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Extraordinary optical transmission in a periodically
structured composite metal system
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(State Key Laboratory for Superlattices and Microstructures, Institute of Semiconductors,
Chinese Academy of Sciences, Beijing 100083, China)

Abstract: Using full-vectorial, three dimensional, finite difference time domain (FDTD) simulator, greatly enhanced ex-
traordinary optical transmission (EOT) is studied in a composite metal system, which is constructed by stacking a hexangu-
lar annular ring array over a hexangular hole array, perforated in a metallic film. In comparison with conventional periodic
hole array, perforated in a single metal film, the composite metal system exhibits much stronger transmission amplitude and
narrower band width. Such a novel behavior of EOT is well explained by the numerical results obtained from the distribu-
tions of electric field intensity, flowing maps of Poynting vectors and frequency dispersions. The results show that strongly
excited surface plasmon polaritons (SPP) plays a dominant role in coupling light throughout the composite system.
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Introduction

The discovery of the extraordinary optical trans-
mission (EOT) of light through metal layers perforated

periodically with sub-wavelength holes'"!

provides a
possibility for the efficient control of the spectrum and
magnitude of light transmission, and makes them very
promising for applications in novel photonic and optoe-

lectronic devices'?!" Various pictures for EOT phenom-
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ena based on different physical models have been pro-
posed. That, for examples, includes resonant tunne-
ling transfer between surface plasmon polaritons ( SPP)
excited on both sides of a thin metal film (irrelevant to
the structures perforated on it); penetration of the
SPPs excited on one interface to the other interface
through the localized electromagnetic field inside
holes ; the excitation of SPP Bloch waves in a two di-

mensional, metallic optical crystal and their subse-
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quent tunneling through it, etc”>®). While such a de-
bate will still continue, more attention has been paid
on the potential application of EOT. Among the other
applications, EOT can be employed to engineer the
spectral response of light as it passes through a metal
film perforated with a periodic hole array. The impor-
tant issue for using it as a spectrum filter is how to nar-
row spectrum width and to enhance intensity of trans-
mitted light. Many means have been used for that pur-
pose. Since there are mechanisms other than pure SPP-
based one, like the excitation either of SPP Bloch
waves on a periodic structure, or of various kinds of lo-
calized surface plasmons (LSP), to some extend, the
variation in the parameters of a periodically perforated
structure, such as film thickness, hole size and type
etc. will change EOT both in its strength and spec-
trum. By coupling a Wood-Rayleigh anomaly (RWA)
on one side of the film with a SPP Bloch wave on the
opposite side, such a " RWA-SPP" effect can also
bring about a strong variation in transmission ampli-

tude”®

. However, the matching condition for RWA-
SPP resonance requires that the dielectric constant of
one surrounding medium beside the metal film should
be adjustable.

In the present work,, we use FDTD numerical simu-
lator to study EOT phenomena in a composite metal sys-
tem, which are constructed by stacking a hexangular an-
nular ring array over a hexangular hole array perforated
in a metallic film. EOT phenomena in such a composite
metal system are substantially enhanced, giving rise to
much large peak magnitude and a narrow band width in
transmission spectra. Such a novel behavior of EOT is
well explained by the numerical results, obtained from
the distributions of electric field intensity, flowing maps

of Poynting vectors and frequency dispersions.
1 Model system

Figure 1 schematically depicts our model system.
The bottom layer is a thin Ag film of thickness h; perfo-
rated by hexangular array of holes, the diameter of
which is denoted by D;. The top layer is a hexangular
array of Ag annular rings. The structures on the two
layers have the same period P. The annular ring array

is self-suspended either in air or placed on the top of

dielectric medium layers on the bottom hole array. The
two layers may be either separated by a spacer of d or
stacked in close contact with each other (d =0). The
thickness of annular rings is h,, and their outer and in-
ner diameters are labeled by D, and D, , respectively.
In all the cases we consider here, D, = D,. The (%,
¥, z) coordinate is defined as shown in Fig. 1. The
light comes along z axis from the bottom and penetrates
through our model system with its electric field (E,,

0, 0) polarized in the x direction.

Fig. 1 Model system composed of a thin Ag film,
perforated by hexangular array of holes, and a hex-
angular array of Ag annular rings stacked on the top.
Geometric parameters: P, D,, D,, D,, d, h,, h,
and x-y-z coordinate are defined as indicated
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2 Numerical simulations and discussions

2.1 Model used in numerical simulation

The methods for studying EOT phenomenon can
generally be divided into two kinds. The first kind as-
signs a causative role played by various SPP modes in
advance, including SPP mode, SPP Bloch mode, LSP
mode etc. The advantage of SPP-based modes is that
they can provide intuitive understanding of EOT phe-
nomena. The second kind employs dynamic diffraction
concepts by taking all the individual holes as elementa-
ry scatters and searches the model solutions of

Maxwell’s equations "’

. It turns out that the predic-
tions obtained from SPP models capture quantitatively

the main features of the data, for example, from the nu-
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merical rigorous coupled-wave analysis (RCWA) %),
As a result, we shall adopt full-vectorial three dimen-
sional FDTD method (FDTD Solutions 7.5) to study
the electromagnetic wave propagation through our com-
posite metal system. The frequency dependent real and
imaginary parts of Ag dielectric constant adopt the fit-
ting curves given in FDTD Solutions 7.5 itself.
2.2 Normalized transmission of composite metal-
lic system

In this section we first calculate the normalized
transmission of periodically constructed, composite me-
tallic system under different sets of parameters, and
compare it with various kinds of single metal films per-
forated by different hole arrays. To make such compar-
ison on an equal footing, EOT is characterized by the
normalized transmission, defined as '
T P_.S

out ~ cell

T.. =a——a— ===, where T is the non-nor-
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transmission coefficient, S_, the area of unit cell, and

cel

S, the hole’s area in an unit cell. P, ,P,_, are the in-

out
put and output light intensities.

It is well known that the peak positions of the
transmission at normal incidence in the EM field con-
figuration shown in Fig. 1 can be approximately deter-
mined by applying the momentum-matching conditions
to a two-dimensional hexangular array as given in a first

approximation by'?

A = é—giP /8 8'_"'_ , where P is the period of the ar-

ray, &, is the dielectric constants of the Ag metal and i

is the scattering orders of the array along x direction.
However, such a simple approach can not be employed
in the composite metallic system discussed here. In or-
der to make the various comparisons, the full-vectorial
three dimensional FDTD method (FDTD Solutions 7.5)
will be used throughout the present work.

Normalized transmission
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Fig.2 (color online) (a) Nomalized EOT spectra of three composite Ag systems (1, 2, 3), as compared to a Ag film, per-
forated by periodic small holes (system 4). Their structure parameters are listed in Table 1. (b) A comparison of nomalized
EOT spectra for three composite Ag systems (1,5,6) with the spacer being air, SiO, and SiN_, respectively. Their structure
parameters are listed also in Table 1 (c¢) Normalized EOT spectra of a Ag film, perforated by periodic holes, which have the
same D; =220 nm, P =800 nm but different thicknesses of 4, =30, 70, 100, 120 nm. Nomalized EOT spectra of the compos-
ite Ag system 1(see Table 1) is taken as the reference (d) Nomalized EOT spectrum of the composite Ag system 1, as com-
pared to a small hole array (D, =220 nm, P =800 nm, 4, =100 nm), a big hole array (D; =600 nm, P =800 nm, &, =
30 nm) and an annular ring array (D, =600 nm, D, =220 nm, P =800 nm, A, =70 nm)
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Figure 2(a) plots the spectra of T, for three dif-
ferent, periodically constructed, composite Ag systems

(1,2,3), while the T

norm

spectrum for a hole array
perforated on an Ag film(4)is taken as the reference.
Their detailed parameters are listed in Table 1. For
three composite Ag systems(1,2,3), no matter how
D, and D, vary (always D, = D, ), the maximum of
normalized transmission appears at the same wavelength
of 0.714 pm as long as D, remains unchanged, and so
does the Wood-Rayleigh minimum ( approximately at
0.7 wm)[7,8]. Obviously, the composite Ag struc-
ture (1) represents the optimal case, where the trans-
mission peak is the sharpest and of the highest magni-
tude with the background being lowest on both sides of
the peak. In contrast, the single Ag layer (4) of the
same D, shows a transmission peak at a different wave-
length of 0. 755 pm. Its peak magnitude is smaller
than that of the composite Ag structure by a factor of
2.5.

Table 1 Structure parameters for five composite-and one
single-Ag film systems
*1 ANEEGEHN—NR2ERENEHRSE

Parameter 1 2 3 4 5 6
D;(nm) 600 680 480 — 600 600
D,(nm) 220 220 220 — 220 160
D,(nm) 600 600 480 220 600 600
d(nm)/medium  20/air 0 20/ air —  20/8i0, 20/Si3N,
hy(nm) 30 30 30 100 30 30
hy(nm) 70 70 70 — 55 40
P(nm) 800 800 800 800 800 800

For the practical use, the top array of the periodic
annular rings can not be just suspended in air above
the bottom hole array. We examine how the EOT chan-
ges if the spacer region between two arrays is filled by
dielectric media like SiO, (g, ~1.5) or SiN, (g, ~
2.0). Fig. 2b compares three normalized transmission
spectra for structures 1, 5, 6 (see Table 1) with struc-
ture 5, 6 having a 20 nm-thick SiO, layer and a 20 nm-
thick SiN_ layer in the spacer region, respectively. As
can be seen, the main EOT peak in the composite lay-
er system 5 (Si0,) keeps approximately the same as in
the composite layer system 1, while the EOT peak po-
sition shifts slightly. The EOT peak amplitude of the
composite layer system 6 (SiN,_) is strongly enhanced

as compared with the composite layer system 1. After

adjusting the geometric parameters of systems 5 and 6
properly, the EOT spectra in three systems become
very similar. Therefore, the composite layer system
proposed in the present work can actually be fabrica-
ted, making them promising in engineering the light
spectrum through it.

A further comparison between composite and sin-
gal Ag layer systems is given in Fig. 2(c). The com-
posite Ag layer system takes a fixed set of parameters;
D, =600 nm, D, =220 nm, D; =600 nm, P =
800 nm, A, =30 nm, h, =70 nm. The single Ag layer
system has the parameters: D; =220 nm, P =800 nm
and different thichnesses of h, =30.,70,100,120 nm,
respectively. As shown in Fig. 2(c), the transmission
peak of the singal Ag layer system shifts continuously
from 0. 827 pm to 0. 745 pum with increasing the film
thickness. Meanwhile, the peak becomes narrower,
and the backgound on both sides of the peak is also
suppressed at the same time. Unfortunately, the peak
magnitude become substantially small as well. If the
transmission peak moves to the same wavelength
(0.714 pm) as that in the composite layer system, the
peak magnitude will become further smaller. There-
fore , the advantage of the composite Ag layer system o-
ver the single one is very obvious.

Figure 2(d) compares the transmission spectrum
of the composite Ag layer system to the spectra of the
single Ag layer system perforated by small or big holes,
and to the spectrum of the hexangular array of Ag an-
nular rings as well. Their parameters are described in
the figure. Except that the spectrum of the small-hole-
perforated film exhibits the same behavior as in Fig.
2(a), (c), the spectrum of the big-hole-perforated
film only shows the Wood-Rayleigh minimum without
any peak feature. The array of annular rings seems to
exhibit a weak bump at the wavelength of Wood-Ray-
leigh abnormally due to coherent diffraction by the an-
nular rings. Therefore, the unique feature displayed in
the composite Ag layer system results from the special
structure combination.

2.3 Distribution of the total electric field strength
in periodically structured, composite-and single-Ag
layer systems

To understand the huge enhancement of EOT in
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the periodically structured, composite Ag layer system,
we numerically calculate the distribution of the total e-

lectric field strength, |E|*> = |E |> + |E,|*, and

z/nm
z/nm

compare it with that in single Ag layer systems perfora-

ted periodically by holes of different sizes.

z/nm

Fig. 3 (color online) | E |* distribution in x-z plane, calculated (a) at A =755 nm for small hole array (D, =220 nm,P =
800 nm, A, =100 nm) (b) at A =714 nm for big hole array (D, =600 nm, P =800 nm, 4, =30 nm) (c) at A =714 nm for
the composite Ag system 1 in Table 1. Their light sources are located at z = —480 nm, —460 nm and —630 nm, respective-

ly, as indicated by dashed horizontal lines
B3 x-z FHINE

E|* 2345 (a) Bk 755 nm,/NEFLEEF) (D, =220 nm, P =800 nm, &, =100 nm) (b) # K 714 nm,

KEFLEES(Dy =600 nm, P =800 nm, &, =30 nm) (¢) P 714 nm, 5L 1(HE 1) . R AF R E 5530 F
z= —480 nm, -460 nm F -630 nm, INEF T EH GBS E

Figure 3 (a) shows |E|* distribution when the
light, emitted from z = - 480 nm, penetrates a
100 nm-thick Ag film perforated by hole array of a di-
ameter of D, =220 nm and a period of P =800 nm.
Since the area ratio of holes is small, SPP mode is ex-
cited on the incoming surface of the Ag film because
that the interaction of SPP with small surface structures
is rather weak. The additional coupling through the
holes is fulfilled by LSP modes. However, the similar
spatial distribution of | E |* also appear on the outgoing
surface of the Ag film. For the large hole array (D; =
600 nm, P =800 nm) perforated in a 30 nm-thick Ag
film, |E |* distribution is numerically calculated as the
light source is located at z = —460 nm. No SPP excita-
tion is discernible as evidenced from Fig. 3b. This is
because the total area of the holes is larger than the ar-
ea of the remaining metal surface. For such a perfora-
ted metallic film, surface plasmon polaritons cannot be
sustained. In this case, LSP in a single hole and their
interaction between different holes in such an Ag film
dominants the enhanced transmission. However, one
should know that the strength of | E | in Fig. 3(b) is
much weaker than that in Fig. 3a by noticing that the

color scales used in two figures differ by a factor of 4.

In Fig.3(c), the | E|? distribution in the periodically
structured, composite Ag system is also numerically
calculated as the light shines from z = —630 nm. It ex-
hibits very different behavior from that in both the
small hole and large hole arrays, perforated in 100 nm-
and 30 nm-thick Ag films, respectively. In contrast to
intuitive unders tanding that SPP is more easy excited
on a smooth metallic surface, the very intensive SPP is
indeed excited on the rugged incoming surface, and
confined inside the big holes. Meanwhile, the SPP on
the outgoing surface appears similar to that in Fig.
3(a). This intrigue feature of the |E |* distribution in
Fig.3(c) explains the huge enhancement of the trans-
mission coefficient shown in Fig. 2.
2.4 Flowing maps of Poynting vectors in periodi-
cally structured, composite-and single-Ag layer
systems

To illustrate intuitively how the light energy flows
as the enhanced EOT goes on in the periodically struc-
tured, composite Ag system, both the intensity ( depic-
ted by the color scale) and flowing direction ( indicated
by arrows) of Poynting vectors in z-x plane were calcu-
lated in comparison with that in the single Ag layer pe-

riodically perforated by holes.
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Fig. 4 (color online) Flowing maps in x-z plane of both the intensity, as depicted by the color scale, and flowing direction, as
indicated by arrows, of Poynting vectors, calculated (a) at A =755 nm for a small hole array (D, =220 nm, P =800 nm, A, =
100 nm) (b) at A =714 nm for a big hole array (D; =600 nm, P =800 nm, 4, =30 nm) (c) at A =714 nm for the composite
system 1 (see Table 1). Location of incident light source are the same as in Fig.3
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Figure 4(a) and (b) are the numerical simula-
tion results for the single Ag films perforated by small
hole and big hole arrays with the light sources located
at z= —480 nm and z = —460 nm, respectively. Their
common feature is the appearance of vortex pattern on
both incoming and outgoing sides of the Ag film, re-
flecting the coherent interference in the systems. These
vortexes also prevent incident light right underneath
holes from penetrating through them directly. By a
close look, however, one finds that the Poynting vec-
tors flow quite differently in these two systems. In Fig.
4(a), the incoming Poynting vectors impinge vertically
on the central parts between adjacent holes, then turns

to parallel to the incoming surface as a result of its con-

y/nm
y/nm

-500 0 500
x/nm

version into SPP modes. Then, the Poynting vectors
are coupled out of holes. In this case, the SPP mode is
indeed excited, and plays an important role in EOT
phenomena. However, as seen from Fig.4(b) , the in-
coming Poynting vectors directly enter the big holes
through their coupling with LSP modes. As shown in
Fig.4(c), the flowing map of the Poynting vectors in
the periodically structured, composite Ag system is
quite similar to that in Fig.4(a). However, the Poynt-
ing vectors, related to the excited SPP, are mainly lo-
calized inside the big holes, and are of much higher in-
tensity than that in Fig.4(a). As a result, the intensi-
ty of the energy flowing, coupling out of it, is much

stronger than that in Fig.4(a) as well.

y/mm

-500

-500 0 500
x/nm

Fig. 5 (color online) The intensity of z component of Poynting vectors in x-y plane on outgoing surface, calculated (a) at A =
755 nm for a small hole array (D; =220 nm, P =800 nm, %, =100 nm) (b) at A =714 nm for a big hole array (D; =600 nm,
P=800nm, #, =30 nm) (c) at A =714 nm for the composite system 1(in Table 1)

ElS WSEAE x-y VHERNEEERER 2 J7a 880 JLAELL (2) #1755 nm, /NEFLEES] (D; =220 nm, P =800 nm,
h, =100 nm) (b) FK 714 nm, K F L5 (D; =600 nm, P =800 nm, h, =30 nm) (¢) P K 714 nm, FEE5H 1(RE 1)

This can also be seen from Fig. 5(a), ( b),
(c), where the intensity distribution of the z compo-
nent of Poynting vectors inside the small holes in x-y

plane, measured at the outgoing surface, is highest in

the periodically structured composite Ag system. The

intensity distributions of the energy flowing in Fig.

4(a) and 4 (c) are quite similar, but the latter is

much more intensive than the former. Meanwhile, the
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big hole exhibits an intensity distribution characteristic
of two-lobe structure as shown in Fig. 4(b).

2.5 EOT reversibility in the periodically struc-
tured, composite Ag layer system

Generally speaking, an asymmetric system, like
the periodically structured composite Ag system dis-
cussed here, would not give rise to a symmetric EOT
phenomenon as the structure turns upside down. Figure
6 compares EOT spectra for the normal and reversed
composite Ag systems.

The spectrum position, magnitude and bandwidth
of the transmission peak in the reversed composite Ag
system remains nearly the same as that in the normal
one. The difference between them appears mainly on

the short wavelength side of the EOT peak.

-500 0 500

z/nm

-500 0 500

T T T T T T T T T

10 |-~ normal 1
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Normalized transmission
oy
T
———
.
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055 06 065 07 075 08 085 09 095
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Fig. 6 (color online) A comparison of EOT spectra be-
tween two cases: one is for big hole array to face incident
light( normal) , the other is for annular ring array to face in-
cident light( reversed)

B 6 IEPFPBCE MBI X L, 216 SEERAR SR R AL i 1)
ANFHEHITEAS , 1 4 i L AR 18 24 18 1) A5l 1) S 1)
HCE

-500
x/nm

Fig. 7 (color online) | E |*distribution in x-z plane calculated at A =714 nm (a)
for the normal case with big hole array facing incident light (b) for the reversed
case with annular ring array facing incident light. Flowing maps in x-z plane of both
the intensity (as depicted by the color scale) and flowing direction ( as indicated by
arrows) of Poynting vectors were calculated at A =714 nm (c) for the normal case
(d) for the reversed case. Light source is located at z = —630 nm

Bl7  x-z FIENEREREK 714 nm 1 [E* 4345 (a) KEFLE R ASEHIEA
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W, # e s EARBRN AN, §ik BRI (c) IEASER(D) REF
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Figure 7 shows the | E|* distribution and flowing
map of the Poynting vectors for both the normal and re-
versed composite Ag systems. One can clearly find
their similarities. Especially, their flowing maps of the
Poynting vectors almost exhibit inversion symmetry.
Such EOT reversibility is somewhat unexpected in an

asymmetric composite Ag layer system.

2.6 Dispersion of EOT in the periodically struc-
tured, composite Ag layer system

It is well established that a periodic hole array
perforated on Ag film may generate a complex band
structure of SPP, and makes it a SPP Bloch wave.
Coupling of incident light to the silver/air SPP Bloch

mode via different order scattering can make some
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branch of SPP frequency dispersion curves to show up

inside the light cone'*

. To examine if the frequency
dispersion curves of SPP Bloch mode hold also for the
present composite Ag system, the numerically calculat-

ed transmission in Fig. 8 is expressed in a color-scale

as functions of both the incident wavelength and the
angle of the incident plane wave. The corresponding
frequency dispersion curves in the single hole array are

also shown in the figure for comparison.

0 0.5 1 1.5
kx/(10°rad/m)

0 05 1 15
kx/(10°rad/m)

Fig.8 (color online) Frequency dispersions of EOT are expressed in a color-scale with
the variations of both the incident wavelength and the angle of the incident wave.
(a) Frequency dispersion for small hole array (D, =220 nm, P =800 nm, A, =100

nm) (b) frequency dispersion for the composite system 1 (see table 1)
K8 EBUEAS ARG ENIES RN AR E. (a) BE/NELESIR
TB0L(D; =220 nm, P =800 nm, h, =100 nm) (b) EA%H 1 fIFLL(RE 1)

Figure 8 (a) displays the frequency dispersion
curves calculated for the periodic hole array (D, =220
nm, P=800 nm, h =100 nm). The up and low bra-
ches can be assigned to ( +1, 0) and ( -1, 0)
modes''). Interestingly, the composite Ag system also
shows similar frequency dispersion curves for ( +1, 0)
and ( -1, 0) modes as shown in Fig. 8(b). There-
fore, SPP Bloch wave indeed takes place in the com-
posite Ag system. That is somewhat unexpected in

composite metal layers used here.

3 Conclusions

The EOT phenomenon has been studied by FDTD
numerical simulator in a composite metal system,
which are constructed by stacking a hexangular ring ar-
ray right over a hexangular hole array perforated on a
Ag film. The EOT spectrum of this system shows a
strongly enhanced, narrow transmission peak as com-
pared with that in the hole-perforated single Ag film.
Both the calculated |E|* distributions and flowing
maps of Poynting vector illustrate that the strongly ex-
cited SPP plays a dominant role in coupling more light
out of the composite Ag system. Interestingly, the rag-
ged incoming surface does not seem to destroy the SPP
excitation. On opposite, SPP is excited much strong.

Moreover, it is somewhat intrigue that EOT in our

asymmetric composite metallic system has approximate-
ly the property of the reversibility as the light shines
from the two opposite sides. It was also found that the
frequency dispersion of the composite Ag system has
two branches, labeled by ( =1, 0) and (1, 0) re-
spectively, inside the light cone in the spectrum range
from 500 nm to 1 000 nm, which are similar to that in
the hole-perforated single Ag film. The appearance of
the complex SPP band structure demonstrates that the
SPP Bloch wave is indeed excited in our composite sys-
tem. Because the enhanced EOT does not strongly de-
pend on which medium is used in the spacer between
two layers, our composite metallic system may find its
potential application in engineering light spectrum and

being used as a color filter.
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2D-PC with respect to the lattice constant and column
diagonal in the area of 12 x 12 pm” has also been car-
ried out. According to the statistical study, the nonuni-
form of the lattice constant and column diagonal with
period of 1 pm is 2.9% and 3.6% , while the nonuni-
form of the lattice constant and column diagonal with

period of 2 um is 3.4% and 4.9% , respectively.
3 Conclusions

In conclusion, column shape 2D-PC on InP sub-
strate have been fabricated by using holographic lithog-
raphy technique. Adopting double development process,
big-dot-type periodic structures have been generated on
positive photoresist directly with easily controlled expo-
sure dose and developing time. Si;N, hard mask is cho-
sen to transfer the dot-type periodic structures into the
substrate due to its high selectivity in dry etching
process. The period of the structures can be easily con-
trolled by adjusting the angle of the two incident beams.
2D-PC samples in an area of larger than 2 x2 cm” with
good uniformity and reproducibilityhave been fabricated
successfully, validated the feasibility of this unique

process in the applications of various devices.
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