (top or bottom) slab. The transmis-
sion coefficient versus frequency graph exhibits a high peak
though no total transmission is achieved; moreover the peak
narrows, the position of its maximum shifts, and its magni-
tude exponentially decreases as the plate’s thickness in-
creases. In the double resonance regime the incident plane
wave couples to resonances in both slabs. Such coupling
leads to transmission peak doubling and, for thick plates, to a
significant increase in the maximum transmission allowed
(compared to the single resonance regime). Changes in the
nature of the enhanced transmission phenomenon when tran-
sitioning from infinitesimally thin to very thick perforated

PHYSICAL REVIEW B 71, 235117 (2005)

plates were studied. It was shown that for thin plates one
peak significantly narrows compared to the other one and
eventually disappears. For moderately thick plates two trans-
mission peaks of equal size appear. For very thick plates the
two peaks merge, resulting in one peak with reduced magni-
tude. Double resonances may appear for symmetric as well
as for asymmetric structures. It was demonstrated that for
symmetric lossless structures, fotal transmission with two
peaks is guaranteed for moderately thick plates and any
angle of incidence. The two peaks are associated with odd
and even resonances. For asymmetric structures, special con-
ditions on the period and slab parameters must be satisfied to
ensure the existence of a double resonance.

Note that nothing prevents the transmission enhancement
mechanism studied in this paper from occurring in concert
with those associated with surface waves supported by per-
forated plates®?73¢ and SPPs;%~!° in fact, all enhanced trans-
mission phenomena occurring on these structures are mani-
festations of the same physics, i.e., coupling between the
incident plane wave and resonances supported by the perfo-
rated plates that are associated with slow waves. This implies
significant flexibility in the design of periodic structures ex-
hibiting enhanced transmission phenomena. Studies into the
effect of losses in the perforated plate and dielectric slabs are
ongoing. These losses are expected to be smaller than those
resulting from SPP-based enhanced transmission mecha-
nisms since in the former the GWs are distributed in the
entire volume of the dielectric and are not confined to a
metal surface. Slab and plate losses, however, may lead to a
quantitative decrease in magnitude and qualitative change in
the shape/(dis)appearance of the enhanced transmission
peaks. The structures and phenomena explored in this paper
may find uses in near-field imaging, target identification, and
the construction of antennas, tunable filters, mode convert-
ers, and amplifiers.
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