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An emerging area of interest in application is the terahertz
(THz) technology covering the frequency range from 0.1 to
30 THz. Potential applications of such THz technology are
widespread, including military security, medical diagnosis,
coherent imaging, material analysis, environmental protec-
tion, and space science. Development of new photonic com-
ponents dynamically functioning over such THz frequencies
is a subarea of major currently ongoing advanced research
effort and is very crucially relying on the availability of new
materials, new physical mechanisms, new device designs, and
new fabrications/approaches. Effective and efficient integra-
tion of new metamaterials with unique surface plasmonic
resonance behaviors, for example, could create a full basket
of “new-conception” THz photonic components bearing
new operation mechanisms including negative refraction,
lossless transmission, dynamic tunability, and so forth. In
this special issue focusing on both advanced metamaterial
research and novel plasmonic study, we have invited a few
papers that address such major issues, summarize some
of those recent progresses, and discuss those emerging
opportunities.

The first paper of this special issue “Plasmonics: manip-
ulating light at the subwavelength scale” by C.-P. Huang and
Y.-Y. Zhu summarizes recent progresses in studying surface
plasmon-polariton waves, mainly relating to plasmonic
waveguide and plasmonic transmission. The former is able
to guide the light in a thin metallic surface layer with
subwavelength lateral dimensions, and the later to support
the enormous transmission when featuring a metal with a
subwavelength hole array.

The discussion covers generally the broad photonic spec-
trum. More focusing, resonant excitation of surface plas-
mons and the extraordinary transmission specifically over
the THz frequencies are reviewed in the second paper

“Resonant excitation of terahertz surface plasmons in sub-
wavelength metal holes” by W. Zhang et al. Effect of the
hole shape, dimension, material selection, incident electro-
magnetic (EM) polarization, and metal film thickness on the
resonant THz transmission is studied by the state-of-the-art
THz time-domain spectroscopy, which reveals an extended
potential over even using those poor metals such as lead.

In more details, the third paper “Effects of microstruc-
ture variations on macroscopic terahertz metafilm prop-
erties” by J. O’Hara et al. discusses the effect of slightly
varying the split-ring microstructure design on macroscopic
THz metallic film properties including transmission and
reflection. This leads the research toward the more practical
side on generating new THz photonic component designs as
potential optical filters, modulators, and switches.

Moving forward to make THz photonic devices, the
fourth paper “Extraordinary transmission and enhanced
emission with metallic gratings having converging-diverging
channels” by A. Battula et al. investigates the extraordi-
nary transmission behavior when changing the hole from
the direct through to a new converging-diverging channel
(CDC) shape. By varying the gap size at the throat of the
CDC, the spectral locations of the transmission resonance
bands can be shifted close to each other and have the
transmittance in a very narrow energy band. This indicates a
great potential to make THz optical filters having the needed
flat-top and narrow transmittance band.

Experimentally, the transmission behavior of THz wave
in a one-dimensional metallic grating investigated by the
unique time-domain THz spectroscopy is discussed in the
fifth paper “Transmission properties of metallic grating
with subwavelength slits in THz frequency region” by D.
Liang et al. which opens up the potential of making highly
polarization-discriminative photonic components.



2 Active and Passive Electronic Components

The next two papers (the sixth and the seventh)
“Compact optical waveguides based on hybrid index and
surface-plasmon-polariton guidance mechanisms” by M.
Yan and M. Qiu, and “Subwavelength-diameter silica wire
and photonic crystal waveguide slow light coupling” by
Z. Zhang et al. discuss the interesting optical propagation
phenomena in two special waveguides: one is defined by
a combination of the conventional index confinement and
the surface-plasmon-plariton guiding mechanism, and the
other is an integration of a subwavelength silica nanowire
with a photonic crystal waveguide. The former expects a
significant loss reduction when the light is beyond the
diffraction limit (using those nanoscale guiding cores for
visible wavelengths, e.g.) and the latter for slowing the light
for potential applications including compact delay lines for
photonic signal processing, dispersion management, and so
forth.

The final paper of this special issue “The structural engi-
neering strategy for photonic material research and device
development” by Y. Lu actually touches both fabrication and
material selection issues during making those THz photonic
components, with the goal to enhance the efficiency in both
structural and compositional optimizations by using a so-
called structural and compositional combinatorial strategy.
Details about the strategy are introduced, and its applications
in making photonic sensors, dielectric tunable materials, and
negative refraction superlattices are also discussed.

Yalin Lu
Weili Zhang

Min Qiu
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The coupling of light to collective oscillation of electrons on the metal surface allows the creation of surface plasmon-polariton
wave. This surface wave is of central interest in the field of plasmonics. In this paper, we will present a brief review of this field,
focusing on the plasmonic waveguide and plasmonic transmission. In the plasmonic waveguide, the light can be guided along the
metal surface with subwavelength lateral dimensions, enabling the possibility of high-density integration of the optical elements.
On the other hand, in the plasmonic transmission, the propagation of light through a metal surface can be tailored with the
subwavelength holes, leading to the anomalous transmission behaviors which have received extensive investigations in recent
years. In addition, as a supplement to plasmonics in the visible and near-infrared region, the study of THz plasmonics has also
been discussed.

Copyright © 2007 C.-P. Huang and Y.-Y. Zhu. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

1. INTRODUCTION

Microelectronics based on semiconductors and integrated
circuits has been well developed, which constructs a strong
fundament for various applications, especially the informa-
tion processing and transmission. However, further devel-
opment demanded by the information transmission is al-
ways limited by the performance of electronic components
as, for example, less data can be carried by the electrons. As
an alternative, photonics employing the photons as the infor-
mation carrier may offer a solution to this problem, where
the photons travel faster with a larger information capacity.
Compared with the electronic counterpart, unfortunately,
the conventional photonic components such as the optical
fiber are bulky in size (due to the diffraction limit of light),
thus setting a great limit to the optical integration. This point
holds, even for the photonic crystal, because the period and
size of the photonic crystal are usually on the order of the
electromagnetic wavelength.

Recently, it has been shown that the trade-off between the
capacity and size mentioned above can be overcome by using
the surface plasmon-based photonics or plasmonics. The key
point is that the electromagnetic wave, which usually travels
in a dielectric waveguide, can propagate along the metal sur-
face in the form of surface plasmon-polariton (SPP) mode
[1]. As a consequence, the fields can be strongly confined to
the metal surface with the lateral dimensions much smaller

than the wavelength. Therefore, plasmonic circuits possess
both the capacity of photonics and miniaturization of elec-
tronics, opening a new way for the future applications [2].

Current interest in plasmonics is, actually, not limited to
the investigation of plasmonic circuits. Some novel metallic
structures and phenomena, such as the enhanced light trans-
mission through perforated metal films, have also attracted
much attention [3, 4], where the SPP modes are usually in-
volved. By employing the highly enhanced plasmon field, a
significant enhancement of Raman signal, molecular fluores-
cence, and nonlinear frequency conversion has been reported
[5–7]. And by using the sensitivity of SPP mode to the envi-
ronment, highly sensitive biosensors can be constructed [8].
Furthermore, plasmonics can also find its potential applica-
tions in plasmonic light sources, plasmonic nanolithography,
and so on [9, 10].

Here, we review the progress in plasmonics, focusing on
the plasmonic waveguide and plasmonic transmission. The
paper is organized as follows. In Section 2, we give a sim-
ple introduction to the plasmon polariton. In Section 3, the
plasmonic waveguide based on various configurations is pre-
sented, including the line defect created in periodic metal
surface, metal stripe or nanowire, arrays of nanoparticles,
and gap waveguide. Employing the gain media to compen-
sate the propagation loss is also mentioned. In Section 4, the
plasmonic transmission in various metallic systems, such as
a single hole/slit in a metal film, a single hole/slit surrounded
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by surface corrugations, and subwavelength hole arrays, has
been discussed. And in Section 5, plasmonics of THz fre-
quencies is reviewed, concerning about THz metamaterials,
THz SPP mode, and waveguiding in various structures, as
well as the THz transmission. A short summary is provided
in Section 6.

2. PLASMON POLARITON

It is stressed here that it is the metal rather than the dielectric
that plays a more important role in the plasmonics. The dif-
ference of metal from dielectric lies in not only electrical but
also optical properties. In the metal, the presence of huge free
electrons gives rise to a unique dielectric response described
by the Drude model

εm = 1−
ω2
p

ω(ω + iγ)
. (1)

Here, ωp is the bulk plasma frequency and γ is the scattering
rate of the electrons. For the convenience of discussion, we
can neglect the damping of the metal (γ = 0). It is now clear
that when ω > ωp, the permittivity is positive and the light
can propagate through the metal (with a dispersion relation
ω2 = ω2

p + c2k2). This propagating mode, which essentially
involves the coupling between light and bulk free electrons,
can be termed the bulk plasmon polariton (BPP). Conversely
when ω < ωp, which is usually satisfied in the considered fre-
quency range, the permittivity is then negative and the light
propagation in the metal is forbidden.

It is interesting to find that, even when the permittivity
of metal is negative, the propagation of light can be allowed,
but in the form of a surface wave on the metal. This is the so-
called SPP mode mentioned above. To get knowledge about
the character of SPP mode, we take the typical configuration
of infinite metal/dielectric interface as an example (see Fig-
ure 1). The interaction between light and surface free charges
yields, in this case, the following dispersion relation [11]:

kspp = ω

c

√
εmεd
εm + εd

. (2)

Here, εd is the permittivity of dielectric. Notice that, to make
kspp real, we have εm+εd < 0, and thus ω < ωsp ≡ ωp/

√
1 + εd,

where ωsp is the surface plasmon frequency. This is the fre-
quency range for the existence of this surface mode. For con-
venience, the dispersion relation of BPP and SPP modes has
been plotted schematically in Figure 1. Here, we summarize
some features of SPP mode on the flat metal/dielectric inter-
face as follows.

(1) The SPP mode is an electromagnetic wave coupled
with the surface electron-density oscillations. The magnetic
field of the mode is parallel to the metal surface and per-
pendicular to the propagation direction (TM mode). Instead,
the electric field has both the normal (E⊥) and tangent (E//)
components. On the dielectric side, E⊥/E// =

√
εm/εd; on the

metal side, E⊥/E// = −
√
εd/εm. Thus, when the frequency is

well below the plasma frequency, the electric field inside the
metal is mainly tangent and the electrons move back and

y

εd

εm

kspp

x

(a)

ω

ωp

ωsp

O

BPP I II

Band gap

SPP

k

(b)

Figure 1: Plasmon-polariton mode associated with the metals: (a)
schematic view of infinite metal/dielectric interface; (b) dispersion
relation of bulk plasmon-polariton (BPP) and surface plasmon-
polariton (SPP) modes. The dashed lines I and II denote the light
dispersion ω = ck and , ω = ck/

√
εd , respectively. The frequency

range between ωsp and ωp corresponds to a gap where the electro-
magnetic wave cannot propagate via either bulk or surface modes.

forth in the propagation direction, forming a longitudinal
electron-density wave.

(2) The SPP mode can propagate along the metal sur-
face with a larger propagation constant (kspp > k0

√
εd). This

means a reduced wavelength as well as a smaller propaga-
tion velocity of the electromagnetic wave. Considering of the
absorption of the metal, however, the propagation length
of SPP mode is finite. A detailed calculation shows that
the energy propagation length can be expressed as Lspp ≈
ε′2m/k0ε′′mε

3/2
d , where ε′m and ε′′m are, respectively, the real and

imaginary parts of permittivity of the metal. In the visible
and near-infrared region, Lspp is from several to hundreds of
micrometers.

(3) The SPP mode is evanescent on either side of the in-
terface due to the larger propagation constant. On the dielec-

tric side, the decaying length of the field is δd ≈
√
|ε′m|/k0εd;

on the other side, the decaying length is δm ≈ 1/k0

√
|ε′m|.

For the interface comprised by silver and glass and free-space
wavelength of 800 nm, for example, the obtained decaying
lengths are about 300 nm and 25 nm, respectively. This sug-
gests that the wave is strongly confined to the metal surface,
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which is just desired in practice. Note that a strong enhance-
ment of fields near the surface can also be achieved.

Due to the larger propagation constant, the SPP mode
cannot be excited directly by the incident light. To com-
pensate the wavevector or phase mismatch between the SPP
mode and incident light, some special techniques have been
introduced [11], such as prism coupling or attenuated total
reflection, waveguide coupling using an optical fiber, grating
coupling employing the light diffraction, and near-field ex-
citation with a near-field optical microscopy. In addition, a
single surface defect, such as surface protuberance and sub-
wavelength hole or slit, may act as an efficient source for the
SPP mode [11–13], where some diffraction component or
other can ensure the momentum conservation. On the other
hand, a direct observation of SPP mode is relatively difficult
because of its localized feature. This can be addressed with
the use of near-field optical microscopy [14]. It is worthy of
noticing that, by structuring the metal surface with nanoscale
corrugations, the SPP mode will be scattered and some pho-
tons can escape from the surface. Thus the SPP mode can
be mapped by recording the scattered light [15]. Recently,
a method called fluorescence imaging has been proposed to
observe the SPP mode [16], where the metal surface is cov-
ered with the fluorescence molecules which emit the radi-
ation with the intensity proportional to the surface electric
field. With this method, the reflection, beam splitting, and
interference of SPP mode have been successfully observed
[17].

It is mentioned that, besides the flat metal/dielectric in-
terface, the SPP mode can also exists in other configurations
with some parallel characteristics. As an example, in a thin
metal film with the thickness typically of the skin depth, the
SPP modes on both sides will couple strongly to each other,
giving rise to a long-range SPP mode [18]. In addition, the
current research interest in plasmon polariton has been ex-
tended from SPP to particle plasmon polariton, where the di-
mensions of metallic particle are much smaller than the elec-
tromagnetic wavelength. A detailed discussion on this topic
can be found in [19].

3. PLASMONIC WAVEGUIDE

Plasmonic circuit chip would have the ability to have the
plasmonic signal generation, transport, modulation, detec-
tion, and so forth integrated. And plasmonic waveguide is
one of the most important components of plasmonic chip,
with which the optical signal can be sent from one section
to another. In practice, both smallness of mode profile and
largeness of propagation length (or low propagation loss) are
desired for a plasmonic waveguide. Although the light can be
guided along a planar metal/dielectric interface, the confine-
ment offered is only one-dimensional. Thus different config-
urations of waveguide have been proposed and investigated.

One method is to employ the plasmonic bandgap effect
at the metal surface, with the underlying physics similar to
that of a photonic crystal. This is achieved by corrugating
the metal surface with the periodic protuberance and creat-
ing a line defect. Within a certain wavelength region, the SPP
mode can propagate along the line channel but is prohibited

from traveling in the periodic structure. With this method,
Bozhevolnyi et al. have directly demonstrated the SPP guid-
ing at the wavelength of 782 nm, where 200 nm-wide and
45 nm-high gold scatterers arranged in a triangular lattice of
period 400 nm were employed [20]. For a 3.2 μm-wide line
channel, the propagation length of SPP mode is found to
be more than 18 μm. However, the propagation length will
be drastically reduced when decreasing the channel width.
This trade-off between mode size and propagation length is
a basic feature of the plasmonic waveguide. In addition, the
waveguiding, in this way, has also been realized at the telecom
wavelength 1500 nm recently [21].

The second method is to use the metal stripe or nanowire
as the plasmonic waveguide. A metal stripe embedded in a
homogeneous dielectric is able to support ultralong-range
SPP mode when both thickness and width of the metal film
are properly selected (here, the width is much larger than the
film thickness) [22]. At the wavelength 1550 nm, the exper-
imentally reported propagation length for the silver waveg-
uide is up to 13.6 mm [23]. This huge propagation length is,
however, accompanied by a poor confinement of the mode,
which has a spread of several micrometers in lateral dimen-
sions. It is interesting to note that, although the long-range
SPP mode is difficult to obtain with a metal stripe embedded
in an asymmetric environment [24], a thin metal film sand-
wiched between a one-dimensional photonic crystal and an
arbitrary medium can give rise to a long-range propagation
of SPP mode of several millimeters [25]. On the other hand,
the metallic nanowire (the width and thickness are both sub-
wavelength) placed on the substrate can also be used to guide
the light. Experimentally, a 200 nm-wide and 50 nm-thick
gold wire has been fabricated and the propagation of SPP
mode locally excited at the wavelength of 800 nm investigated
[26]. The results show that the SPP mode is confined to a lat-
eral extension even smaller than the width of nanowire (the
full width at half-maximum of the mode is only 115 nm),
thus demonstrating waveguiding on a scale below the diffrac-
tion limit. This characteristic is useful for realizing high-
density integration of the photonic devices. Nonetheless,
the subwavelength confinement of metallic nanowire yields
a greatly reduced propagation length, which is typically of
a few micrometers [26, 27]. Note that the long-range SPP
mode also exists in the nanowire with a huge mode size when
buried in a dielectric [28].

Cutting the nanowire into nanoparticles provides a third
method for the plasmonic waveguiding. In the nanoparticle,
an oscillating electric dipole moment can be resonantly ex-
cited by the incident light, setting up the particle plasmon-
polariton resonance with the fields greatly enhanced and well
confined to the particle. The resonance frequency is depen-
dent on the particle shape and size. It was proposed that,
when the particles are arranged in a linear chain with the
subwavelength particle interspaces, electromagnetic energy
transport below the diffraction limit can be reached via near-
field coupling along the particle chain [29]. The theoreti-
cal prediction has been confirmed experimentally with the
waveguide structure consisting of rod-shaped silver parti-
cles, where the waveguide was excited by the scan tip of a
near-field microscope and energy transport probed with the
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fluorescent nanospheres [30]. In this way, a small attenuation
length of several hundred nanometers, as a result of high con-
finement of the fields, has been determined (the source wave-
length is 570 nm). The propagation length can be substan-
tially enlarged by using another waveguide structure, which
is composed of two-dimensional particle arrays patterned on
a silicon wafer [31]. To achieve the transverse confinement
along the waveguide plane, a special design of the particle
size has been adopted, that is, the particle size is reduced
gradually from the center of waveguide to both edges. The
plasmon fields are, indeed, concentrated near the waveguide
center, showing a lateral confinement of the wavelength scale.
Simultaneously, corresponding to the excitation wavelength
of 1500 nm, a larger propagation length over 50 μm has been
resulted. It is worthy of mentioning that the energy transport
along a linear chain can also be accomplished by employ-
ing the magnetic plasmon polariton and split ring resonators
[32], where the magnetic rather than electric field interacts
strongly with the magnetic dipole moment or electron oscil-
lations taking the form of conduction current in the metallic
ring resonators.

Gap waveguide presents another scheme promising for
the SPP waveguiding, where the mode is localized in the di-
electric region surrounded by the metallic walls. Since the
penetration length of electromagnetic fields into the metal
is only of the skin depth, the mode profile is mainly deter-
mined by the size of dielectric gap. One simple example of
gap waveguide is the subwavelength slit, in which the SPP
modes on both metal surfaces will be coupled. To obtain two-
dimensional confinement, the slit structures can be modi-
fied to V-shaped grooves. Numerical simulations has pointed
out that, in such a groove, channel plasmon-polariton (CPP)
mode confined to the bottom of groove could be supported
with a low propagation loss [33]. Recently, V-shaped grooves
have been milled into a metal and measurements have con-
firmed the existence of CPP mode [34]. For a groove with
the width 600 nm and depth 1000 nm (the groove angle is
about 25◦), the propagation length is varying between 90 and
250 μm relying on the wavelength used (1425∼1620 nm).
Correspondingly, the full width at half-maximum of the
mode is reported to be ∼1150 nm, which is subwavelength
but larger than the groove width, showing that the CPP mode
spreads out of the groove significantly. Using this geometry,
various waveguide components, including splitters, interfer-
ometers, and ring resonators, have been constructed [35].

Besides the aforementioned semiclosed gap waveguide,
the guiding of light can be performed using a transversely
closed waveguide structure. For example, a nanocoax similar
to the conventional coaxial cable can support near the visible
frequency region the plasmon-polariton mode (correspond-
ing to TEM mode for the perfect conductors), which trav-
els in the dielectric medium filled between the inner metal-
lic wire and outer metallic cylinder without a cutoff. Very
recently, such a nanocoaxial gap waveguide has been fab-
ricated with the multiwalled carbon nanotube (center con-
ductor with a radius 50 nm), metallic Cr (outer conductor),
and the filling medium aluminum oxide (the thickness is
100 nm) [36]. Experimental observations with this subwave-
length waveguide have revealed that the propagation length
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Figure 2: Dependence of the propagation constant and energy
propagation length of the fundamental waveguide mode on the
wavelength. Here, the opening of the square waveguide (silver) is
400 nm∗400 nm, the permittivity of the filling medium is 2.25;
Re(q0) and Im(q0) represent the real and imaginary parts of the
propagation constant, respectively. A maximal propagation length
of 15.6 μm can be achieved at the vacuum wavelength 750 nm.

is of many wavelengths of the incident light (the predicted
value is up to 50 μm, while 6 μm reported is limited by the
fabrication length of the nanocoax). Moreover, rectangular
or circular nanoholes similar to the conventional metallic
waveguide can also be used to localize and guide the light. To
transport the energy more efficiently, the cutoff wavelength
of nanohole waveguide can be increased by filling the hole
with the dielectric medium. As an example, Figure 2 shows
the dependence of propagation constant as well as energy
propagation length of a square waveguide on the wavelength
([37, equation (2)] is used here; note that, in the waveg-
uide, the cavity plasmon-polariton mode exists, correspond-
ing to conventional TE01 mode). Here, the cross section of a
nanohole is assumed to be 400 nm∗400 nm and the permit-
tivity of the filling medium is 2.25 (a thickness of the sur-
rounding silver walls of 100 nm is sufficient for the confine-
ment). It can be seen that the cutoff wavelength is shifted to
1415 nm, below which the propagation of light is allowed,
and a maximal energy propagation length up to 15.6 μm can
be achieved at the vacuum wavelength 750 nm.

One major factor that hinders the further applications of
plasmonic waveguide is the absorption of metal, allowing the
propagation length of SPP mode to be finite. It is lucky that
such a problem may be surmounted by replacing the pas-
sive dielectric with an active gain medium (the permittivity
is εd = ε′d + iε′′d and ε′′d < 0) [38]. To elucidate this point, we
still take the planar metal/dielectric interface as an example.
A simple manipulation of (2), assuming that ε′m 
 ε′′m and
ε′d 
 − ε′′d , yields

k′′spp =
ω

2c

ε′2mε
′′
d + ε′2d ε

′′
m√

ε′mε
′
d(ε′m + ε′d)3

. (3)
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Here, k′′spp represents the imaginary part of propagation
constant of the SPP mode. It can be seen that, when
ε′2mε

′′
d + ε′2d ε

′′
m = 0, a lossless propagation of SPP mode

can be reached. This corresponds to a gain coefficient γ =
−k0ε

′′
d /ε

′ 1/2
d = k0ε′′mε

′ 3/2
d /ε′ 2

m , which is on the order of
1000 cm−1 and can be achieved with the semiconductor-
based gain media [38]. Theoretical investigation of gain-
assisted SPP propagation has also been extended to metal
stripe [38], chains of metal particles [39], and gap waveguide
of subwavelength slit [40]. Furthermore, experimental works
have been carried out recently, which confirm the existence
of the effect [41, 42]. It thus can be expected that plasmonic
waveguide combined with appropriate gain medium, owning
both subwavelength confinement and (nearly) lossless prop-
agation, could be most promising for the future applications.
Further theoretical and experimental works are required.

4. PLASMONIC TRANSMISSION

Besides the light propagation along metal surface, the trans-
mission of light through metal surface is another interesting
issue. For a screen, such as a metal film, that is, completely
opaque, the presence of a small hole may provide an efficient
channel for the light. In classic optics, it is well known that,
when the hole size is much larger than wavelength, the light
will be diffracted into an Airy pattern with the transmission
efficiency close to unity, and when the hole diameter is less
than the wavelength, an analytical treatment was found to
be difficult. Nevertheless, such a small hole of the subwave-
length size is of greater interest due to its fundamental as
well as practical importance. In 1928, Synge has proposed a
new type of microscope (i.e., near-field microscope) [43], in
which a small hole with the diameter ∼10 nm milled into an
opaque screen is required. When illuminating with the inci-
dent light, subwavelength resolution may be achieved under
the proper conditions. Moreover, in the current optical data-
storage technology, data are recorded by employing a lens to
focus laser light onto the optical disk. Due to the diffraction
limit, the focus spot is usually of the micrometer scale, which
prevents the storage density from being further increased. A
possible solution is to use a small hole in an opaque screen
instead of a lens to transmit the light [44].

It seems that the above proposal will not work well in
practice. Besides the fact that the light will be scattered into
all directions when emerging from the small hole, the trans-
mission efficiency was predicted to be extremely low. In 1944,
Bethe studied the transmission of light through a single sub-
wavelength hole, assuming that the hole is milled in an in-
finitely thin and perfectly conducting metal film. At normal
incidence, the transmission efficiency for the modeled system
is deduced to be [45]

t0 =
(
64/27π2)(kr)4. (4)

Here, k = 2π/λ is the free-space wavevector and r is the ra-
dius of the hole. Indeed, this transmission efficiency scaling
with (r/λ)4 is very small and it will be further decreased when
considering the finite film thickness. Thus the theoretical re-
sult sets up a great barrier for the potential applications.

It is lucky that a favorable turn appeared in 1998 when
Ebbesen et al. were studying the optical properties of the per-
forated metal films [3]. They found that a metal film pierced
with subwavelength holes can transmit much more light than
one will expect, where the transmission efficiency may be
larger than unity when normalized to the area of the holes.
This enhanced transmission effect has generated great inter-
est in the scientific community. And since then, much effort
has been devoted to the transmission properties of various
metallic systems, such as a single hole in a metal film, a sin-
gle hole surrounded by surface corrugations, as well as metal
films with various hole arrays, both theoretically and experi-
mentally [4].

The property of a single hole is important for the study of
hole arrays. Recently, a single subwavelength hole in an op-
tically thick and freestanding metal film has been fabricated
and tested [46], allowing a comparison to the Bethe’s theory.
It was found that, for either a circular or a rectangular hole,
there is a peak in the transmission spectrum, which is in con-
trast to the monotonous dependence predicted by (4). The
results show that the Bethe’s theory is insufficient to describe
a real metal system. At least, for a metallic waveguide of finite
permittivity and thus increased cutoff wavelength [47], the
applicability of the theory should be pushed to λ > λc, where
λc is the cutoff associated with the real rather than perfect
metals. To understand the transmission property of a single
hole, one should note that, besides the SPP mode excited on
the film surface around the hole [12], there is another SPP
mode existing in the subwavelength holes [37, 47–49]. This
SPP mode called cylindrical surface plasmons or cavity sur-
face plasmons, originating from coupling of light to electrons
on the hole walls, is mainly localized in the dielectric core
and travels (propagating or evanescent) along the hole axis.
Consequently, the cutoff wavelength of the hole is greatly in-
creased and the photons become easier to pass through the
subwavelength holes. On the other hand, it has been shown
recently that the transmission peak of the subwavelength hole
can be attributed to a Fabry-Perot resonance due to multiple
reflections of the fundamental cavity mode [50]. And the po-
sition of the main resonance was found to be well close to the
cutoff wavelength of the waveguide, for both perfect and real
metal films [50, 51].

A single subwavelength slit in a metal film makes a great
difference to the single hole, where the fundamental slit
mode is propagating with no cutoff. Correspondingly, under
the illumination of a TM-polarized wave, multiple transmis-
sion peaks will be formed when the slit depth is large enough.
This Fabry-Perot-like resonance has been predicted theoret-
ically [52], and experimentally confirmed [53]. Compared
with the Fabry-Perot resonance condition (λ = 2t/n, where t
is the slit depth and n is an integer), the transmission peaks
of the slit exhibit small redshift due to its different bound-
ary conditions. Further experiment suggested that this wave-
length shift is related to the permittivity of metal and that
the coupled surface plasmons in the subwavelength slit is in-
volved [54].

Here, the attention should be also paid to the slit-groove
structure, which has sparked some discussions recently. It
was found experimentally that the far-field radiation of
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a single slit can be modulated by the presence of a groove
due to the near-field interactions between them [55]. The
transmission efficiency oscillates with the slit-groove dis-
tance, where the oscillatory amplitude damps initially with
the distance and then maintains a constant. To interpret
the above behavior, composite-diffracted-evanescent wave
(CDEW) model and SPP mechanism have been employed,
respectively. It was turned out that the CDEW model can ex-
plain qualitatively the initial damping but fails to predict the
constant amplitude [55], whereas the SPP model is just on
the contrary [56]. A possible solution is that in the near-zone
of groove, many diffraction components are involved, but on
the surface, only the SPP mode excited (k′′ = kspp) and a
grazing wave (k′′ = k0

√
εd) can survive into the far zone. Ac-

cordingly, the surface wave originating from the groove and
arriving at the slit will interfere with the incident light, lead-
ing to the transmission modulation. Similar effect exists in
the plasmon-assisted Young’s experiment [57]. In contrast
to conventional wisdom that the fields at the hole opening
are greatly enhanced at the SPP resonance, here, it should be
mentioned that the SPP mode will be scattered by the hole,
and only a small fraction of SPP can contribute to the light
transmission.

The transmission properties of a single subwavelength
hole or slit can be further engineered by texturing the metal
surface surrounding the hole or slit with periodic corruga-
tions [58–63]. Such a texture can lead to some novel effects
in certain wavelength regions, such as the enhanced trans-
mission or beaming of light, depending on which side of the
metal film is corrugated. On the one hand, the incoupling of
light is associated with the texture on the incident side. When
a set of concentric circular (or parallel straight) grooves is
added to the input side of the hole (or slit), great enhance-
ment of the light transmission can be obtained [58, 59]. On
the other hand, the outcoupling of light is related to the
exit side. Correspondingly, when the grooves are made to
the output side, highly directional emission from the hole
or slit is attainable (the spread angle is only about several
degrees) [60, 61]. However, the transmission efficiency (or
beam shaping) is not sensitive to the exit (or input) side cor-
rugations. More importantly, when the surface corrugations
are fabricated on both sides of the metal film, both collec-
tions of incident light and suppression of divergence can be
realized efficiently [62, 63]. This high efficiency in coupling
in and low divergence in coupling out as well as the small size
of the structure, owning the ability to overcome the difficulty
aforementioned, have great promise for the applications in,
such as subwavelength light sources, near-field optical mi-
croscopes, and high-density optical data storage. At present,
the physical interpretation of the above phenomena favors a
model based on SPP resonance on the textured metal surface
[62, 63]. However, further experimental results are not con-
sistent with the SPP model (see [64, Figure 9(b)]). Detailed
investigations of the systems revealed that the phenomena are
linked to groove cavity mode, light diffraction, and waveg-
uide mode in the slit (or hole) [59, 60], thus possessing a
complex physical origin.

In addition, a single subwavelength slit or hole surround-
ed with surface corrugations can also be used to focus the

light [65], where the effect occurs within a narrow frequency
range associated with the beaming effect just mentioned. An
outstanding property of this subwavelength lens is that the
location of the focus is independent on the incident angle.
Thus the light impinging from any direction could be fo-
cused at the same spot. Moreover, the focus of lens relies on
the period and the number of grooves on the exit surface,
which can be tailored freely. It is also mentioned that the lens
can be constructed with a metal film perorated with sub-
wavelength slits, where the phase retardations of the beams
are manipulated by the variant depths or widths of the slits
[66, 67].

Now, we come to the subwavelength hole arrays milled
in a metal film, which has sparked a renewed interest in sur-
face plasmons that may not be expected initially by Ebbesen
et al. [3]. Here, the interest is mainly concentrated on the
cases where the film thickness is much larger than the skin
depth and the holes do not support the propagating mode.
The transmission spectrum of the metal film exhibits a set
of maxima and minima, where the peak transmissivity can
be orders of magnitude larger than that predicted by Bethe’s
theory. As an example, Figure 3 presents the measured trans-
mission spectrum (the open circles) of a square hole arrays
in a gold film (glass substrate), where the film thickness is
220 nm, the lattice constant is 580 nm, and the hole size is
265 nm∗265 nm. The transmission efficiency for the longer
peak around 945 nm is 26%, corresponding to a transmis-
sivity of 1.25. Compared with the 0.145 estimated from (4),
this means a ninefold enhancement of the transmission. Sim-
ilar results have been demonstrated by many experiments
[68]. Subsequent contributions have investigated the influ-
ence of physical and geometrical parameters on the trans-
mission spectrum, such as the permittivity of the interface
media [69], the thickness of the metal film [70], the shape
and size of the holes [71–73], the period of hole arrays [74],
the symmetry of the lattice [75], the Fourier coefficients of
reciprocal vectors [76, 77], and so on. The variation of these
parameters will result in a change of the spectrum shape, the
peak or dip positions, or the width and height of the peaks,
respectively. Moreover, current investigations have been ex-
tended from periodic arrays to quasiperiodic, aperiodic, and
other structures [77–79], from optical to lower frequencies
[78], and from linear to nonlinear regimes [80].

The experimental works are followed by such questions
as, how to simulate the measured transmission spectrum,
what the underlying physics could be, and what the role of
surface plasmons is. The answers to these questions are of
both fundamental and practical importance. The first an-
alytical calculation has assumed a square array of square
holes, where the predicted peak width is less than 20% of
the measured values [81]. The numerical calculation based
on a Fourier modal method is very successful, but the de-
viation of peak position (or width) between theory and ex-
periment is still up to about 80 nm (or 40%) [71]. It is wor-
thy of noticing that, recently, the performance of simula-
tions has been greatly improved, as shown in [49] for cir-
cular holes with a numerical method, and [37] for rectan-
gular holes in an analytical way. On the other hand, the
mechanism for enhanced transmission has generated many
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debates [37, 49, 64, 81–87]. Original studies have attributed
the transmission minima and maxima to Wood’s anomaly
and SPP resonance, respectively (note that, for the subwave-
length slits, the propagating slit mode plays an important
role [88]). At normal incidence, they position, respectively,
at [68]

λW =
√
εd d√

m2 + n2
, λS = d√

m2 + n2

√
εmεd
εm + εd

. (5)

Here, d is the period of the square lattice, and m and n are
two integers associated with reciprocal vectors (which are
used for quasiphase matching for SPP resonance). Accord-
ing to this idea, the main dips around 606 nm and 870 nm in
Figure 3 should be due to Wood’s anomaly at air and glass
interfaces, respectively; correspondingly, the main peaks at
710 nm and 945 nm are the result of SPP resonance on ei-
ther side of the metal film (m2 + n2 = 1). This seems to be
sound but as is in many cases, a quantitative agreement can-
not be found [64]. It is also pointed out that the position of
the transmission dip is actually dependent on the permittiv-
ity of metal (see inset to Figure 3), thus relating the minima
to surface plasmons rather than Wood’s anomaly.

Compared with a single hole, the hole arrays hold some
different characters. For example, the transmission peak of
a single hole is close to the cutoff wavelength, but the peak
position for hole arrays is larger than, and usually depen-
dent on, the period [89]. This dependence on the period as
well as on the hole size suggests that the enhanced transmis-
sion benefits from both extended surface modes (diffraction
modes) and localized waveguide mode (cylindrical or cav-
ity surface plasmons). The coupling between them can lead
to a strong enhancement of fields near the hole opening,
which increases the light transmission. As mentioned previ-
ously, the surface plasmons in the nanoholes should be com-
mended, which plays a positive role for the guiding of the
energy. But the SPP mode in this occasion deserves a further
discussion. We stress that, for a single hole, the SPP mode
can be locally excited on the surrounding metal surface at
any wavelength. But for hole arrays, the strong excitation of
SPP mode is possible only when it is resonant with one of the
discrete diffraction modes, which is inherent in the periodic
metal surface. Analytical formula shows that the SPP reso-
nance is just corresponding to the transmission minimum
[37], which agrees with the experiments (also see the shorter
arrows in Figure 3). Thus the SPP mode is of a negative ef-
fect in the transmission, consistent with the numerical sim-
ulations in one-dimensional slits [82]. In other words, the
SPP is positive for the reflection of light, as the transmission
minimum is related to the reflection maximum [84]. Never-
theless, the proponent of SPP mechanism has suggested that
the dispersion relation of SPP mode on the perforated metal
surface has been strongly modified, switching the transmis-
sion peak to the larger wavelength. Comparing [74] to [86],
where the metal surface and the hole inside have been treated
either separately or simultaneously, it seems that there is still
a question remaining on the horizon: what is the “true” SPP
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Figure 3: Measured (the open circles) and calculated (the solid
line) transmission spectra of gold film perforated with square holes
(glass substrate), where the lattice constant is 580 nm, the hole
side is 265 nm, and the film thickness is 220 nm. The longer and
shorter arrows correspond, respectively, to the Wood’s anomaly and
SPP resonance. The inset shows the evolution of transmission dip
(around 870 nm) with the permittivity of metal (the solid circles,
open squares, and solid triangles are calculated with a permittivity
of −45, −35, and −25, resp.).

mode? If the dispersion relation of SPP mode has, indeed,
been strongly modified, then the position corresponding to
the SPP excitation on a flat (unmodulated) metal surface will
point at neither the transmission maximum nor the trans-
mission minimum. This is just in contradiction with the the-
ory and experiments. It turns out to be that the SPP mode on
a flat metal surface still survives and acts on the perforated
metal films.

Despite the present and forthcoming discussions on the
underlying physics of the phenomena, the proposed struc-
tures and effects are of great importance for the future appli-
cations. The selective transmission property of the hole ar-
rays enables us to build a filter with the size much smaller
than a photonic crystal. When the holes are made to be el-
liptical, a subwavelength polarizer can be constructed [72].
Moreover, by using the subwavelength hole array masks and
enhanced light transmission, high-density nanolithography
has been proposed and demonstrated [90]. In addition, the
enhanced transmission has also been employed to study the
photon entanglement [91, 92], which may be useful for
quantum information processing. Again, by varying the elec-
tric field (or control light) applied to a liquid crystal (or
nonlinear polymer) in contact with hole arrays, switching of
the transmission spectrum has been demonstrated [93–96].
This controllable transmission character is very promising
for the development of active plasmonic devices. And more
recently, the interaction between single fluorescent molecules
and isolated single holes in a metal film has been studied
by Rigneault et al. [97]. Such investigations show that the
molecular fluorescence can be enhanced due to an increase
in the local excitation intensity, and that Ebbesen has not for-
gotten his pursuit for more than ten years [44].
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5. THz PLASMONICS

In previous sections, the surface plasmon polariton, plas-
monic waveguiding, and transmission have been reviewed
focusing on visible and near-infrared frequency. Actually, the
SPP mode and the related phenomena also exist in the low-
frequency such as THz and microwave range. Recently, in-
creasing interest has been devoted to the THz band (very
far infrared) with the development of efficient THz-wave
sources [98]. In practice, the THz radiation is very useful
for the applications, such as in biology and medicine, as the
vibrational modes of many biomolecules just lie in this fre-
quency band. It can be expected that the combination of THz
frequency and plasmonic effect will lead to new THz compo-
nents and boost the development of THz technology. Since
the wavelength of THz radiation is very large compared with
the visible and infrared light, some special considerations
and designs are required.

As we know, for the most metals, the bulk plasma fre-
quency is in the ultraviolet region of the electromagnetic
spectrum due to the large free electron density. As a result,
the propagating mode or the bulk plasmon polariton are not
present in the metal at the THz frequency. One method to
overcome this constraint is to use a metamaterial, with the
size of the microstructure much smaller than the wavelength.
Pendry has proposed, in 1996, a two-dimensional periodic
wire structure, which has an effective dielectric response of
the Drude-model type when the electric field is polarized
along the metallic wire axis [99]. Due to the dilute electron
density and self-inductance effect, the plasma frequency is
expressed in this case as ωp =

√
2πc2/a2 ln (a/r), where c is

the speed of light, a is the lattice constant and r is the wire
radius. Then the plasmonic response can be engineered by
controlling the geometrical parameters of the structure. With
this method, a plasma frequency in the THz range (0.7 THz)
has been realized using a metallic wire lattice, having the
wire diameter of 30 μm, lattice constant of 120 μm and wire
length of 1000 μm [100]. The sharp transition of reflection
and transmission near the plasma frequency as well as its
dependence on the polarization make the structure in the
THz optics a high pass filter or a high efficiency polarization
filter. Moreover, it has been argued recently that the effec-
tive plasma frequency can also be lowered by structuring the
metal surface with subwavelength hole arrays [85]. Here the
emphasis should be put on a common knowledge that this ef-
fective medium response is only valid in the long wavelength
limit, which cannot be satisfied in many cases including en-
hanced light transmission. In addition, based on metallic
split-ring resonators as mentioned previously, magnetic re-
sponse or plasmon polariton has been also realized at the
THz frequencies [101]. These plasmonic structures are very
important for the construction of THz left-handed medium
with both permittivity and permeability to be negative.

In the THz frequency range, the SPP mode on the metal
surface is also known as Sommerfeld-Zenneck waves. Due to
the lower frequency, the permittivity of metal in this band
exhibits a large value (the imaginary part is much larger than
the real part). Consequently, for an infinite metal/air inter-
face, the propagation constant given by (2) can be simplified

to kspp ≈ k0 + ik0/2ε′′m. This means a vanishing wavevector
mismatch between the SPP mode and a free-space beam as
well as a very long propagation length (L = ε′′m/k0∼104 cm).
Moreover, the decay length into air is determined to be
δ = √2ε′′m/k0, which (∼10 cm) is much larger than the wave-
length, showing a highly delocalized nature of the mode. Re-
cently, with the edge-diffraction coupling near a razor blade
[102] or at the corner of a silicon prism [103], the THz
SPP mode on a metal surface has been efficiently excited.
Nonetheless, the reported propagation length and mode ex-
tension are much less than the theoretical values. This dis-
crepancy between theory and experiment may be attributed
to the fact that a true Zenneck wave is difficult to estab-
lish due to its unique mode features [104]. To confine and
guide this delocalized mode, THz waveguide based on var-
ious structures has been proposed and demonstrated. Cir-
cular and rectangular metal waveguides are useful but with
very high group velocity dispersion near the cutoff wave-
length [105], which is not beneficial to the propagation of
sub-ps THz pulse. Instead, the parallel-plate metal waveg-
uide can transport the TEM mode with a low loss and with-
out a cutoff. With this geometry, a planar THz interconnect
layer using quasioptics and broad bandwidth imaging be-
low the diffraction limit have been demonstrated respectively
[106, 107]. As an alternative, the coaxial metal waveguide
can also support the TEM mode. Compared with the for-
mer case, it presents a better mode confinement but with a
higher propagation loss [108]. More importantly, it has been
shown that the metal wires can be used for THz waveguid-
ing with the advantages of no dispersion, low attenuation,
and simple configuration [109]. For a stainless steel waveg-
uide with a diameter of 0.9 mm, an attenuation coefficient as
low as 0.03 cm−1 has been reported. Moreover, the theoret-
ical calculations suggest that the attenuation coefficient can
be further decreased to 0.002 cm−1 if the metallic material
and wire radius are optimized [110]. Note that such a metal
wire waveguide also suffers from a larger-mode profile and
significant radiation loss at wire bends [111].

The localization of THz SPP mode can be substantially
improved by using a doped semiconductor surface. As we
know, semiconductors have a carrier density several orders
of magnitude smaller than that of metals, giving rise to a
plasma frequency typically in the THz frequency range. Thus
semiconductors behave at the THz frequencies as metals in
the optical region. Recently, the propagation of THz SPP
mode on gratings of grooves structured on a silicon sur-
face has been demonstrated [112]. Due to Bragg reflection,
the dispersion and propagation of surface modes are modi-
fied. Especially, a stop band is formed in which the in-plane
transmission is prohibited. Moreover, the group velocity of
the mode is greatly reduced at the edge of bandgap. It is
worthy of noticing that the stop band depends strongly on
the carrier density of semiconductors, which can be con-
trolled through direct thermal or optical excitation of free
carriers. Consequently, the semiconductor permittivity, the
in-plane transmission, and the reflection can be artificially
modulated [113, 114]. In contrast to this active control using
the semiconductors, previous active plasmonics at the opti-
cal frequencies has exploited the structural transformation
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of the waveguide material [115]. On the other hand, simi-
lar to the perforated metal films discussed previously, semi-
conductor surface with subwavelength hole arrays can also
support enhanced transmission in the THz frequency range
[116]. Moreover, when combined with the thermal or opti-
cal excitation, efficient switching of the transmission of THz
radiation can be realized [117, 118].

Besides the semiconductor surface, a metal surface struc-
tured with corrugations can also be employed to concentrate
and guide the THz wave. It has been proposed that, when
perforated with subwavelength holes or grooves, a unique
electromagnetic surface mode can be supported by a real or
even perfect metal surface [85, 119–122]. The dispersion re-
lation of this surface mode is similar to that of a semiconduc-
tor grating just mentioned [112] as well as the SPP mode on
a flat metal surface. Accordingly, this SPP-like surface mode
is also called the designer or spoof surface plasmons. A fasci-
nating property of the SPP-like surface mode is that its dis-
persion relation is mainly determined by the geometry of the
structure. Consequently, the coupling of light to a periodic
metal surface and the in-plane transmission can be tailored
freely. Recently, the propagation of THz surface mode on a
perfect metal surface patterned with square holes of finite
depth has been demonstrated theoretically [123]. The results

also show that, by varying in lateral directions the hole sizes,
efficient THz waveguiding with a two-dimensional confine-
ment can be realized. Furthermore, the theoretical study of
THz surface mode has been extended to a perfect metal-
lic wire milled with subwavelength grooves [124, 125]. Al-
though a smooth metal wire can support the THz SPP mode
with a low propagation loss, the radial size of the mode is very
large as mentioned above. The use of a structured metal wire
can easily result in both subwavelength confinement and en-
hanced THz fields. It is interesting to find that, if the groove
depth is gradually increased along the wire, the fields can be
increasingly confined to the metal surface [124]. And when a
conical structure with a constant groove depth is used, super-
focusing of the THz radiation to micron-scale volumes may
be achieved. This is an important extension of the nanofo-
cusing with a smooth tapered plasmonic waveguide at the
optical frequencies [126]. The results make the proposed
structure useful in such applications as THz near-field imag-
ing, spectroscopy, and so on.

To conclude this section, we briefly mention the en-
hanced transmission of THz radiation through a metal sur-
face with subwavelength holes [78, 127–130]. This has been

observed with the periodic, quasiperiodic, and aperiodic hole
arrays, and the effect of hole shape and size and the geomet-
rical structure factor on the transmission has been revealed.
Compared with the spectrum of optical frequencies, the THz
transmission exhibits a larger-transmission coefficient and a
much narrower-resonance linewidth [128]. When the perfo-
rated metal film is connected to a liquid crystal (or fabricated
on a semiconductor substrate), switching of the THz trans-
mission with the magnetic field (or visible light) is possible
[129, 130]. In addition, the THz transmission through a sin-
gle hole surrounded by surface corrugations has been studied
recently [131]. This type of structure is also promising for

the THz near-field imaging with subwavelength resolutions
[132].

6. CONCLUSIONS

Plasmonics possesses rich novel effects that have not been
experienced previously. A deep investigation of these effects
may provide us with new insight into plasmonics and yield
many more future applications. In this paper, we have pre-
sented a simple review of this field, putting the emphasis
on the plasmonic waveguiding as well as plasmonic trans-
mission and involving both optical and THz frequencies.
Although the current understanding of these effects is not
complete or even not substantially correct, the materials pre-
sented in many literatures are useful and clue us on how to
go ahead. Currently, there are many things left to be done
[2]. For example, as a key step towards the plasmonic chip,
the realization of plasmonic waveguiding with both subwave-
length confinement and ultralow propagation loss is still a
great challenge. When the gain medium is to be incorpo-
rated in the waveguide, an appropriate fabrication method
and a pumping scheme should be investigated [40]. For an-
other example, the use of plasmonics in realizing a new type
of light sources such as plasmonic nanolaser has been pro-
posed [133, 134]. But the experimental demonstration of the
scheme remains to be accomplished. Finally, we express the
belief that there is a huge space for us to design new plas-
monic structures and excavate novel plasmonic effects. That
needs not only well-drilled theoretical basis and experimen-
tal skills but also a creative imagination [135].
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1. INTRODUCTION

Recent advance in extraordinary transmission of light has
shown that the fascinating properties of two-dimensional
(2D) plasmonic arrays of subwavelength holes could lead
to breakthrough applications in photonics, nanofabrication,
and biochemical sensing. It thus has stimulated extensive
research interest in a broad spectral region, in particular,
at terahertz frequencies [1–15]. Surface plasmons (SPs) are
collective excitations for quantized oscillations of electrons.
The resonant interaction between electron-charged oscilla-
tions near the surface of metal and the electromagnetic field
creates SPs and results in rather unique properties [16]. It
was demonstrated that when light passed through periodic
subwavelength holes perforated in a metallic film, the ob-
served extraordinary transmission was attributed to reso-
nant excitation of SPs [1, 17]. Light was coupled into the
holes in the form of SPs which were squeezed through the
holes and then converted back into light on the far side
of the holes. Extensive experimental and theoretical stud-
ies have been carried out to approach fundamental under-
standing of this extraordinary transmission and to explore
its potential applications in a broad range of disciplines
[18–21].

In the terahertz regime, SPs have recently attracted much
attention and become an emerging new area [4–15, 22, 23].
SP-enhanced terahertz transmission was observed in sub-
wavelength hole arrays patterned on both metallic films and
doped semiconductor slabs. In this article, a review of exper-
imental studies on resonant terahertz transmission in litho-
graphically fabricated 2D metallic arrays of subwavelength
holes is presented. Enhanced terahertz transmission in both
optically thick and optically thin metallic arrays was experi-
mentally demonstrated. At the primary SP [±1,0] mode, am-
plitude transmission efficiency of up to nine tenths of the
maximum resonant transmission was achieved when a film
thickness was only one third of the skin depth [14]. By use of
highly reproducible subwavelength arrays, we have demon-
strated the effect of dielectric function of metals on transmis-
sion properties of terahertz radiation [15]. Additionally, we
showed that the enhanced terahertz transmission in the 2D
arrays of subwavelength holes resulted from contributions of
both SPs and nonresonant transmission [22].

2. TERAHERTZ SPs IN METAL ARRAYS

At terahertz frequencies, a drastic increase in the value of
dielectric constant εm = εrm + iεim has made most metals
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become highly conductive. This has resulted in discrepan-
cies in SP-enhanced terahertz transmission with that in the
visible spectral region. Experimental results on transmission
properties of light in metallic structures indicated that SP-
enhanced transmission is normally achieved in metals with
large ratio of the real to the imaginary dielectric constant,
−εrm/εim � 1 [24, 25]. In the terahertz regime, however, this
ratio becomes −εrm/εim < 1 for nontransition metals such as
Ag, Au, Cu, and Al [26]. This was considered as a limitation
to realize resonant excitation of terahertz SPs in the 2D hole
arrays. A recent theoretical work, however, has shown that an
appropriate surface corrugation gives rise to an effective di-
electric constant and facilitates the establishment of SPs, even
with −εrm/εim < 1 [27]. Extraordinary terahertz transmis-
sion was observed in subwavelength hole arrays made from
both good and poor electrical conductors [15].

2.1. Resonant excitation of terahertz SPs in
optically thick metal arrays

Resonant transmission of terahertz pulses in optically thick
metallic films patterned with subwavelength hole arrays was
experimentally demonstrated in a broad terahertz spectral
range [4]. Terahertz time-domain spectroscopy (THz-TDS)
measurements have revealed enhanced amplitude transmis-
sion and a sharp phase peak centered at the SP [±1,0] res-
onance mode. It was also found that the aperture shape has
a remarkable effect on the transmission properties of the 2D
hole arrays. Figures 1(a) and 1(b) illustrate the transmitted
terahertz pulses and the corresponding amplitude spectra of
the reference and the samples. The arrays were lithographi-
cally fabricated with 520-nm-thick aluminum film deposited
on silicon substrate. Sample A is a square array of 80 μm (x
axis) × 100 μm (y axis) rectangular holes as shown in the
inset of Figure 1(a), while sample B is a square array of 100-
μm-diameter circular holes. The period of these arrays is L
= 160 μm in both 2D directions. The THz-TDS transmission
measurements were performed with linearly polarized tera-
hertz (E//x) waves impinging on the array at normal inci-
dence [4].

The amplitude transmission and the corresponding
phase change are shown in Figures 2(a) and 2(b), respec-
tively. The transmission is obtained from the ratio between
the Fourier-transformed sample and the reference ampli-
tudes, whereas the phase change is the phase difference be-
tween the sample and the reference spectra. At terahertz fre-
quencies, the dielectric constant of metals is several orders
higher than that of dielectric media. Here, εm = −3.4×104 +
1.3 × 106i for aluminum, while εd = 11.68 and εd = 1 for
silicon and air, respectively. Thus the SP modes excited in the
array can be approximately given as [4, 28]

ωm,n
SP
∼= cGmnε

−1/2
d , (1)

where Gmn = (2π/L)(m2 + n2)1/2 is the grating momentum
wave vector for 2D square hole arrays, L is the lattice constant
of the array, c is the speed of light in vacuum, and m and n
are integers of the SP modes. The observed sharp phase peaks
centered at the SP resonance modes are indicated by the ver-
tical dashed lines: the metal-Si modes at 0.548 [±1,0] and

0.775 [±1,±1] THz; the metal-air mode [±1,0] at 1.875 THz.
Besides samples A and B, a set of arrays with rectangular,
square, and circular holes has been measured. We observed
that, with the same fundamental period, the hole shape and
dimensions can appreciably modify the strengths and shapes
of the transmission and the phase change peaks due to the
polarization dependent coupling of SPs.

2.2. SP-enhanced terahertz transmission in
optically thin metallic arrays

So far, resonant excitation of SPs has been widely studied in
optically thick 2D hole arrays in a broad spectral range. It is
intriguing whether SPs can be excited in optically thin metal-
lic arrays of sub-skin-depth thickness. Here, we demonstrate
resonant terahertz transmission through subwavelength hole
arrays patterned on metallic films with thicknesses less than a
skin depth. Our experimental results have revealed a critical
array thickness, above which the SP resonance occurs [14].
The maximum amplitude transmission was achieved when
the thickness of metal film approaches a skin depth. How-
ever, enhanced terahertz transmission of up to nine tenths of
the maximum transmission was realized at a film thickness
of only one third of the skin depth at 0.55 THz. This find-
ing may extensively reduce the metal thickness of plasmonic
crystals for applications in photonics, optoelectronics, and
sensors.

The metallic arrays made from Pb were lithographically
fabricated on a silicon wafer (0.64 mm thick p-type resis-
tivity ρ = 20Ωcm) as shown in the inset of Figure 1(a) [4].
The rectangular holes have physical dimensions of 100 μm
× 80 μm with a lattice constant of 160 μm. Pb was chosen
as the constituent metal of the arrays mainly because of two
reasons. First, the extraordinary terahertz transmission in Pb
subwavelength hole arrays has been demonstrated with an
amplitude efficiency of up to 82% at 0.55 THz, which is close
to the performance of arrays made from good electrical con-
ductors such as Ag, Al, and Au [15]. Second, the skin depth
of Pb at 0.55 THz is 320 nm, nearly three times of those of Ag
and Al. It thus provides a large dynamic range to characterize
the evolution of SP resonance at subskin-depth thickness.

The value of skin depth of electromagnetic waves in metal
is determined by the penetration distance at which the elec-
tric field falls to 1/e. The SPs, which propagate on metal-
dielectric interface, decay exponentially in both media. At
terahertz frequencies, the complex wave vector inside the
metal perpendicular to the interface is approximately given
as kz = (ω/c)ε1/2

m [4, 14, 15], where ω is the angular fre-
quency. Since only the imaginary part of kz causes the ex-
ponential decay of electric fields, the skin depth is defined as
δ = 1/Im(kz) = (c/ω)�1/Im(ε1/2

m )�. Based on this relation,
the skin depths for Pb, Al, and Ag at 0.55 THz, the primary
SP [±1, 0] resonance are estimated as 320, 110, and 83 nm,
respectively.

Pb arrays with various thicknesses ranging from 60 to
1000 nm were prepared. In the THz-TDS measurements, the
input terahertz pulses are polarized along the minor axes
(80 μm) of the rectangular holes and penetrate the array at
normal incidence. In Figure 3, evolution of SP resonance as
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Figure 1: (a) THz-TDS measured transmitted terahertz pulses and (b) the corresponding spectra through the reference and array samples
(multiplied by two). The curves in both (a) and (b) are displaced vertically for clarity. Inset: microscopic image of the array.
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Figure 2: (a) Amplitude transmission of terahertz pulses through the array samples A and B. (b) Corresponding phase change in radians.
The dashed lines indicate the SP resonant frequencies.

a function of array film thickness is depicted in the am-
plitude transmission spectra of various arrays. It clearly re-
veals two regions of thickness dependence. Below the criti-
cal thickness, 64 nm, the frequency-dependent transmission
is nearly flat, showing no resonance peak. Above the critical
thickness, a resonance at 0.55 THz appears in the transmis-
sion, whose amplitude increases with array thickness while
the background transmission is reduced at the mean time.
This resonance is attributed to the excitation of SPs at the Pb-
Si interface. Immediately above the critical thickness, the res-
onance amplitude is very sensitive to the thickness of arrays.
The dependence of peak transmission on array thickness
above the critical thickness is shown in Figure 4. The am-
plitude transmission efficiency increases exponentially when
the array thickness is below 100 nm. It then saturates grad-
ually and approaches the maximum at one skin depth [14].

It is worth noting that a transmission efficiency as high as
76% was achieved at array thickness of 100 nm, only one
third of skin depth. This value is more than nine tenths of
the maximum transmission efficiency achieved at one skin
depth. For comparison, we have fabricated two additional
arrays of the same structure but made from Ag and Al of
one third of skin depth. The measured transmission efficien-
cies are all above nine tenths of their maximum amplitude
transmission.

2.3. Effect of dielectric function of metals on
terahertz SPs

In the visible spectral region, the dielectric function of met-
als was demonstrated to play a crucial role in the extraordi-
nary transmission in 2D subwavelength hole arrays. Because
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of a different ratio −εrm/εim, the transmission properties of
light showed a large difference in arrays made from different
metals [1, 24, 25]. The SP-enhanced transmission efficiency
of light was increased with a higher ratio −εrm/εim [24, 25].
At terahertz frequencies, however, the dielectric constant of
metals is several orders of magnitude higher than that at vis-
ible frequencies. It is essential to explore how the dielectric
function of metals influences extraordinary terahertz trans-
mission in subwavelength structures.

Two types of metallic arrays were lithographically fab-
ricated: array-on-silicon samples with patterned optically
thick metal film on blank silicon substrate for the metal-
silicon [±1,0] mode 0.55 THz [4, 15]; and freestanding
metallic arrays for the metal-air [±1,0] mode 1.60 THz [10,
15]. At 0.55 THz, the ratios −εrm/εim for Ag, Al, and Pb
are 0.12, 0.03, and 0.01, respectively, which indicate that
Ag is still a better metal than others and expected to show
resonance with higher-amplitude transmission [25]. Real-
istically, the Ag array indeed shows the highest amplitude
transmission 87%, while the Al and Pb arrays follow af-
ter with small attenuation, giving 85.5% and 82%, respec-
tively. Even though the amplitude transmission of these ar-
rays shows small difference, it indeed increases with higher
ratio −εrm/εim. This result is consistent with those observed
at visible frequencies [24, 25].

Compared to excellent metals, Pb is generally considered
as a poor electrical conductor. However, the drastic increase
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0.55 THz as a function of the Pb thickness (circles). The solid curve
is an exponential fit to the data with array thickness below 100 nm.
The dashed curve is a guide to the eye.

in dielectric constant enables Pb to behave as a better metal
towards the establishment of SP-enhanced transmission at
terahertz frequencies. The measured peak transmissions at
the SP [±1,0] resonance 1.60 THz for Ag, Al, and Pb are 82%,
81%, and 72.5%, respectively, showing similar properties as
observed at the SP [±1,0] metal-Si resonance 0.55 THz. The
difference in amplitude transmission for arrays made from
these metals is arisen from the difference in effective propa-
gation length of SPs.

Besides the metal arrays of skin-depth thickness, we
have fabricated array-on-silicon samples with different thick-
nesses to verify the experimental results observed above.
Figure 5 presents the peak transmittance measured at the
0.55 [±1,0] THz SP mode for the Ag, Al, and Pb arrays.
With metal thicknesses of one-third and three times of skin-
depth, the comparison of peak transmittance for differ-
ent metals remains the same trend as observed with one
skin-depth thickness, demonstrating the consistency of our
measurements.

The difference in resonant transmission for arrays made
from different metals is primarily arisen from the difference
in effective propagation length of SPs, determined mainly by
internal damping and radiation and scattering damping [3].
At terahertz frequencies, the imaginary propagation vector
along the metal-dielectric interface, approximately given as
ki = k0ε

3/2
d /(2εim) [4], governs the internal damping, where

k0 is the wave vector of electromagnetic wave in vacuum.
Figure 6 shows the calculated ki for SP resonances along
both the metal-Si and the metal-air interfaces. The measured
transmission of the metal arrays indeed decreases with in-
creasing ki. On a rough metal surface, besides the internal ab-
sorption, radiation and scattering damping also modify the
propagation length [17]. As a result, the effective propaga-
tion lengths for different metals can be extensively reduced,
leading to the difference in the resonant transmission.
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2.4. Coupling between SPs and nonresonant
transmission

SPs excited at the surface of the 2D hole arrays were demon-
strated to play a dominant role in extraordinary transmis-
sion of electromagnetic waves [1, 17]. The recent studies,
however, have revealed that, besides SPs, localized waveg-
uide resonances or localized modes also make contributions
to the extraordinary transmission of light in periodic sub-
wavelength holes [29–31]. To better understand the trans-
mission enhancement mechanism in the terahertz regime,
we studied hole width-dependent terahertz transmission. A
characteristic evolution, including well-regulated change in
transmittance, linewidth broadening, and blueshift of peak
transmission frequencies with respect to hole width, is ex-
perimentally observed [22]. Based on numerical analysis by
the Fano model, we found that terahertz transmissions in
the 2D hole arrays are associated with two types of contri-
butions: resonant excitation of SPs and nonresonant trans-
mission (or non-SP transmission). The nonresonant trans-
mission exhibits angle-independent peak frequencies and
can be resulted from localized effects and direct transmis-
sion [22, 23, 29–33]. The localized effects, as either localized
modes or localized waveguide resonances [29–31], also con-
tribute substantially to enhanced terahertz transmission. The
direct transmission, on the other hand, due to scattering and
low filling fraction of metal, is the origin that causes the re-
duction in transmission efficiency of the holes.

A set of 2D hexagonal arrays of rectangular subwave-
length holes are lithographically fabricated with 180-nm-
thick Al film onto a silicon wafer (0.64-mm-thick, p-type
resistivity 20Ωcm) [22]. Each sample, with dimensions of
15 × 15 mm2, has holes of a fixed length 120 μm and var-

ious widths from 40 to 140 μm with a 20 μm interval and
a constant lattice period of 160 μm. Figure 7 illustrates the
frequency-dependent absolute transmittance and the cor-
responding phase change for an array with hole dimen-
sions of 120 × 40 μm2. At normal incidence, the resonant
frequency can be approximately given by (1) with Gmn =
4π(m2 + n2 +mn)1/2

/
√

3L, the grating momentum wave vec-
tor for the 2D hexagonal hole arrays. The calculated funda-
mental SP [±1,0] resonance of hexagonal arrays at the Al-Si
interface is around 0.63 THz, which is higher than the mea-
sured transmission peak 0.49 THz; the latter is a result of
both resonant and nonresonant contributions [4, 12, 34].

The transmittance can be analyzed by the Fano model
that involves two types of scattering processes: one refers to
the continuum direct scattering state as nonresonant trans-
mission, and the other is the discrete resonant state as SPs
[23, 34–38]. For an isolated resonance, the Fano model can
be written as Tfano(ω) = |t(ω)|2 = Ta +Tb(εν + qν)2/(1 + ε2

v),
where εν = (ω − ων)/(Γν/2), Ta is a slowly varying transmit-
tance, and |Tb| is the contribution of a zero-order continuum
state that couples with the discrete resonant state. The reso-
nant state is characterized by the resonance frequency ων, the
linewidth Γν, and the Breit-Wigner-Fano coupling coefficient
qν [23, 34–38]. The Fano model provided a consistent fit to
the measured transmittance as shown in Figure 7(a), with a
peak transmission atων/2π = 0.49 THz and a linewidth Γν/2π
= 0.16 THz.

The measured transmittance of the arrays with various
hole widths from 40 to 140 μm shown in Figure 8(a) re-
veals a hole width dependent evolution. An optimal hole
width exists (here, is 80 μm), with which the peak abso-
lute transmittance TP approaches the maximum value as de-
picted in Figure 8(b). Meanwhile, the resonance frequency
and the corresponding linewidth exhibit monotonic changes.
The all-out transmission probability can be obtained by solv-
ing the Hamiltonian ̂H = ̂HSP + ̂HNRT + ̂HCoupling. Hence the
coupling can be evaluated by diagonalizing the Hamiltonian
matrix [13, 34, 35]

H = �

(

ωSP χ
χ∗ ωNRT

)

, (2)

where ωSP is the resonance frequency of the SP mode given
based on the momentum relationship, ωNRT is the frequency
of nonresonant transmission, and χ is the coupling coeffi-
cient between SPs and nonresonant transmission. Based on
the angle-dependent transmission measurements for each
array of different hole widths, the coupling |χ|2 at each angle
of incidence can be solved [22].

Figure 9 shows the calculated coupling strength between
the SP mode and nonresonant transmission for arrays with
different hole widths at normal incidence. With increasing
hole width, the coupling strength shows monotonic change;
it is enhanced from |χ|2 = 1.22 × 10−3 at 40 μm to |χ|2 =
6.21 × 10−3 at 140 μm. This further explains the measured
characteristic evolution in the transmission spectra of these
arrays. The increase in hole width, that corresponds to
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Figure 7: (a) Measured (open circles) and theoretical fit (solid curve) by the Fano model of frequency-dependent transmittance of the
hexagonal array of 120 × 40 μm2 holes. The fitting parameters are qv = 26.5 ± 0.2, ωv/2π = 0.49 ± 0.05 THz, Γv /2π = 0.16 ± 0.01 THz, and
Tb = (1.28± 0.1) ×10−3 for the [±1,0] mode. (b) Corresponding data of phase change.

reduced aspect ratio of holes and lower filling fraction of
metal not only leads to increased direct transmission through
the holes, but also enhances the coupling between SPs and
nonresonant transmission. This, in turn, gives rise to an in-
creased damping of SPs, and thus the linewidth broadens and
shifts to higher frequencies towards the peak of nonresonant
transmission [23, 29, 32–34]. Another evidence of the effect
of direct transmission due to increased hole width is that,
when the peak absolute transmittance TP is normalized by
the area of the holes as shown by the circles in Figure 8(b),
it exhibits monotonic decrease with increasing hole
width.

The maximum absolute peak transmittance TP achieved
at hole width 80 μm (aspect ratio 3 : 2, filling fraction of metal
62.5%) indicates that the negative effect of direct transmis-
sion becomes critical and challenges the dominant role of SPs
and localized effects when the hole width is further increased.
The contributions of localized effects and direct transmission
to the effect of nonresonant terahertz transmission may vary
with various hole width (or aspect ratio) and filling fraction
of metal. For arrays with filling fraction of metal less than
80%, direct transmission contributes substantially to non-
resonant transmission and causes the normalized transition
efficiency declined monotonically.
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Figure 8: (a) Measured absolute transmittance of the hole arrays with fixed hole length of 120 μm and various hole widths from 40 to 140 μm.
For clarity, the curves are vertically displaced by 0.36. (b) Absolute (squares) and normalized (circles) peak transmittance as a function of
hole width. The dotted lines are a guide to the eye.
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modes with nonresonant transmission for different hole widths at
normal incidence. The dotted line is a guide to the eye.

3. CONCLUSION

In conclusion, transmission properties of terahertz pulses
through 2D array of subwavelength metal holes were ex-
perimentally investigated. Conventional photolithographic
process was used to pattern the subwavelength arrays on
good and poor metallic conductors. Extraordinary terahertz
transmission in such arrays was characterized by broadband
THz-TDS measurements. The frequency-dependent reso-
nant transmission in the 2D hole arrays is understood as a
consequence of the resonance excitation of SPs at the metal-
dielectric interface. We demonstrated the effect of hole shape,
hole dimensions, dielectric properties of the metals, polar-
ization dependence, and metal thickness on enhanced tera-
hertz transmission. Rectangular hole shapes were found to

show higher resonant transmission when the polarization of
the incident terahertz field is perpendicular to the longer axis
of the holes. Efficiently enhanced transmission was also ob-
served in optically thin metallic arrays having thickness of
one-third of the skin depth. For similar array transmission is
higher for the array made from metal having higher electri-
cal conductivity. In addition, the enhanced terahertz trans-
mission in the 2D hole arrays is demonstrated as a result of
contributions from both SPs and nonresonant transmission.
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1. INTRODUCTION

Following its initial theoretical [1, 2] and experimental [3]
introductions, metamaterials research has experienced ex-
plosive growth and interest. Metamaterials are typically de-
fined as artificial electromagnetic materials comprised of ar-
rays of subwavelength (∼λ/10) metallic resonators within or
on a dielectric or semiconducting substrate. Due to the small
dimensions of the resonators, these composites can be con-
sidered effective media [4], and can be quantitatively de-
scribed by bulk constitutive parameters μ(ω), and ε(ω), in
accordance with the macroscopic form of Maxwell’s equa-
tions [5, 6]. More recently, the concept of the planar meta-
material, also known as a metafilm or metasurface, has
taken on a clearer meaning. A metafilm, as the name im-
plies, is simply a single, planar layer of metamaterial res-
onator elements [7]. Metafilms can be thought of as the
bridge between three-dimensional (3D) metamaterials and
the so-called frequency-selective surfaces [8]. The function-
ality of frequency-selective surfaces is based on the period-
icity of the constituent elements, and is described by co-
herent wave interference concepts such as Bloch waves or
Floquet modes [8–10]. Conversely, metafilms function on
the same basis as metamaterials; their macroscopic proper-
ties depend mostly on the structure of the subwavelength
resonators, and not necessarily on their periodic distribu-
tion.

While metamaterials promise novel devices and interest-
ing science over very broad frequency bands, the terahertz
(THz) spectrum (0.1–4 THz, λ = 75 μm–3 mm) represents
a particularly interesting region. Electronic component tech-
nology is only just beginning to develop in the THz and re-
mains extremely immature. Optical approaches to bridge the
“THz gap” have met similar difficulty. The cause of this defi-
ciency is a vivid lack of suitable materials from which to form
the basic elements crucial to THz technology implementa-
tion on a large scale. Despite the numerous possible appli-
cations [11–14], presently high-power THz sources, efficient
detectors, switches, modulators, filters, and other basic ele-
ments are not widely available. Metamaterials are optimistic
candidates to correct this problem [15–20]. Additionally, the
THz regime also serves as a scale model to investigate the dy-
namic nature and limitations of higher-frequency metamate-
rial designs. Continuing THz metamaterials research will be-
come particularly relevant as new fabrication techniques and
nanotechnology solutions continue to enable ever smaller
resonator structures.

In this paper, we empirically study the microscale struc-
tural variations in split-ring resonators and their resulting
impact on the macroscale effective properties of metafilms.
In addition, we show how lumped-element circuit models
can be used in conjunction with transmission-line theory
to form an intuitive (though preliminary) analysis tool that
could prove useful for designing specific metafilm properties.
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Table 1: Unit cell dimensions.

Sample
All dimensions in μm

AX AY LX LY w

MF1 48 14 60 21 6

MF2 14 48 21 60 6

MF3 26 26 36 36 6

MF4 26 26 36 36 8

MF5 26 26 36 36 8

MF6 26 26 36 36 8

MF7 26 26 36 36 8

Most of the results shown are based on the simulated behav-
ior of metafilms in THz transmission and reflection. How-
ever, we also show experimental transmission results to sup-
port the validity of the simulations.

2. EXPERIMENT AND SIMULATION

All of the metafilms studied in this work are based on the
electric-resonator design [19–22] in which the symmetry of
the split-ring resonator is used to eliminate or minimize the
magnetic response. While the tuning of both the magnetic
and electric metamaterial responses is sometimes desirable,
certain applications, such as filtering, can also benefit from
these new metamaterials that exhibit a purely electrical re-
sponse. Our samples were comprised of planar, periodic ar-
rays of electrical split-ring resonators (eSRRs) fabricated on
semi-insulating gallium arsenide (SI-GaAs). The sample unit
cells are illustrated in Figure 1 and detailed structural dimen-
sions are given in Table 1. We add that the sample linewidths,
d = 2 μm, and gap spacing, g = 2 μm, are equivalent for
all samples. Sample fabrication utilized conventional pho-
tolithographic techniques in which the metal eSRRs, consist-
ing of 200 nm of gold following 10 nm of titanium, were de-
posited on the SI-GaAs substrate of 625 μm thickness. In to-
tal there were seven different metafilm designs, designated by
the “MF” numbers shown in the figure.

Experimental characterization was performed with tera-
hertz time-domain spectroscopy [23] (THz-TDS) operating
in a confocal transmission geometry. A detailed description
of this system can be found in [20, 24]. The linearly polar-
ized THz beam was focused to a spot approximately 3 mm
(1/e) in diameter and propagated normally through the sam-
ples. The total sample area of the metafilm was (1 × 1) cm2

to prevent beam clipping. Measurements were conducted in
a dry-air environment to mitigate the effects of water vapor
absorption. Transmission measurements were performed on
the metafilm samples and, for reference, a bare SI-GaAs sub-
strate of the same thickness. Since the THz measurement is
coherent, we directly record the time-varying electric field of
the transmitted THz radiation following passage through the
sample. Numerical Fourier transformation of the measured
time-domain data then permits the extraction of the fre-
quency dependent complex transmission coefficient, ˜t(ω) =
t(ω)e− jφ(ω).

Figures 2 and 3 show the normalized frequency-depen-
dent transmission coefficients, tMeas(ω), obtained from our

MF1

MF2
MF3, MF4

MF5

MF6

MF7

LY

d

AY

g

w

AX

LX

E

H

w

Figure 1: Metafilm unit cells. The dimensions LX and LY specify the
X and Y lattice parameters of the rectangular array on which the
unit cells are distributed. Gold color indicates metallized regions
whereas gray color indicates bare SI-GaAs regions. The THz field
polarization is specified by the arrows to the right of MF5. All draw-
ings are shown to scale except for the unit cell representing MF3 and
MF4. To clarify dimensioning, this cell was magnified by 15%.

measurements. This data is normalized by dividing the mea-
sured transmission spectra of the metafilms, EMF(ω), by
the measured transmission spectrum of the reference sub-
strate, ER(ω), such that tMeas(ω) = |˜tMeas(ω)| = |EMF(ω)/
ER(ω)|. All of the samples clearly exhibit a strongly resonant
behavior between 0.5 and 1.1 THz in response to the electro-
magnetic field.

To further our understanding of the data, we performed
simulations of the electromagnetic response of the metama-
terials using commercially available finite-element software
[25]; the results are shown in Figures 2 and 3. While sim-
ulations were set up to mimic the experimental conditions,
some adjustments are necessary to properly compare the two.

These adjustments begin by recognizing that, in simu-
lation, the substrate has an effectively infinite thickness to
avoid Fabry-Perot (multiple reflection) effects in the fre-
quency domain analysis. Therefore, simulated transmission
coefficients are obtained by measuring the transmitted elec-
tric fields directly inside the GaAs, an obvious impossibil-
ity in our measurements. Instead our measured data must
be divided by (or normalized to) a reference spectrum. This
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Figure 2: Normalized transmission through metafilm samples MF1, MF2, and MF3. Black curves indicate measured data while red curves
show simulation results.

process isolates the response of the metafilm from the sub-
strate by removing their common effects, such as Fresnel re-
flections from the back face. We add that Fabry-Perot effects
can also be ignored in our measured data because our time-
domain system allows us to “gate out” later arriving pulses.
To quantify this data extraction procedure, we write out the
expressions for the transmitted fields as a function of the in-
put field, E0. For the bare reference substrate, the measured
field, ER, is determined by the transmission coefficients at the
front and back faces:

ER(ω) = E0
2ZG

ZG + Z0

2Z0

ZG + Z0
, (1)

where ZG = 103Ω is the impedance of the GaAs sub-
strate and Z0 = 377Ω is the impedance of free space. We
have omitted the phase term associated with wave propaga-
tion through the substrate as this is common to the sam-
ple and reference measurements. For the metafilm samples,
the transmitted electric field is equivalent, with the exception
that ZG is replaced by the complex metafilm impedance Z(ω)
at the front face of the GaAs:

EMF(ω) = E0
2Z(ω)

Z(ω) + Z0

2Z0

ZG + Z0
. (2)

The ratio of these two expressions, ˜tMeas, describes what
we actually measure. The magnitude of this quantity, tMeas, is
shown by the black curves in Figures 2 and 3:

tMeas(ω) = ∣∣˜tMeas(ω)
∣

∣ =
∣

∣

∣

∣

2Z(ω)
Z(ω) + Z0

ZG + Z0

2ZG

∣

∣

∣

∣
. (3)

Unlike our measurements, the simulations require no ac-
counting for Fresnel reflections at the back substrate face and
phase accumulations due to wave propagation in the sub-
strate can be divided out. Therefore, the transmission coeffi-
cients are described by a much simpler equation

tSim(ω) = ∣∣˜tSim(ω)
∣

∣ =
∣

∣

∣

∣

2Z(ω)
Z(ω) + Z0

∣

∣

∣

∣
. (4)

We add that these transmission coefficients are equiva-
lent to the complex S-parameter s21, which is often the out-
put returned by simulation software. From the equations,
we see that to cast our simulations in the same form as the
measured data we need only to multiply the simulations by
(ZG + Z0)/2ZG = 2.33. The results of this operation ap-
plied to our simulated transmission coefficients are shown
as the red curves in Figures 2 and 3. The close agreement
to measured data enables us to confidently use the simu-
lated results in further studies. It also provides support for
the experimental procedure of using a bare reference sub-
strate to isolate the metafilm properties, despite the fact that
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Figure 3: Normalized transmission through metafilm samples MF4, MF5, MF6, and MF7. Black curves indicate measured data while red
curves show simulation results.

the metafilm’s properties are heavily influenced by the sub-
strate. And finally, it foreshadows that the metafilm can be
well described as a two-dimensional composite. In this sense,
the metafilm can be thought of as a boundary-confined, or
extremely thin, phase shifter, instead of a three-dimensional
effective medium.

It is important to point out that the metafilm impedance
Z(ω) used in (1)–(4) incorporates the effect of the backing
substrate, which in this case is GaAs. Therefore, Z(ω) has
some functional dependence on ZG. However, if a wave was
incident upon the GaAs side of the boundary, then Z(ω)
would become dependent on Z0 instead of ZG; in this case,
free space is the backing substrate. The functional depen-
dence on the backing material will be made clearer in a fol-
lowing section.

One particularly useful feature of the simulations is that
they easily provide extra information, such as the reflection
coefficient, r̃(ω) = s11 = r(ω)e− jφ(ω). The simulated reflec-
tion and transmission coefficients are shown by the black
curves in Figures 4 and 5. We add that these plots are not
normalized to a substrate spectrum, as was the case in Fig-
ures 2 and 3. By studying the simulations we can begin to
understand the behavior of the metafilms. For example, in
every sample t tends to the value 0.57 and r tends to 0.43 as
the frequency approaches zero. Similar behavior can be seen
between the high and low frequency resonances of each sam-

ple, and even out to high frequencies in some samples. We
also observe that some samples have two very distinct and
clean resonances, while others have highly asymmetric and
overlapping resonances.

3. METAFILM BEHAVIOR AND MODELING

Using the simulations we can now discuss the relationships
between the macroscale properties of our samples and their
microscale differences. This begins by first addressing the
variability in the rings themselves. As can be seen in Figure 1,
all of the rings are modifications of the original two struc-
tures MF4 and MF6. All of the rings were further designed
to have the same ring area of 672 μm2. Samples MF3, MF4,
and MF5 differ only in modifications to the eSRR gaps. It is
typically assumed that these gaps define the “capacitive” part
of the eSRR response while the loops define the “inductive”
part. This concept is illustrated in Figure 6(a) where the sam-
ple unit cells are modeled as lumped-element RLC circuits.
This model is useful mainly in that it describes the Lorentzian
nature of the resonance. One can use this model to roughly
predict how our microstructural eSRR changes will affect the
macroscale responses of our samples.

The resonant frequency of an RLC circuit is inversely re-
lated to the square root of both the inductance and capaci-
tance. With this in mind, one can intuitively predict metafilm
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Figure 4: Transmission and reflection coefficients based on simulation and the TL-RLC circuit model for metafilm samples MF1, MF2, and
MF3. Simulation results are shown in black. Red-dashed curves show the combined reflection and transmission coefficients based on the
TL-RLC model. Green and blue dashed curves show the individual low and high frequency resonances, respectively, calculated by setting
either R1 or R2 to a very large value.

behavior. For example, the extra metallic pad within the gap
of MF5 can be regarded as splitting the capacitor into two
coupled series capacitors, thus lowering the overall capaci-
tance. The inductive response is largely determined by the
area of the loops [2], so fixing the area and outer shape of
the rings should, in principle, minimize the inductance as
a performance variable. The net result is an increased reso-
nance frequency. Indeed this is what we observe in Figure 5
by comparing MF4 and MF5. Similarly, MF6 should have
roughly twice the capacitance (two capacitors in parallel) of
MF4 causing a decrease in the resonance frequency; again
this is consistent with the data. Sample MF7 is similar to
MF6 where the added metallic pads decrease the capacitance
with respect to MF6. The resonance frequency shifts up, as
expected. Finally, by increasing the split gap width, w, sam-
ple MF4 should have a larger capacitance and slightly lower
resonance frequency than MF3. Again this is observed in the
data. We also point out an inverse relationship between ca-
pacitance and resonance linewidths in samples MF3–MF7.
Those samples with the lower capacitance, or higher reso-
nance frequency, also have broader linewidths.

Samples MF1 and MF2 are more radical variations; how-
ever, they maintain the same split gap and ring area as MF3

by stretching one dimension at the expense of shrinking an-
other. One might expect that this alteration would have a
minimal effect on the capacitance and, based on loop area,
the inductance as well. In turn, we would expect little change
in the lower frequency resonance. However, this is not the
case. While the position of the lower frequency resonance
does not shift greatly, the shape of this resonance is signif-
icantly altered. This is illustrated in Figure 4 by the green
dashed curves which depict the first resonance after being
mathematically separated from the higher-frequency reso-
nance. This separation will be discussed in the following sec-
tions. One clear effect of changing the shape of the ring is to
alter the linewidth of the lower resonance. An even greater
effect observed in MF2 is the radical reshaping of the res-
onances. This behavior is due to a coupling effect occur-
ring between the high and low frequency resonances. The
high frequency resonance is usually understood to be due to
dipole-dipole interactions between the two outside vertical
(parallel to E-field) conductors of the rings. Since these con-
ductors are relatively long on sample MF2, we expect this res-
onance to be shifted lower in frequency. The resulting close
proximity between the low and high frequency resonances
of this ring creates a strong coupling effect that reshapes the
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Figure 5: Transmission and reflection coefficients based on simulation and the TL-RLC circuit model for metafilm samples MF4, MF5,
MF6, and MF7. Simulation results are shown in black. Red-dashed curves show the combined reflection and transmission coefficients based
on the TL-RLC model.

transmission and reflection curves. The opposite is true for
MF1, where the short vertical conductors shift the high fre-
quency resonance to even higher values. Here the coupling
effect is almost entirely eliminated and MF1 features very
clean and distinct resonances.

We mention again that some samples have much nar-
rower linewidths, or higherQ’s, than others. This is clearly an
important attribute for possible future metamaterial devices.
In filtering, for example, a narrow linewidth might be de-
sirable for reducing noise. Broadband metamaterial devices
such as detectors might benefit from ring designs that in-
crease linewidth.

To help understand the origin of the observed transmis-
sion and reflection behavior it is helpful to derive a simple
theoretical model of the metafilms. While the ring model of
Figure 6(a) is intuitively helpful, a better model would in-
corporate other effects as well. As alluded to earlier, one ap-
proach is to treat the metafilm as an effective medium having
some predetermined thickness, and a resonant permittivity
with a Lorentzian functional form. This approach is valid
for three-dimensional metamaterials in which planar layers
of rings are spaced at a distance roughly equivalent to the
unit cell length. However, our metafilms are essentially very
thin, single metallic layers fabricated on relatively thick sub-

strates. This makes the concept of effective media difficult to
implement. The main problem is the assignment of the ef-
fective thickness. If this thickness is less than that of the sub-
strate, then the effective medium treatment artificially cre-
ates a boundary between the metamaterial layer and the sub-
strate. Upon deriving the transmission coefficient of this ef-
fective metamaterial layer, that boundary will create Fresnel
reflections resulting in Fabry-Perot effects. These effects are
not present in the actual measurements, nor in the full EM
simulations.

Alternatively, one can perform more rigorous electro-
magnetic calculations assuming known or derived forms for
the electric and magnetic polarizabilities [7, 26]. While these
approaches can be powerful, accurate, and widely applicable
to diverse situations, they are relatively difficult to implement
and do not generally provide an immediate intuition into the
processes at work and their relation to macroscale behavior.

These troubles can be avoided by using the model shown
in Figure 6(b). The model is similar to previously reported
models [27] and utilizes a doubly resonant lumped-element
circuit at the boundary of two TEM transmission lines (TLs).
The two TLs represent the air and substrate while the res-
onant circuit represents the metafilm layer at their bound-
ary. Since the metafilm is very thin, the lumped-element
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Figure 6: Circuit models for metafilm samples. (a) A series RLC
circuit commonly used to describe the Lorentzian response of meta-
materials. (b) The transmission-lineRLC model which incorporates
the effects of the substrate and uses a transformer to model the cou-
pling between resonant modes.

approximation is valid in that the RLC circuit introduces
no appreciable phase accumulation as the wave travels
“through” it. Of course, the wave’s phase is affected by the
circuit, but only in the sense of a boundary-induced phase
shift. The metafilm, and its analogous TL-RLC model, can
be quantitatively described with only a few equations. The
transmission and reflection coefficients follow the normal
form

˜t(ω) = 2Z(ω)
Z(ω) + Z0

,

r̃(ω) = Z(ω)− Z0

Z(ω) + Z0
,

(5)

where, like before, Z0 = 377Ω is the impedance of TL0 and
Z(ω) is the complex impedance of the metafilm. Z(ω) can
be obtained by noting that the impedance at the metafilm
boundary is the parallel combination of the RLC circuit
impedance and the impedance of TLG, which is ZG = 103Ω.
The impedance of the RLC circuit alone is

Zckt(ω) = Zr1Zr2 + ω2M2

Zr1 + Zr2 − jω2M
, (6)

where Zr1 and Zr2 are the impedances of the individual series
circuits, R1L1C1 and R2L2C2, spanning the transmission line
and M is the inductive coupling between these circuits. Both
individual circuits have impedances of the form

Zrx = Rx + jωLx +
1

jωCx
. (7)

We clarify here that Zckt is not the impedance used in (1)–
(4) because it does not include the effect of the backing sub-
strate, which is integral to the metafilm behavior. Rather Zckt

is only a conceptual 2D phase shifting and absorption layer,
which can be combined with the backing substrate ZG to ob-
tain the effective metafilm impedance Z(ω). Again, this is ac-
counted for by computing the parallel impedance of Zckt and
ZG. The result is

Z(ω) = ZG
(

Zr1Zr2 + ω2M2
)

ZG
(

Zr1 + Zr2 − jω2M
)

+ Zr1Zr2 + ω2M2
. (8)

A brief discussion of the limiting cases highlights some
of the model’s behavior. For M = 0, there is no coupling be-
tween the low and high resonances of the metafilm. In this
case, the metafilm response Z(ω) is the parallel combina-
tion of the two RLC resonances and the substrate. Based on
(7), it is clear that at low frequencies (ω→0), both Zr1→∞
and Zr2→∞. Hence the overall impedance presented to the
incident wave is ZG. This clarifies why the simulated trans-
mission and reflection coefficients for every sample tend to
0.43 and 0.57, respectively; these values represent t and r for
the bare substrate. Consequently, the metafilm is essentially
transparent to the incoming wave at off-resonance frequen-
cies, an important implication in filtering applications. For
our model, similar behavior occurs at very high frequencies
when M = 0. This is generally not observed in the actual
sample measurements or simulations due to the higher-order
resonances. For frequencies near the resonance of one or the
other RLC circuit, the impedance drops sharply, causing a
local maximum in r and a minimum in t. As the coupling
parameter M departs from zero, the neighboring circuit af-
fects the magnitude of this impedance drop. The coupling
effect on the overall response is most drastic when the two
RLC circuits have closely spaced resonances.

The task remains to match this model with the data. This
is done by choosing the values of R1, L1, C1, R2, L2, C2, andM
that result in t and r most closely overlapping the data. Limi-
tations to these values are immediately obvious. For example,
L’s and C’s must be paired to ensure that ω = 1/

√
LC is ap-

proximately equal to one or the other resonance frequency.
Similarly, the resonance linewidths can be roughly matched
by adjusting C and L simultaneously in an inverse relation-
ship. Figures 4 and 5 show the comparison between the sim-
ulations (black curves) and the TL-RLC model (red-dashed
curves). Table 2 shows the parameter values used to obtain
these matches. The model clearly matches the simulated data
well except at higher frequencies where higher-order modes
become significant. The circuit parameters shown in Table 2
were obtained by manual adjustments and observation of the
resulting match to simulations. The ease with which this is
accomplished is dependent upon how clean the resonances
are. Sample MF2, for example, has highly asymmetric res-
onances that complicate the determination of the “correct”
RLC values. The nonintuitive nature of this match can be
seen in Figure 4, where we show the individual resonances
obtained by setting either R1 or R2 to a very large value. The
positions of the individual resonances can be significantly
shifted from their apparent positions in the transmission and
reflection coefficients.
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Table 2: Circuit parameters for matching TL-RLC model to sim-
ulated data. Resistor values are given in Ohms, capacitor values in
femtofarads, and inductor values and coupling coefficients in pico-
henries.

Structure Circuit component

R1 L1 C1 R2 L2 C2 M

(Ω) (pH) (fF) (Ω) (pH) (fF) (pH)

MF1 15 90.0 0.352 25 38.0 0.099 −10.0

MF2 5 15.3 1.95 11 41.5 0.440 −15.0

MF3 7 31.0 0.790 11 33.0 0.210 −19.0

MF4 8 36.0 0.750 8 24.5 0.300 −18.0

MF5 6 29.0 0.770 13 25.0 0.200 −11.5

MF6 19 130 0.550 8 12.0 0.400 −10.0

MF7 13 74.0 0.750 20 18.0 0.240 −10.0

4. DISCUSSION

It is now necessary to discuss the extracted circuit parame-
ters. We immediately point out that the circuit parameters in
Table 2 do not necessarily correspond to the actual capaci-
tance of the eSRR gap, the inductance of the eSRR loops, or
the resistance of the conductors. In fact, the extracted val-
ues usually have the opposite behavior of what was expected.
Taking the low frequency resonances as an example, we ex-
pect that the increased width of the split gap in MF4 would
result in a larger capacitance than MF3. Surprisingly, the ex-
tracted capacitance, C1, of MF4 is lower than that of MF3
and the greatest change is observed in the inductance, L1. An-
other example is seen in the comparison of samples MF4 and
MF5. The attempt here was to decrease the capacitance of the
gap by inserting an intergap conductor. Instead, this varia-
tion hardly affected the capacitance of the model at all. Again,
the inductive response was most affected. Indeed the param-
eters of Table 2 appear to have a “dual” characteristic in com-
parison to expectations. Where we expect large changes in
capacitance, we observe large changes in inductance and vice
versa.

The cause of this contrary behavior is that our model
tells us little about real eSRR microparameters such as gap
capacitance. The model only mimics the functional behav-
ior of the metafilm by means of resonant circuits. The same
behavior could be generated with two coupled systems com-
prised of springs, masses, and dashpots, although this would
clearly have no relation whatsoever to a split-ring resonator.
It is possible, however, that a model based on the dual cir-
cuit to that of Figure 6(b) may provide a better intuitive
description of the relationship between macroscale perfor-
mance and microscale variations. The exact form of this dual
model is currently being studied and may constitute a closer
match to previous circuit models [27]. Regardless, the value
of the model is that it provides some metafilm analysis tools
and also defines certain functional boundaries. For example,
samples MF1, MF2, and MF3 all share a ring area of 672 μm,
but both the inductive, L1, and capacitive, C1 response var-
ied by almost as much as 6 times. While we cannot ensure
true eSRR inductance or capacitance values we can say that
neither of these quantities remains constant as the ring shape

is changed. This is important because simultaneous and in-
verse adjustments in L and C are exactly the method used to
tune resonator linewidths while preventing resonance shifts.

The model provides another interesting insight into
linewidth limitations. The metafilm is bounded on its sides
by both air and GaAs, both of which affect the macroscale
properties of the metafilm, at least in part, by altering the ca-
pacitance of the split-gap. But the model also shows that they
limit how narrow a linewidth can be achieved for a metafilm
filter of the kind shown in this work. Consider the case where
R = 0 in the circuit of Figure 6(a). For this undamped cir-
cuit, the result of removing any resistance is an infinitely nar-
row resonance. However, in the TL-RLC model, the metafilm
impedance is intimately linked with the bounding substrate
impedance, so there can never be an “undamped” situation,
even when R1 = 0. The backing substrate always provides
a finite impedance by which to prevent infinitely narrow
metafilm linewidths. However, it is also clear that by choos-
ing a substrate with a favorable impedance and properly tun-
ing the eSRR inductance and capacitance, limited linewidth
adjustment is possible.

The model also clarifies underlying behavior inherent in
coupled-resonator systems. As previously shown, the model
can be used to extract the individual behavior of the two
coupled metafilm resonances. This is done by first adjusting
model parameters to match the measured or simulated trans-
mission or reflection coefficients. Then one of the resistance
values, R1 or R2, is assigned a very high value such that it be-
haves as an open circuit. This turns off one resonance and re-
veals the structure of the other. These individual resonances
are displayed in Figure 4. Similarly, the model parameter M
can be set to zero to observe the behavior of both resonances
operating simultaneously but without coupling. Such tools
are both intuitive and useful for a metafilm designer trying
to achieve some desired behavior.

5. CONCLUSION

The potential uses of electric metafilms are numerous. For
example, metafilms fabricated in the “complementary” fash-
ion exhibit bandpass behavior in transmission yet retain a
continuous and relatively thick metal layer over the sub-
strate surface. These metafilms may serve as future grids or
electrodes for biasing electronic components where a trans-
parency window is desired. Existing “transparent” electrodes
require extremely thin ∼10 nm metallization to be both con-
ducting and transparent. Metafilms offer obvious advantages
in these cases, especially when high current densities are re-
quired. Further, dynamical control of metafilm properties is
an important capability in the THz regime. This versatility
offers tremendous possibilities for THz switches, modula-
tors, and phase shifters.

We finally reiterate the advantage of studying microstruc-
tural variations in metamaterials. Our sample MF1 clearly
shows a very clean resonant response in comparison to more
traditional ring designs. This design offers a clear advantage
for practical applications such as filtering. Moreover, with the
continuing progression of more advanced metamaterials sys-
tems, such as negative-index materials, there is an obvious
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need for reducing the complexity of the design procedure.
The short ring, MF1, offers a vivid demonstration of decou-
pling two physical effects; such designs will become increas-
ingly important in future metamaterial technology.

In conclusion, we have studied the behavior of a vari-
ety of new THz metafilm designs through experimental THz
time-domain transmission measurements and full electro-
magnetic simulations. The macroscale properties of these
materials are seen to exhibit a strong dependence on mi-
crostructural variations, and are generally consistent with in-
tuitive expectations. Using these results we were able to use a
simple transmission-line and lumped-element circuit model
that provides insight into the limitations and design tradeoffs
for metafilm performance. Though our work concentrated
on the THz regime, it has wide applicability from the radio
to the infrared spectra due to the scalability [28] of metama-
terials, and metafilms. The continued research of the funda-
mental properties of metamaterials will have a great impact
on many future novel metamaterial-based devices.
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Transmission metallic gratings having the shape of converging-diverging channel (CDC) give an extra degree of freedom to ex-
hibit enhanced transmission resonances. By varying the gap size at the throat of CDC, the spectral locations of the transmission
resonance bands can be shifted close to each other and have high transmittance in a very narrow energy band. Hence, the CDC
shape metallic gratings can lead to almost perfect transmittance for any desired wavelength by carefully optimizing the metallic
material, gap at the throat of CDC, and grating parameters. In addition, a cavity surrounded by the CDC shaped metallic grating
and a one-dimensional (1D) photonic crystal (PhC) can lead to an enhanced emission with properties similar to a laser. The large
coherence length of the emission is achieved by exploiting the coherence properties of the surface waves on the gratings and PhC.
The new multilayer structure can attain the spectral and directional control of emission with only p-polarization. The resonance
condition inside the cavity is extremely sensitive to the wavelength, which would then lead to high emission in a very narrow
wavelength band. Such simple 1D multilayer structure should be easy to fabricate and have applications in photonic circuits, ther-
mophotovoltaics, and potentially in energy efficient incandescent sources.
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In late 1980s, the concept of photonic crystals emerged,
which initiated new studies of gratings, as examples of one-
dimensional (1D) periodic media [1, 2]. Since then, some
theoretical studies have been done on the transmission grat-
ings, but they did not receive much attention because it was
thought that the transmission through the subwavelength
apertures is very low according to the standard aperture the-
ory by Bethe [3], which states that the transmission through
a subwavelength circular hole (r � λ) in an infinitely thin
perfectly conducting metal sheet would scale uniformly with
the ratio of r to λ to the power of four. But, an extraordinary
transmission (EOT) of several orders of magnitude more
than Bethe’s prediction has been reported through an array
of subwavelength holes milled in an opaque metal screen [4].
The underestimation of transmission by Bethe’s theory is be-
cause it is too idealized to consider the surface modes that
might be involved and also propagating of evanescent modes
that could be excited inside the holes [5]. Subsequently, en-
hanced transmission through hole arrays in metal films has
been studied in great detail both theoretically and exper-
imentally. This has sparked renewed interests in studying

the transmission gratings (or slits), which are 1D version of
the hole structures studied by [4], to explain the underlying
physics for enhanced transmission. However, the transmis-
sion properties between slit and hole arrays have a funda-
mental difference. In a slit waveguide, there is always a propa-
gating mode inside the channel, whereas in a hole waveguide
all modes are evanescent when hole diameters are smaller
than half the wavelength, and there is a cutoff frequency for
transmission [6]. Hence, the slit and hole array structures
have very different propagation mechanisms. But, it is be-
lieved in general that the EOT phenomenon is mainly due
to the surface plasmons polariton (SPP) modes trapped at
the interface of metal and dielectric. The SPPs are actually
quanta of collective plasma oscillations localized at interface
of a metal and dielectric [7]. However, not all agree on the
same SPP mechanism for the enhanced transmission phe-
nomena [8, 9]. Nevertheless, according to several other theo-
retical and experimental studies, the enhanced transmission
process through subwavelength metallic hole array (MHA)
can be divided into three steps: the coupling of light to SPPs
on the incident surface, transmission through the holes to the
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second surface, and then reemission from the second surface
[5]. In addition, diffraction plays a central role in the trans-
mission process through subwavelength holes or gratings.
When a plane wave is incident on grating array, the diffrac-
tion leads to evanescent wave. After the transmitted evanes-
cent wave reaches the far end of the array, it gets diffracted
again producing a propagating transmitted wave. Therefore,
the transmission enhancement occurs when the diffraction
aids in coupling the incident light and the SPP modes of
the metal structure [10]. It was also reported that for lamel-
lar transmission metallic gratings, there are two transmis-
sion resonances: coupled SPP modes on both the horizon-
tal surfaces of the metallic grating for λ∼d, and cavity or
waveguide modes located inside the slits for λ � d [11].
SPPs will be resonantly excited on the gratings only when the
higher-diffraction order along with the incident parallel mo-
mentum equals SPPs momentum according to the equation
KSPP = Ko sin(θ)±m (2π/d).

In thermal source, the light generation at the microscopic
level is a spontaneous emission of photon when an emitter
thermally excited relaxes to a lower state. Unlike the laser
which produces highly directional and monochromatic light,
thermal light source is isotropic with a broad spectrum. But
the thermal source of light is coherent in the near field, that
is, within a distance from the surface that is much smaller
than the emission peak wavelength of the spectrum [12–14].
The coherence is due to the role of surface waves. Hence, a
roughness or a grating on the surface can couple these waves
to propagating waves, which will extend the coherence prop-
erties into the far field. Thus, by modifying the characteris-
tics of the surface profile, the near field coherence proper-
ties can be extended to far field in a particular direction at
a given wavelength. This has been observed first on a doped
silicon grating supporting a surface plasmon polariton (SPP)
[15]. Similarly, a peak in the thermal emission by gratings on
ZnSe [16], gold [17], and SiC [18] was also observed. For
these grating structures, it was noted that the excited sur-
face waves could couple to the emitted radiation for the p-
polarization only. No lobe of emission has been observed for
s-polarization since, in this case, the SPPs or surface waves
cannot be present [19].

In the present study, we propose a subwavelength grat-
ing with converging-diverging channel (CDC) for extraordi-
nary transmission and in combination with one-dimensional
(1D) PhC for enhanced emission. For the emission, there is
a cavity between the CDC grating and the 1D PhC. Here, we
could make use of the surface waves that could be present
on both the metallic gratings and in the PhC structure. The
1D PhC considered is made of lossless dielectrics (SiO2 and
InSb) with refractive indices given by [20] nSiO2 = 1.46 and
nInSb = 3.95. A freely available MIT photonic band (MPB)
package was used for calculating the photonic band struc-
ture (PBS) of the PhC. The first or lower bandgap in the PBS
is between the normalized frequency range of 0.136 to 0.217.
So, a PhC having a unit cell thickness “a” of 100 nm has first
bandgap wavelength range that is between 460 nm to 735 nm.

According to Kirchhoff ’s law, the directional spectral
emissivity (ελ,θ) can be determined by using 1−ρλ,θ − τλ,θ

[21],where the directional spectral reflectance, (ρλ,θ), and the
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Figure 1: Schematic view of the lamellar transmission metallic grat-
ing with converging-diverging channels in vacuum with grating pa-
rameters as period (d), aperture (a), and thickness (t).

directional spectral transmittance, (τλ,θ), are evaluated by us-
ing a plane monochromatic wave incident from the air at an
angle of incidence “θ” as shown in Figure 1. In the figure,
we show a schematic view of a metallic grating with CDC in
vacuum that was studied with the definition of different pa-
rameters: the period of grating (d), the aperture width (a),
the grating thickness (t), and the gap at the throat (g). The
gap sizes were varied from 0.5 μm to 5 nm. It is plausible to
use Maxwell’s equation when the absolute lower limit of the
length of macroscopic domain is 10 nm [22]. Therefore, it is
assumed that the results obtained in the present study for gap
of 5 nm will be rational. Nevertheless, it should be pointed
out that the effects discussed in this study do apply for any
other range of grating parameters provided that the aper-
ture width is very small in comparison to the grating period.
Also, the frequency of incident light has to be well below the
plasma frequency of the metal [11]. The dielectric function
of metals described in this study is from the tables reported in
[20, 23]. The transmission for metallic lamellar gratings with
transverse electric (TE) polarization suffers a cutoff wave-
length [24]. Hence, we have analyzed the metallic gratings
with only TM polarization (magnetic field vector parallel to
the gratings) in order to study whether the enhanced trans-
mission could be achieved for any desired wavelength with
the CDC structure. The resulting governing equation for the
time harmonic electromagnetic fields, with the dependent
variable as magnetic field in the z-direction (Hz), is same as
Helmholtz equation. Commercially available finite element
software (FEMLAB 3.1i) was used for solving the governing
equation. The 2D computational domain is surrounded by
either a periodic boundary with perfect electric condition or
a perfectly matching layer (PML) [25]. Since the proposed
study has a structure that is periodic in 1D and has the length
of the grating larger than the period of the grating, then the
resulting computational domain would be a 2D domain. The
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Figure 2: Zero-order transmittance for a normal incident plane
wave on lamellar gratings in vacuum for different channel config-
urations, but with the same grating parameters as (a) d = 3.5 μm, a
= 0.5 μm, and t = 3.0 μm in gold film; (b) d = 650 nm, a = 300 nm,
and t = 500 nm in silver film.

transmittance (τ) and reflectance (η) of the CDC grating
were calculated from the obtained electromagnetic field dis-
tributions as follows:

τ =
(
Hz ·Hz

∗)
P1,F(

Hz ·Hz
∗)

P1,I

, η =
(
Q ·Q∗)P2,F(
Hz ·Hz

∗)
P1,I

, (1)

where Q = (Hz − (∂Hz/∂y)/(ik cos(θ))), Hz is the magnetic
field, k is the wave vector, θ is the angle of incidence, and
subscripts F and I indicate the incident and final transmitted
energy. P1 and P2 indicate the planes below and above the
grating.

Figure 2 shows the zero-order transmittance for normal
incident radiation as a function of wavelength for differ-
ent channel configurations. The CDC with 5 nm gap at the
throat has a remarkable transmission in a very narrow wave-
length band. The two transmission peaks for the straight

channel are identified as the SPP and waveguide coupled res-
onance (∼3.9 μm) and waveguide resonance (∼7.4 μm) [11].
Although the two transmission peaks seen for the converg-
ing channel are located at almost the same resonance wave-
lengths as for the straight channel, the transmittance is much
lower, which is explained later. For CDC, the locations of
transmittance peaks have changed in spectral positions and
are approaching each other as the gap at throat decreases,
as seen in Figure 2(a). This would lead to a high transmis-
sion in a very narrow wavelength band, and the transmit-
tance is almost negligible everywhere else in the considered
wavelength range. A closer look at Figure 2(a) would also tell
that the resonances for CDC occur at wavelengths which had
lower transmittance with a straight channel. Similar kind of
behavior can be observed at different wavelengths for the sil-
ver gratings (Figure 2(b)).

By varying the angle of incidence “θ,” we can calculate the
PBS and ω(kx), of these transmission resonances or surface
excitations of the metallic gratings. Using the photonic band
structure (PBS), both the spectral position and the width of
transmission peaks can be found. In Figure 3(a), we show the
PBS of a CDC gold grating with 100 nm gap at the throat in
vacuum. Also, we show the energetic positions of the SPP
modes (white dashed lines) for a nearly flat metal surface.
Figure 3(a) shows that there are two transmission resonance
bands, with the higher-energy band following close to the
SPP mode energetic positions and lower-energy band shifts
in spectral location with the angle of incidence “θ.” For the
transmission resonances, the phases across the grating have
to be in-phase for a Fabry-Perot or waveguide kind of res-
onance to occur [26]. With further decrease in the gap at
throat to 50 nm (see Figure 3(b)), the band at the lower en-
ergy has become more dependent on “θ,” and the transmit-
tance above the first-order diffraction has increased more,
but now over a shorter range of energy spectrum when com-
pared to that of the 100 nm gap (see Figure 3(a)). When the
gap at the throat of CDC reduces the high-transmission res-
onance, bands in the PBS change from their previous en-
ergy positions, and the bands appear to approach each other
(see Figure 3). Hence, it should be pointed out that with very
small gap at the throat, the transmission over the entire en-
ergy spectrum could be made high only in a very narrow
band. The shifting of transmission resonance band with the
gap at the throat of the CDC can be seen in Figure 4, where
the transmittance of CDC aluminum grating as a function
of wavelength in UV-visible range and gap size at the throat
is shown. The full width at half maximum (FWHM) of the
transmission peak shrinks with the reduction in the throat
gap. In addition, the transmission peak magnitude declines
with the throat gap. This is due to two things: (i) the shift
of transmittance peak to lower wavelengths that is accompa-
nied by (ii) the change in the channel shape, which might
increase the skin depth that would subsequently increase the
absorption. Also, it is to be noted that the slight reduction
in the transmittance peaks happens in the UV-visible range,
and it is not observed at higher wavelength range since the
skin depth remains constant for those wavelengths.

The normalized magnitude of the x-component electric
field (|Ex|) along the center line of the channel at ∼6.35 μm
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Figure 3: Photonic band structure of the surface plasmons respon-
sible for the transmission resonances of gold gratings in vacuum
with slit shape as (a) CDC with g = 100 nm and (b) CDC with g =
50 nm. The grating parameters are fixed at d = 3.5 μm, a = 0.5 μm,
and t = 3.0 μm. Also, energetic positions seen in figures are (white
dashed lines) of the SPP modes.

wavelength for the converging channel and CDC is shown in
Figure 5. The variation of |Ex| in the channel is proportional
to the distribution of charges on the metallic grating chan-
nel surfaces. Also, by looking at the |Ex| distribution along
the channel would tell whether the wave inside the channel is
in-phase or out-of-phase. In Figure 5(a), we show that when
the gap is 500 nm, the wave inside the channel is an out-of-
phase standing wave. This is because the minimum magni-
tude (or node) is not at the center of the channel, and the
magnitudes near the end of channels (or antinodes) are not
equal. This indicates that at the end of channel, the dipoles
have unequal strength which could be due to the destructive
interference of the wave inside the channel [24]. The surface
charges oscillate between these two antinodes leading to the
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Figure 4: Transmittance in vacuum for CDC gratings as a function
of the wavelength and distance at the gap of throat for the aluminum
gratings having d = 315 nm, a = 125 nm, and t = 100 nm.

surface current that couples to the incident light and trans-
mits it to the other side of grating. With the decrease in gaps
near the throat, the node moves further away from the cen-
ter, and hence the wave inside the channel goes more out-
of-phase. Also, when the gap near the throat keeps decreas-
ing, the dipole at the throat starts to gain in strength and
becomes stronger than the dipole at the other end of chan-
nel. This causes very less net current or energy to flow out
of the channel. Similarly, by looking at the |Ex| distributions
in Figure 5(b), we show that the wave inside the channel of
CDC is a standing wave for different gaps near the throat.
As the gap in CDC keeps decreasing, the node keeps moving
toward the center of channel. Also, the magnitudes of |Ex|
at two antinodes are increasing and becoming equal. This
shows that the CDC shape of the channel is aiding the wave
inside the channel to become an in-phase standing wave. The
condition for in-phase resonance inside the channel is given
by [26] 2Kt + Δφ = m2π, where “K” is the wave vector of
the resonance, and “Δø” is the phase change on the aperture
of the slits. The role of throat is that for various gap sizes the
length of the channel surface would change and hence would
result in having different resonance wave vector. This can be
seen from Figure 5(b) where it is shown that at 6.35 μm wave-
length the high transmittance happens at 200 nm gap near
the throat, which has a standing wave inside the channel that
is in-phase. A small decrease in the gap from 200 nm makes
the standing wave inside the channel to go out-of-phase, and
so the transmittance decreases. When the gap at throat be-
comes smaller, then the charges at throat gain strength, just
like in the case of converging channel (see Figure 5(a)). This
would not allow light to transmit more efficiently.

Normal emittance spectrum with p-polarization for the
CDC grating with 5 nm gap and 1D PhC with various cav-
ity lengths can be seen in Figure 6(a). The 50 nm cavity
length has one smaller emissive peak at lower wavelength.
But, when the cavity length is increased to 100 nm then the
emissive peak present at lower wavelength would increase
in magnitude, and the spectral position of the peak moves
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Figure 5: Normalized electric field x-component (|Ex|) at an inci-
dent wavelength of 6.35 μm along the channel center line of a gold
grating in vacuum with (a) converging channel and (b) CDC for
different gaps at the throat and grating parameters as d = 3.5 μm, a
= 0.5 μm, and t = 3.0 μm.

to a bigger wavelength or has a red shift. When the cav-
ity length increases further to 200 nm, then the only emis-
sivity peak in the entire wavelength range of interest will
have magnitude almost close to unity. The spectral posi-
tion of the peak would have a further red shift. Figure 6(a)
also shows that the 300 nm cavity length would have a high-
emissive peak with an additional red shift. The spectrum of
normal emittance for the 320 nm cavity length has several
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Figure 6: (a) Normal emittance spectrum with p -polarization in
vacuum for Ag CDC grating having the parameters Λ = 250 nm,
h = 100 nm, t = 100 nm, g = 5 nm, and a photonic crystal having
the parameters a = 100 nm, d1 = d2 = 50 nm with cavity length L =
50 nm, L = 100 nm, L = 200 nm, L = 300 nm, L = 320 nm; (b) electric
field intensity distribution normalized to the incident along the line
passing through the center of the CDC grating throat and into the
photonic crystal with cavity lengths L = 100 nm, L = 200 nm, L =
300 nm, and at respective normal emissive peak wavelengths.

narrow peaks towards higher-band wavelength. The FWHM
of the emissive peaks for the cavity length of 100 nm and
200 nm is the same and is around 4 nm. For the 300 nm cav-
ity length, the FWHM is around 5 nm. Hence, Figure 6(a)
shows that by varying the cavity length would result in the
red shift of the emissive peak, and the FWHM of the peaks
will be around 4-5 nm. In addition, according to the Wiener-
Khinchin theorem the width of the emission spectrum peak
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Figure 7: (a) Normal emittance spectrum with p-polarization in vacuum for Ag CDC grating having the parameters Λ = 250 nm, h =
100 nm, t = 100 nm, g = 5 nm, and a photonic crystal having the parameters a = 100 nm, d1 = d2 = 50 nm with varying cavity. Electric field
intensity distribution normalized to the incident along the line passing through the center of the CDC grating throat and into the photonic
crystal with (b) L = 350 nm, L = 400 nm, L = 500 nm, L = 600 nm, and at respective higher normal emissive peak wavelengths (c) L = 600 nm,
L = 690 nm, and at respective lower-normal emissive peak wavelengths.

is inversely proportional to the coherence time [27]. This
would then suggest that the cavity length is a good degree
of freedom for achieving a tunable monochromatic ther-
mal emitter for any desired wavelength with large tempo-
ral coherence. Figure 6(b) shows the electric field intensity
distribution normalized to the incident along a line passing
through the center of the CDC grating throat and into the
1D PhC. The intensity variation in the cavity seems to be like
a first harmonic standing wave between the Ag grating and
1D PhC. The magnitude of the electric field intensity varia-
tion in the cavity increases with the cavity length, suggesting
that the increase in emissive peak magnitude is due to the

increase in the cavity resonance strength. Also, in 1D PhC,
the electric field intensity decays within a smaller number of
unit cells for larger cavity lengths. Hence, Figures 6(a)-6(b)
show that the high absorption or emission is mainly due to
the strong resonance in the cavity, and the condition for the
resonant wavelength changes with the cavity length.

For a CDC, grating with 5 nm gap at the throat and 1D
PhC with an increased cavity length from 320 nm to 350 nm
has resulted in reducing the larger peaks present at higher
wavelengths, as is evident in Figures 6(a) and 7(a). An addi-
tional increase in the cavity length to 400 nm has red shifted
the spectral position of the emission peak present at lower
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wavelengths, and also the magnitude of the emissivity peak
has increased. In addition, at this cavity length there are no
emission peaks near the larger wavelengths. When the cav-
ity length is increased to 500 nm, then the emittance peak in
the spectrum, as shown in Figure 7(a), has further red shifted
and is almost in the middle of the wavelength range of inter-
est. But, a closer look on the normal emission spectrum in
the lower-wavelength range shows that there is a very small
peak in the emission indicating that there could be an onset
of even higher resonance in the cavity, as shown later. With
the cavity length increased to 600 nm, the larger emission
peak in the spectrum has further red shifted, and the smaller
emission peak has gained in strength with a similar red shift.
But the normal emittance spectrum, for the cavity length of
690 nm, has multiple emission peaks at higher wavelengths,
and the emission peak at the lower wavelength has gained
further in the magnitude with all of the emission peaks hav-
ing red shift. Figure 7(b) shows the electric field intensity dis-
tribution normalized to the incident along the line passing
through the center of the CDC throat and into the 1D PhC, at
the spectral positions where the emission spectrum has large
peaks for the cavity lengths of 350 nm, 400 nm, 500 nm, and
600 nm. From the figure, it can be seen that for all the cav-
ity lengths considered, the resonance in the cavity is similar
to a second harmonic resonance of a standing wave. There-
fore, as the cavity length increases the spectral position of the
emission peak due to the second harmonic resonance would
have red shift, as observed similarly for the first harmonic
resonance in Figures 6(a)-6(b). When the cavity lengths in-
crease beyond a certain range, then there would be an onset
of higher-order resonances at lower wavelengths and this is
shown in Figure 7(c). In this figure, the normalized electric
field intensity distribution is shown along the same line as the
previous cases but for wavelengths where the spectral emis-
sion has peaks in the lower wavelength. The intensity distri-
bution shows that the cavity has a resonance that is similar to
a third harmonic standing wave.

In conclusion, we have shown that CDC metallic grat-
ings with narrow and deep slits can have enhanced transmis-
sion resonances for wavelengths larger than the periodicity of
the grating and have high-transmission resonances in a very
narrow energy band. Also, it has been shown that a thermal
emitter with a cavity surrounded by a CDC metallic grating
and 1D PhC has very sharp spectral emission peak. This is
mainly due to the strong resonances in the cavity supported
by the CDC grating and 1D PhC. Thus, the emitter is tun-
able to various wavelengths with the choice of right materials
along with the parameters of the grating, cavity length, and
1D PhC. Hence, the metallic subwavelength gratings with
CDC can have important applications in optical communi-
cations, biological sensing, and optoelectronics.
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1. INTRODUCTION

Since 1998 when Ebbesen et al. discovered enhanced trans-
mission of light through subwavelength hole arrays made in
a thin metal film [1] there has been a renewed interest in ex-
ploiting dielectric response of subwavelength metallic peri-
odic structures in different frequency regions including the
optical [2–4], microwave [5], and terahertz region [6–12].
These structures possess abilities to confine incident light
into a small spatial domain or to transmit light very effi-
ciently. Thus, subwavelength metallic structures have great
potential in subwavelength photonics apart from the funda-
mental physics.

In this letter, we experimentally investigated the trans-
mission properties of a metallic grating with subwavelength
slits by using THz-TDS [13]. The grating is exposed to p-
polarized incident wave which is also called transverse mag-
netic (TM) with its electric field vector E perpendicular to
the slit direction. The delay of the terahertz pulses and the
nonresonant transmission spectrum through the samples
were observed. Here, “nonresonant” corresponds to the case
where the depth of the metallic grating in our experiment is
much larger than the time window of the sampling terahertz

radiation signal by using THz-TDS so that only a single pass
of the terahertz pulses through the sample could be detected.
Therefore, there was no Fabry-Perot-like resonant transmit-
tance. Enhanced transmission in the long-wavelength was
observed, as well as Wood anomalies which may act as a cri-
terion and a tool to judge and control the fabricating accu-
racy of the sample grating. Theoretical explanation is then
given by employing the effective refractive index of the metal-
lic grating in the long wavelength and the nonuniformity of
the grating period. Experimental results agree well with the-
oretical calculation.

2. EXPERIMENTAL SETUP AND RESULT

The sample was constructed using 250 ± 5 μm thick steel
blades, which were aligned vertically in a metallic frame with
air spacers of the thickness of 70 ± 15 μm. The grating was
3 mm in depth. In Figure 1, we show a schematic view of
the sample with the parameters: the period of the grating
(p), the width (w), and the depth (h) of the grating. The
sample was placed between two off-axis parabolic mirrors in
the collimated path of a standard THz-TDS with ZnTe-based
emitter and detector. Linearly polarized and near single-cycle
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Figure 1: Schematic view of the metallic grating with subwave-
length slits.

broadband terahertz pulses with a bandwidth from 0.3 to
3 THz were generated using 50 femtoseconds pulses from
a mode-locked Ti: sapphire laser (average output power of
300 mW, repetition rate of 100 MHz).

The linearly polarized terahertz pulses through around
20 mm diameter aperture were impinged perpendicularly on
the grating surface. All the system was sealed in a plastic box
purged with pure nitrogen to mitigate absorption by water
vapor.

The reference signal was obtained without the sample in
the collimated beam path. We adjusted the metallic grating
to make sure that the THz pulses were incident perpendicu-
larly upon the grating surface in p-polarized state. Time do-
main signals with and without the metallic grating are given
in Figure 2(a); while their corresponding spectra are shown
Figure 2(b). Also, it can be seen in Figure 2(a) that the am-
plitude of transmission signal is nearly one third of that of
the incident THz pulse, and that transmission pulse exhibits
a time delay compared to the reference signal. The additional
structures on the spectra curves in Figure 2(b) arise from ab-
sorption of the residual water vapor in the plastic box. The
transmittance or transfer function of the grating can be de-
rived by dividing the transmission spectrum by the reference
spectrum as shown in Figure 2(c).

3. DISCUSSION

According to the modal expansion method proposed by
Sheng et al. [14] and the effective Fabry-Perot model given
in [15], and considering that metal can generally be treated
as a perfect electrical conductor (PEC) in the THz frequency
region, the expressions of transmittance or transfer function
for normal incidence may be written as

T(ω) = 4Γ

(1 + f )2 , (1)

where Γ = w/p is the area filling factor of the slits. Function
f can be written as

f = Γ
+∞∑

n=−∞

s2n
βn

, (2)
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Figure 2: Nonresonant terahertz transmission properties of the
grating exposed to p-polarized incident wave with grating period
p = 320 ± 15 μm, slit width w = 70 ± 5 μm, and grating depth
h = 3 mm. (a) Time domain traces of terahertz pulses. (b) Corre-
sponding Fourier spectra. (c) Transmittance.
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Figure 3: Comparison between experimental result and theoreti-
cal calculation. The thick solid line shows the experimental trans-
mittance as indicated in Figure 2(c). The thin solid line denotes
the theoretical transmittance of the grating with uniform period
p = 320 μm. The dashed line is a theoretical simulation assuming
the grating period fulfills normal distribution with mean 320 μm
and standard deviation 20 μm. The circle marks the transmittance
in the long-wavelength region.

where sn with integer n can be expressed as

sn =
sin
(
k0γnw/2

)
(
k0γnw/2

) (3)

with

γn = n
λ

p
, β2

n = 1− γ2
n. (4)

Regular spaced transmission minima, called Wood anoma-
lies [16, 17], can be observed when a new diffraction order
emerges from the surface, which is γn = 1 corresponding to
Wood frequencies:

νn = nc

p
, (5)

where c and n are the vacuum speed of light and an integer
number, respectively. The experimental positions of the min-
ima in the transmission spectrum agree well with the theo-
retical expectation as illustrated in Figure 2(c) with frequen-
cies equal to 0.94 THz and 1.88 THz.

It should be pointed that the minima at frequencies
0.94 THz and 1.88 THz are expected to be zero according to
(1), (2), and (4) as shown by the thin solid line in Figure 3
but the experimental result (thick solid line in Figure 3) only
exhibits dips at such frequencies. The difference may be at-
tributed to the nonuniformity of the period of the sample
grating we fabricated. The grating period is randomly dis-
tributed in the vicinity of 320 μm with a fabrication error of
20 μm. As we know, the positions of the minima are subject
to the grating period. Different periods correspond to differ-
ent positions of the minima so that the comprehensive effect
is to form dips in the transmittance curve other than zeros at
Wood frequencies.

A model is proposed to demonstrate our point of view.
Assuming the grating period fulfills normal distribution

N(p) with mean p0 of 320 μm and standard deviation σ of
20 μm, which is

N(p) = 1√
2πσ

e−(p−p0)2/2σ2
. (6)

Thus, the average transmittance T(ω) can be rewritten as

T(ω) =
∫ +∞

−∞
N(p)T(ω)dp, (7)

where T(ω) is given by (1). The dashed line in Figure 3 de-
notes the curve of T(ω) The theoretical simulation of the av-
erage transmittance demonstrates the formation of the dips
at Wood frequencies. More importantly, the dips provide us
a basis to judge the uniformity or fabricating accuracy of the
metallic grating. The grating period can be judged by the po-
sition of the dips; and the fabricating accuracy may be judged
by the width and depth of the dips. The narrower and deeper
the dips are, the more accurate the grating period is.

The theoretical deviation from the experiment is mainly
attributed to two reasons. The first is that the actual distri-
bution of the grating period does not exactly fulfill the nor-
mal distribution. The second one is that the signal-to-noise
ratio (SNR) increases when the frequency is below 0.5 THz,
which leads to fluctuation of the transmittance in the long-
wavelength region shown in Figure 3.

Then, we mainly focus on the long-wavelength region
where the incident wavelength λ is much larger than the grat-
ing period p. Therefore,

f = Γ
+∞∑

n=−∞

s2n
βn
= Γ

(
1− 2ip

λ

∞∑

n=1

sinc(nπΓ)
n

)
≈ Γ. (8)

The transmittance can thus be approximated by the expres-
sion

T(ω) = 4Γ

(1 + Γ)2 =
4

(1/Γ + 1)2 . (9)

However, (9) implies that the transmittance is only related
to the area filling factor of the slits in the long-wavelength
region. By comparing (9) with the transmittance of a plane
wave incident normally on a dielectric slab with refractive
index n and thickness of h/n,

T = 4

(n + 1)2 , (10)

we can easily extract an effective refractive index n = 1/Γ =
p/w, namely, the metallic grating with subwavelength slits
can be treated as a dielectric slab. In fact, the effective index
reflects the surface phase retardation of the metallic grating
because the slits bring no time delay to the THz pulse com-
pared to the reference signal. Assuming that the grating pe-
riod keeps constant, the narrower the slits are, the more time
the incident wave spends in getting into and out of the slits,
which corresponds to a larger refractive index. As we can see
in Figure 2(a), there is a time delay in the time traces of the
transmitted THz pulses compared to reference traces, which
is a proof of the surface retardation of the grating.
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The transmission efficiency t exceeds unit when normal-
ized to the field directly impinging on the slits:

t = T(ω)
Γ

= 4

(1 + Γ)2 . (11)

As indicated by (11), t ranges from 1 to 4 for 0 < Γ < 1. Ob-
viously, the larger Γ factor, the larger the effective index and
the larger the transmission efficiency we can get. For Γ→0,
t tends to reach its maximum 4. This conclusion is different
from the resonant transmission condition described in [1, 3].
For condition Γ→1, where the grating actually becomes air
or vacuum, t = 1 corresponding to no enhanced transmis-
sion. For our sample grating with period p = 320 μm and slit
width w = 70 μm, transmittance T = 0.59 agrees well with
the experimental result shown by the circle in Figure 3.

4. CONCLUSION

The nonresonant transmission properties through a metallic
grating with subwavelength slits in the THz frequency region
were investigated. The grating was exposed to p-polarized
incident THz radiation. The minima attributed to Wood
anomalies were observed at wavelengths equal to fractions of
the grating period. The nonuniformity of the grating period
led to dips other than zeros at Wood frequencies. Normal dis-
tribution of the grating period was used to simulate the for-
mation of the dips. These results provide us a criterion and
a tool to judge and control the fabricating accuracy of the
metallic grating. As for the long-wavelength region, an effec-
tive index of the grating was extracted based on the effective
Fabry-Perot model to explain the enhanced transmission in
this region. The experimental results are in good agreement
with the theoretical calculations.
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waveguides can be interpreted as a gap SPP waveguide with an inner dielectric core. Compared to pure SPP waveguides, such
hybrid waveguides have a comparable mode field size, but with significantly lower loss (∼ 0.05 dB/μm for either quasi-TE or
quasi-TM operation). Therefore they can be potentially deployed for a range of integrated photonic applications.
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1. INTRODUCTION

Recently, there has been a revived interest on surface-
plasmon-polariton (SPP) waveguides [1]. Such waveguides
can confine light without a diffraction limit. Therefore, they
are promising for applications in integrated optics. However,
the propagation loss of almost all SPP waveguides is found
to be inversely proportional to their mode field confinement
(see, e.g., [2]). Most SPP waveguides proposed so far have
their propagation lengths limited to only several microme-
ters once light is squeezed beyond the diffraction limit [3–
5]. Such a high loss value ultimately prevents the waveguides
from being deployed as integrated photonic circuits. In this
paper, we look into a type of waveguides which guide light
using both the dielectric index-guiding mechanism and the
SPP effect. Such hybrid waveguides should inherit both the
low-loss feature of all-dielectric waveguides as well as the
superior mode confinement possessed by SPP waveguides.
Compared to SPP waveguides, the proposed waveguides are
expected to be able to achieve a comparable mode field con-
finement and lower propagation loss.

The waveguide to be examined, in a 1D slab limit, has
a high-index dielectric core layer surrounded by low-index
dielectric cladding layers, which is then further jacketed by
metal claddings (see Figure 1(a)). When the distance be-

tween two metals (or metal gap size) is large enough, both
TE and TM modes can be guided by the central high-index
dielectric core. As the gap distance gets smaller, the effect of
metal claddings becomes more evident. In fact, if the gap dis-
tance is close to the wavelength, the dielectric materials be-
tween metal claddings can be treated as an effective dielectric
medium. Among the two modes, the TE mode will be cut-
off if the metal gap is as short as half of the light wavelength
(measured in the effective dielectric medium), while the TM
mode is an SPP in nature and does not suffer from a diffrac-
tion limit. In practice, the waveguide in Figure 1(a) should
be fabricated with a finite height. Figure 1(b) depicts the
schematic cross-section of a corresponding planar 2D waveg-
uide. Modes guided by the waveguide shown in Figure 1(b)
are all hybrid. The first two modes have their major elec-
tric field polarized along either x or y direction. These two
modes, therefore, can be referred to as quasi-TE or quasi-TM
mode. Both index-guiding and SPP-guiding mechanisms, in
general, contribute to the mode field confinement in such a
waveguide. Without the central high-index core, the waveg-
uides shown in Figures 1(a) and 1(b) correspond to the pre-
viously reported metal-insulator-metal (MIM) [6] and metal
gap waveguides [4, 7–9], respectively. We will show that in-
troduction of a high-index inner core will reduce metal ab-
sorption loss considerably for the TM mode (or quasi-TM
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Figure 1: Schematic diagrams of the hybrid optical waveguide
cross-sections. (a) 1D; (b) 2D.

mode for a 2D waveguide). At the same time, the TE mode
(or quasi-TE mode) can be saved from cutoff, due to an in-
crease in the effective index of the dielectric filling between
two metal claddings. The optimum inner core thickness will
be determined for achieving relatively low-loss quasi-TE or
quasi-TM operation around 1550 nm wavelength, given a
fixed metal cladding separation.

2. 1D ANALYSIS

We choose commonly available materials, namely silver (Ag),
silica (SiO2), and silicon (Si), for the current theoretical
study. Throughout this paper, we have explicitly considered
the material dispersion. The dielectric constant of silver is de-
scribed in Drude model as

ε(Ag) = ε∞ −
(
ε0 − ε∞

)
ω2
p

ω2 + iωγ
(1)

with ε∞ = 4.017, ε0 = 4.896, ωp = 1.419 × 1016 rad/s, and
γ = 1.117 × 1014 rad/s. This Drude model is fitted accord-
ing to the measured data from Palik’s handbook [10]. The
dielectric constant of silica is assumed to adhere to the well-
recognized Sellmeier equation [11]. And similarly, a Sell-
meier equation for silicon [10] is adopted. The operating
wavelength is chosen to be within the range 1.2∼2.0 μm, in
which both silica and silicon are transparent.

We have employed a transfer-matrix method (TMM) for
deriving modes propagating in the 1D waveguide. A time de-
pendence of exp( jωt) is assumed throughout this study for
harmonic electromagnetic field. The guided modes in a 1D
waveguide can be separated into TE and TM two groups. We
describe briefly the method for deriving TM modes. TE pro-
belms can be handled accordingly. As a mode field in any
single layer fulfills the wave equation in homogeneous mate-
rial, and its general solution for the tangential field Hy can be
written as

Hy,i = Aexp
(
jkxix

)
+ Bexp

(− jkxix
)
, (2)

where k2
xi = k2

0μriεri − β2. Care should be taken for choosing
the sign of the square root when deducing kxi. k0 is the free-
space wave number. β is the propagation constant which is,
in general, complex. The effective mode index is defined as
neff = β/k0. In (2), the first term denotes the left-propagating

wave, and the second denotes the right-propagating wave.
Another tangential field Ez can be derived as

Ezi = A
kxi
ωεi

exp
(
jkxix

)− B kxi
ωεi

exp
(− jkxix

)
. (3)

Equations (2) and (3) can be written compactly as
[

Hyi

Ezi

]

= Mi

[
A
B

]

. (4)

As tangential fields are continuous across an material inter-
face, by setting x = xi with xi the ith interface position, we
can relate fields in two adjacent layers by

[
Hyi

Ezi

]

= Mxi

[
Hy,i+1

Ez,i+1

]

, (5)

where Mxi = M−1
i Mi+1 is the transfer matrix. In this man-

ner, the field in the leftmost layer can be related to that
in the rightmost layer. By considering there is no right-
propagating wave in the leftmost layer, and that there is no
left-propagating wave in the rightmost layer, we can get a
characteristic equation. β values can be determined by solv-
ing for the roots of the equation.

Figures 2(a) and 2(b) show, respectively, the variations of
the TE and TM modes in their neff and loss values as the Si
layer thickness d is changed from 0 to 500 nm while the dis-
tance between two metals w is kept at 500 nm. Wavelength
is at 1550 nm. For the first TE mode, its propagation loss
decreases sharply by more than one order and reaches its
minimum at 25.7 dB/mm around d = 220 nm. The loss in-
creases gently as d is further increased. In fact, the TE0 mode
is close to cutoff at d = 0 nm, and introduction of the Si
layer pushes the cutoff to longer wavelength, which explains
the initial sharp decrease of loss. When d reaches 275 nm, the
second TE mode (TE1) begins to be guided. We can easily
avoid this TE1 mode by letting d < 275 nm. The TM modes
in Figure 2(b), in general, exhibits the same trend. The first
two modes, TM0 and TM1, are the Fano mode pair in a con-
ventional MIM slab waveguide. Among them, the TM0 mode
does not experience cutoff even if w decreases to a near-
zero value. Propagation loss of this fundamental mode de-
creases as d increases. The minimum loss of 22.6 dB/mm oc-
curs when d = 340 nm. This drop in loss is attributed to the
trapping of light in the Si layer, and therefore the interac-
tion of mode with metal surfaces is reduced. Notice that all-
Si filling results in a higher loss than that induced by all-SiO2

filling. The TM1 mode is close to cutoff at d = 0, and it be-
comes better confined as the Si layer is introduced. However,
the improvement is not as significant as that for the funda-
mental mode. The is due to the fact that there is a nodal line
for the dominant field of the TM1 mode, which effectively
expels light out of the Si layer. The TM2 mode appears at
d = 275 nm, which experiences similar dispersion and loss
behaviors as the TE1 mode. The Fano mode pair is seen to al-
ways exist regardless of d. However, we will show in the next
section that the second Fano mode can be stripped off if a
proper substrate and superstrate are deployed for a realistic
2D waveguide. Here w = 500 nm has been chosen for our



M. Yan and M. Qiu 3

0 0.1 0.2 0.3 0.4 0.5

d (μm)

10

102

103

Lo
ss

(d
B

/m
m

)

0 0.1 0.2 0.3 0.4 0.5
0

0.5

1

1.5

2

2.5

3

3.5

4
E

ff
ec

ti
ve

m
od

e
in

de
x

TE0

TE1

(a)

0 0.1 0.2 0.3 0.4 0.5

d (μm)

10

102

103

Lo
ss

(d
B

/m
m

)

0 0.1 0.2 0.3 0.4 0.5
0

0.5

1

1.5

2

2.5

3

3.5

4

E
ff

ec
ti

ve
m

od
e

in
de

x

TM0

TM1

TM2

(b)

Figure 2: The variations of neff (upper panel) and loss (lower panel) values for the TE (a) and TM (b) modes with respect to the Si layer
thickness.
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Figure 3: Modes supported by 1D waveguides. (a) Field compo-
nents of the TE0 mode guided by a slab waveguide with d = 200 nm.
(b) Field components of the TM0 mode guided in a slab waveguide
with d = 340 nm. In both cases, the z field component is the minor
component.

case study. Although not shown in this paper, we point out
that an extra Si layer only helps to reduce propagation loss
when w is larger than ∼250 nm. When w = 200 nm, no TE
mode is supported, and loss of the first TM mode increases
monototically with d.

In Figure 3(a), we plot the fundamental TE mode at
d = 200 nm, and the fundamental TM mode at d = 340 nm
in Figure 3(b). It is evident that a major part of the light is
trapped in the Si layer, which reduces the interaction of the
modes with the metal claddings. The field penetration into
metal claddings is limited to only tens of nanometers (so-
called skin depth). Therefore, it is expected that such waveg-
uides can be placed very close to each other without suffer-
ing from heavy cross-talks, which is key for achieving high-
density optical integration.

3. 2D ANALYSIS

In 2D scenario, the waveguide in Figure 1(a) will have a fi-
nite height h. A substrate and a superstrate will be present
below and above the waveguide, respectively, as shown in
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Figure 4: Dispersion of the TE (a) and TM (b) modes as the waveguide height is changed. d = 200 nm.

Figure 1(b). The guided mode is affected not only by the
height of the planar waveguide but also by the indices of
substrate and superstrate. Most importantly, the high-order
modes that appear in 1D waveguides as shown in Figure 2
can be trimmed off for some adequate substrate or super-
strate. For example, it is relatively simple to achieve low-loss
single-mode quasi-TE operation at λ = 1550 nm, since a sub-
strate and a superstrate made of SiO2 (n ≈ 1.444) would
be sufficient to get rid of the TE1 mode at d = 200 nm
(see Figure 2(a)). For low-loss single-mode quasi-TM op-
eration a substrate and a superstrate of index greater than
∼2.0 (but less than 2.75) can be used to get rid of the odd
Fano mode (TM1) while d can be kept around 340 nm (see
Figure 2(b)). In the following, we will introduce two sepa-
rate waveguides that are, respectively, intended for low-loss
quasi-TE and quasi-TM operations.

3.1. Waveguide for quasi-TE operation

For low-loss quasi-TE operation, we let both substrate and
superstrate be silica. d is fixed at 200 nm. In 1D limit, the loss
of the TE-mode will be as low as 26.1 dB/mm at 1550 nm
wavelength (see Figure 2(a)). A further complication is on
choosing an appropriate height h to prevent nodal line from
appearing in the vertical direction. Although a vector finite-
element method (FEM) can be used to decide h for single-
mode operation, we have found the effective-index method
(EIM) a much more efficient way to achieve the objective.

In EIM, a 2D planar waveguide is simplified to a
horizontally-placed three-layer slab waveguide. For the par-
ticular waveguide shown in Figure 1(b), the upper and bot-
tom layers of the corresponding simplified waveguide are
simply SiO2. The central layer has a refractive index which
is the neff value of the mode guided by the waveguide shown

in Figure 1(a)). The EIM is noticed to have a reasonable
accuracy, especially when wavelength is small (not shown).
Figure 4(a) shows the geometric dispersion curves for the
first four TE modes as h is varied at λ = 1550 nm. We
have only considered the TE0 mode in Figure 2(a). It is
seen that all high-order modes approach cutoff when h de-
creases. When h is less than ∼400 nm, only one mode, that
is, TE0,0,1 is supported. In the same manner, we have exam-
ined the geometric dispersions for the TM modes, as shown
in Figure 4(b); and it is noticed that all high-order modes
have been cutoff for h < ∼500 nm. Again, only TM0 mode
in Figure 2(b) is studied here. Although the second mode in
Figure 2(b) (TM1) has an neff = 1.472768, which is slightly
larger than the refractive index of the substrate/superstrate
(1.444024), the effective index of all modes in 1D case will
be reduced as the height of the waveguide is reduced. It will
be shown in the following paragraph that TM1,x modes will
not be supported in our designed 2D waveguide by using an
appropriate h.

Next, we use a vector FEM method to investigate explic-
itly a particular 2D planar waveguide that is optimized for
low-loss quasi-TE operation. The advantages of FEM include
its accurate definition of material boundaries as well as its
adaptive meshing of the numerical domain. The waveguide
under study has a height of 450 nm. The dispersion and loss
curves for the first four modes are plotted in Figures 5(a) and
5(b). It is seen that the high-order TM0,1 and TE0,1 modes
approach to their cutoffs at λ ≈ 1380 nm and λ ≈ 1430 nm,
respectively. Hence the waveguide operates in single mode

1 The first subscript in the mode designation corresponds to the number
of nodal lines along x direction, while the second subscript denotes the
number of nodal lines along y direction. Although the modes are all hy-
brid, for simplicity we still use the abbreviations “TE” and “TM.”
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Figure 5: Dispersion (a) and loss (b) values for the first four modes
guided by a 2D waveguide with d = 200 nm and h = 450 nm.

for each polarization at wavelength beyond ∼1430 nm. At
λ = 1550 nm, the waveguide is highly birefringent, with bire-
fringence value (defined as |nxeff − n

y
eff|) as high as 0.3569.

This indicates that the TM0,0 and TE0,0 modes, though both
supported by the waveguide, will hardly interact with each
other. A careful excitation by a linearly polarized light source
will ensure that only one of the modes will be propagating
down the waveguide. Generally speaking, the propagation
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Figure 6: Beat length variation as a function of waveguide sepa-
ration for the quasi-TE mode at λ = 1550 nm. The inset in the
upper-left corner gives the TE0,0 mode supported by an individual
waveguide with metal cladding, while that in the bottom-right cor-
ner gives the same mode supported by a waveguide without metal
cladding. The field contour lines are in 3 dB separation. The first
contour line is an exception, which is at 90% of the maximum value.
Domain size of the field plots: 2 × 2 μm2.

loss of the waveguide increases as h is decreased. The propa-
gation losses of both TE0,0 and TM0,0 modes are, in general,
higher as compared to the pure 1D modes. The propagation
loss of the TE0,0 mode at 1550 nm is 44.9 dB/mm, and that
for TM0,1-like mode 150.1 dB/mm. The loss of the TE0,1-like
mode is almost equal to that of the SPP mode supported by
a single Ag-SiO2 surface (see Figure 5(b)), which is in the-
ory impossible to be achieved by the coupled SPPs in MIM
waveguides.

To know how strong two waveguides placed in paral-
lel interact with each other, one needs to examine the beat
length Lp for the coupled supermodes. Beat length is de-
fined as Lp = 2π/|βe − βo|, where βe and βo are propaga-
tion constant of the even and odd supermodes, respectively.
The longer the Lp, the weaker the two waveguides interact. In
Figure 6, we show the variation of beat length as a function of
the waveguide separation S (defined as the distance between
core center to core center). The same curve is also derived
for an identical waveguide but without the metal claddings.
Both curves are approximately linear with the beat length
represented in logarithmic scale. It is observed that the beat
length is increased to their 3.5 times when metal claddings
are present. With the same cross-talk requirement, waveg-
uides with metal claddings can be put 23% closer as com-
pared to without metal cladding. According to the coupled-
moded theory, field overlapping of two waveguide modes
(examined for each individual waveguide in separation) has
direct effect on the coupling strength between two waveg-
uides. From the field distribution of the mode supported by
the hybrid waveguide (upper-left inset in Figure 6), it is not
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Figure 7: Dispersion (a) and loss (b) curves for guided modes in a waveguide with d = 340 nm and h = 480 nm. λ = 1550 nm.

difficult to understand that the field overlapping of such two
modes will be smaller, as compared to waveguides without
metal claddings.

3.2. Waveguide for quasi-TM operation

In this subsection, we look into waveguides that can oper-
ate with a relatively low-loss TM0,0 mode. We follow the pre-
vious sub-section by setting w = 500 nm. To get rid of the
odd Fano mode shown in Figure 2(b), we can choose Sili-
con Nitride (Si3N4, whose index is assumed to be 2.05 for
λ = 1.2∼2 μm) as both the substrate and the superstrate. The
Si3N4 layers are not placed in direct contact with the metals
in order to avoid the high loss induced by Ag-Si3N4 SPP. In
the present study, the Si3N4 materials 200 nm away from the
metal surfaces. See Figure 8 insets for the waveguide cross-
section.

First, according to Figure 2(b), we choose d = 340 nm in
order to minimize the absorption loss. Again, using EIM we
estimate that the height h of the core layer should be kept less
than 500 nm. In this investigation, we select h = 480 nm. In
Figure 7, we show variation of the neff and loss values with
respect to wavelength. Similar to previously designed waveg-
uide, the current waveguide supports both TE0,0 and TM0,0

two modes at λ = 1.55 μm. Losses of the two modes are com-
parable at 45.3 dB/mm and 42.0 dB/mm, respectively. The
birefringence at λ = 1.55 μm is noticed to be 0.052, which is
smaller as compared to the value possessed by the waveguide
shown in the previous subsection. Still, the birefringence is
significantly larger than those in commercial HI-BI fibers,

which are normally in the order of 10−4. Therefore, a care-
fully launched polarization state is likely to be preserved at
the output end of the waveguide.

To examine the coupling strength between such two
waveguides placed in parallel, we show the beat length Lp as
a function of their separation S in Figure 8. The same curve
for an identical waveguide but without the metal cladding is
also superimposed. With the metal cladding, the beat length
is increased to its 5.0 times at S = 600 nm and 10.7 times at
S = 1400 nm. At the same level of cross-talk requirement, the
proposed hybrid waveguide can be placed up to 25% closer as
compared to the waveguides without metal claddings (exam-
ined around S = 700 nm). The major magnetic field Hy sup-
ported by an individual waveguide for both with and without
metal claddings are shown as insets in Figure 8. Comparing
the two fields, it can be seen that the mode guided by the
hybrid waveguide is better confined laterally due to the pres-
ence of metal claddings. In fact, the major field components
Hy and Ex are antiresonant with the horizontal Ag-SiO2 in-
terfaces; therefore, a quicker field decay along the surfaces is
resulted.

4. DISCUSSION AND CONCLUSION

The losses of the designed waveguides are in the range of
40∼50 dB/mm. Such a loss value allows a signal to be trans-
mitted for a∼100 μm distance before its power is dropped to
its 1/e. Since the cross-sections of the waveguides are around
0.5 × 0.5 μm2, the functioning waveguides have a length-to-
cross-section aspect ratio of ∼200. This value is reasonably
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Figure 8: Beat length variation as a function of waveguide separa-
tion for the quasi-TE mode at λ = 1550 nm. The inset in the upper-
left corner gives the TM0,0 mode supported by an individual waveg-
uide with metal cladding, while that in the bottom-right corner
gives the mode supported by a waveguide without metal cladding.
The field contour lines are in 3 dB separation. The first contour line
is an exception, which is at 90% of the maximum value. Domain
size of the field plots: 2 × 2 μm2.

large for achieving a wide varieties of photonic applications
(e.g., ring resonators, couplers, etc.).

The designed waveguides have confirmed that it is pos-
sible to obtain both reasonably low-loss propagation as well
as good confinement by combining both index-guiding and
SPP-guiding mechanisms. There are several ways to achieve
even lower loss, probably at the expense of field confinement.
First, the propagation loss can be reduced by using some di-
electric material with a lower epsilon value (e.g., air), in re-
placement of the SiO2 material in the proposed structures.
A drop in propagation loss is expected because that the SPP
guided by an Ag-air interface has a significantly lower loss
than that guided by an Ag-SiO2 interface. However, planar
waveguides with their core exposed in air are relatively more
vulnerable to environmental changes. Notably, contamina-
tion of water molecules will affect the guided modes signifi-
cantly. Second, propagation loss can be drastically reduced if
the gap size is allowed to increase to some higher value. Fi-
nally, waveguides with lower loss may be possible by applying
the same design methodology to other waveguide structures,
other than based on the MIM structure.

In conclusion, we have proposed the deployment of
waveguides which propagate light by both index-guiding and
SPP-guiding principles. With the hybrid guidance mech-
anism, it is possible to realize low-loss, compact-optical
waveguides using commonly available materials. As a sim-
ple illustration, we have designed waveguides with their
cross-sections at ∼500 × 500 nm2 functioning around the
1550 nm telecommunication wavelength. The waveguides

can be optimized for low-loss quasi-TE or quasi-TM guid-
ance. An increase in packaging density by up to 25%
is observed compared to using waveguides without metal
claddings. The waveguide in quasi-TM operation deserves
some special attention, since a down-tailoring of the waveg-
uide does not lead to a cutoff of the guided quasi-TM mode,
even when the waveguide’s high-index inner core ceases to
exist. We are currently exploring the possibility of coupling
light efficiently from a waveguide proposed in this paper to
a deep-subwavelength metal-gap SPP waveguide without an
inner dielectric core though such a tailoring.
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1. INTRODUCTION

There have been extensive studies of slow light in two-
dimensional photonic crystal slab waveguide (PCSW) [1–
3]. The applications include compact delay lines for pho-
tonic signal processing, dispersion management, enhanced
light/matter interaction for lasing, and so forth. To couple
slow light efficiently, a special interface or a mode converter
is usually needed between PCSW and connected dielectric
waveguides [4, 5]. Alternatively, we investigate the evanes-
cent counter-directional coupling between subwavelength-
diameter silica wire (SiO2-Wr) and PCSW for slow light gen-
eration. A convenient way to draw such SiO2-Wrs can be
found in [6]. There has been previous work on this type of
directional coupler [7, 8]. However, the models are mostly
two-dimensional and the coupling at slow light region is not
investigated. In this paper, we show that the coupling effi-
ciency can be improved greatly when the coupling central
wavelength (work point) is moved to the slow light region.
The work point can be altered either by changing the re-
fractive index of SiO2-Wr, or more realistically by modifying
the geometries of PCSW. Coupled mode theory is applied to
compare the group velocity, coupling efficiency, and coupling
bandwidth of the modified PCSWs.

The numerical work is done by parallel three-dimen-
sional finite-difference time-domain method (P3D FDTD).
The code, MBfrida, is part of the GEMS suite from Efield

AB [9] and is fully parallelized using message passing inter-
face. The simulations are run on Lucidor cluster located at
Center for Parallel Computers, Royal Institute of Technology
(KTH), Sweden.

2. COUNTER-DIRECTIONAL COUPLING
BETWEEN SILICA WIRE AND PHOTONIC
CRYSTAL WAVEGUIDE

The schematic of SiO2-Wr and PCSW directional coupler is
shown in Figure 1. The silicon photonic crystal slab has in-
dex 3.6 and thickness 0.6a, where a is the lattice constant.
The air-hole diameter is 0.6a. PCSW is formed by removing
one row of air holes along ΓK direction. The PCSW disper-
sion band can be modified by changing δ, that is, varying
the width of the waveguide. For δ = 0, we name the waveg-
uide PCSW0. The index of SiO2-Wr is 1.5 and the diameter
is 1 μm. We choose to place SiO2-Wr 500 nm above the slab.
SiO2-Wr and PCSW0 are center-aligned in x and go parallel
along y. SiO2-Wr can also be placed on the side of PCSW0

[7]. However, this side coupling risks generating unwanted
photonic crystal surface modes [10] and furthermore lower-
ing the coupling efficiency. Another issue is that the photonic
crystal lattice between the line-defect and the silica wire is
limited to only a few row of air holes in order to achieve suf-
ficient side coupling, This might weaken the in-plane light
confinement of PCSW0 and lead to larger propagation loss.
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Figure 1: Schematic of SiO2-Wr and PSCW directional coupler.

Figure 2(a) shows the band diagram of PCSW0, calcu-
lated using plane wave expansion method (PWE). The zero-
order even mode is shown in diamond marker. The funda-
mental SiO2-Wr mode dispersion curve is approximately a
straight line within the band-gap. Cross point P is the work
point, where PCSW0 and SiO2-Wr share the same propaga-
tion constant. The opposite slope sign of the two dispersion
curves decides that the evanescent coupling between these
two waveguides is counter-directional. Note that since the
system is symmetric along x, there is no coupling between
fundamental SiO2-Wr mode and first-order odd PCSW0.

The P3D FDTD transmission simulation is shown in
Figure 2(b) with L = 50a. The peak power transmission is
only 25%, indicating a small coupling coefficient. Also note
that the central frequency from P3D FDTD simulation dif-
fers slightly from the P point in Figure 2(a). This discrep-
ancy may result from numerical errors in P3D FDTD and
PWE methods. Another reason is that the actual dispersion
curves for both SiO2-Wr and PCSW0 are slightly modified for
the weakly-coupled system compared to their unperturbed
counterparts.

3. SLOW LIGHT GENERATION

We would like to see the coupling behaviour when the work
point P moves to the flat band region of PCSW. One easy
solution is to change the SiO2-Wr properties such as wire
diameter and material refractive index. For numerical tests
we keep the diameter of SiO2-Wr as 1 μm and change its re-
fractive index from 1.5 to 1.92, 2.0, and 2.1, respectively. The
work points move from P0 to P1, P2, and P3 accordingly, as
shown in Figure 3(a). The power simulations are shown in
Figure 3(b). As the work point moves further into the slow
light region, the peak power transmission goes up, indicating
an increase in the coupling coefficient. The coupling band-
width goes down as the line-width of the transmission spec-
tra decreases.

This interesting phenomenon leads us to more investi-
gation. We keep the index of SiO2-Wr as 1.5 while modi-
fying PSCW geometry in order to achieve flat-band opera-

tion at the coupling point. There are a number of ways to
modify the dispersion curve of PSCW. After many trials, we
find that one effective way is to reduce the PSCW width d. As
shown in Figure 1, d = √3a − 2δ, and we increase δ from 0
to 0.1a, 0.2a, and 0.3a. Accordingly we name the waveguides
as PCSW0, PCSW1, PCSW2, and PCSW3. The band diagrams
for PCSW1, PCSW2, and PCSW3 are shown in Figure 4. Note
that higher-order modes are pulled up from the lower-band
edge for these waveguides.

Figure 5 shows the normalised transmission for the mod-
ified waveguides in comparison to PCSW0. The coupling
length L remains 50a for all cases. When δ = 0.2a, the peak
transmission reaches 82%. When δ = 0.3a, the coupling with
higher-order even mode comes into the frequency window
(QIII). From P0 to PII, we have again observed an improve-
ment of coupling efficiency when the work point moves to
the slow light region. At work point PIII, the power transmis-
sion drops to 58%, despite an increase of group index com-
pared to PII. To understand the coupling behavior better, we
have carried out the coupled mode analysis for this system.

4. COUPLED MODE ANALYSIS

We assume weak coupling between SiO2-Wr mode and
PCSW zero-order even mode. At the work point (ω = ω0),
the power of SiO2-Wr mode, PA, and the power of PCSW
zero-order even mode, PB, are related by [11]

PA(y) = PA(0)
cosh 2[κ(y − L)

]

cosh 2(κL)
,

PB(y) = PA(0)
sinh 2[κ(y − L)]

cosh 2(κL)
,

0 ≤ y ≤ L. (1)

PA(0) is the input light power from SiO2-Wr and PB(0)
is the backward transferred (output) power in PCSW0 at
the initial point. The coupling coefficient κ is determined by
SiO2-Wr and PCSW vertical spacing as well as their individ-
ual mode profile. We define the coupling efficiency η as

η = PB(0)
PA(0)

= sinh 2(κL)

cosh 2(κL)
. (2)

The coupling efficiency depends on the product of κ and
interacting distance L. When κL→∞, η→ 1. For finite κ, com-
plete power transfer from SiO2-Wr to PCSW is possible when
their coupling distance L goes to infinity.

To verify the validity of weak coupling assumptions and
(2), we take δ = 0.2a, which gives the highest peak transmis-
sion, and vary L from 20a to 30a, 40a, 50a, and 70a. Since the
vertical coupling structure is fixed, η is only dependant on L.
We run simulations for all cases and take η as the peak value
of the power transmission spectra. The values are plotted in
Figure 6(a) as discrete data points. The theoretical relation
from (2) is plotted as solid curve in Figure 6(a). The average
deviation of the simulation values from the theoretic curve is
only 3.3%, indicating a good agreement.

Figure 6(b) gives the Ex mode profile in the central slab
plane for PCSW2 waveguide first-order even mode (PII) gen-
erated from the counter-directional coupling. The power
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Figure 2: (a) Band diagram of PCSW0. The blue curve with diamond marker shows the zero-order even PCSW0 mode. The coupling point is
indicated as the blue dot P. Due to modal and structural symmetry, SiO2-Wr mode will not couple with the first-order odd mode of PSCW0

(red curve with square marker). (b) Normalised power transmission in PSCW0 over coupling distance of 50 lattice constants.
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Figure 3: (a) The coupling points shift when the refractive index (nw) of SiO2-Wr varies from 1.5 (P0) to 1.92 (P1), 2.0 (P2), and 2.1 (P3).
(b) The transmission comparison. As the coupling point moves to the flat band region, the coupling efficiency goes up while the bandwidth
shrinks.

Table 1: Comparison of PCSW0−3

PCSW0 PCSW1 PCSW2 PCSW3(PIII)

Peak transmission η η0 = 0.25 η1 = 0.46 = 1.84η0 η2 = 0.81 = 3.24η0 η3 = 0.58 = 2.32η0

Coupling bandwidth Δω (a/λ) 0.0029 0.0020 0.0013 0.0008

Group index ng 5.6 12.1 35.0 40.2

Coupling coefficient κ (a/c/λ) κ0 = 0.0064 κ1 = 0.0109 = 1.70κ0 κ2 = 0.022 = 3.44κ0 κ3 = 0.0156 = 2.44κ0

Figure of merit FOM = ng Δω 0.0162 0.0242 0.0455 0.0322
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Figure 4: Band diagrams for modified PCSW. (a) PCSW1 with δ = 0.1a; (b) PCSW2 with δ = 0.2a; (c) PCSW3 with δ = 0.3a. Note that
higher-order modes (blue curve with triangle marker and black curve with cross marker) are pulled up from the lower band edge.
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Figure 5: The transmission comparison for modified waveguides.
δ = 0.2a (PII) gives the highest peak transmission, indicating a
sharp increase of coupling coefficient. When δ = 0.3a, coupling with
higher-order even mode (QIII) comes into the frequency window.

flow in the SiO2-Wr above is along +y direction. The power
increases gradually in PCSW2 along –y direction.

From coupled mode theory, the coupling bandwidth Δω
is related to κ and the group velocity vg of the individual
waveguide modes by

Δω = 2κ
1/vgB − 1/vgA

= 2κ
ngB − ngA

c. (3)

The group index of SiO2-Wr mode ngA is 1.2, and ngB
is the group index of PCSW mode at coupling point P. The
first two rows of Table 1 give the comparison of peak power
transmission and coupling bandwidth (full width half maxi-
mum) obtained from P3D FDTD simulations, and the third
row shows the PCSW group index at the coupling point ob-
tained from PWE method. From the second and third rows
of data and (3), the coupling coefficient is calculated. In the
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Figure 6: (a) Verification of weak-coupling (2). Only the coupling
length L is varied in the PCSW2 case. The peak transmission data
from FDTD matches the analytical curve of (2). (b) Ex field profile
in PCSW2 generated by counter-directional coupling for L = 40a.

last row, we take the figure of merit (FOM) as the product of
coupling bandwidth and group index.

From Table 1 and (3), we see that there is a balance
between group index and coupling bandwidth in order to
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achieve optimal efficiency. Though PCSW3 offers the high-
est group index at the coupling point, the fast reduction in
the coupling bandwidth still brings down the coupling co-
efficient and the peak transmission. PCSW2 is the preferred
design with highest FOM, as well as the best coupling coeffi-
cient.

5. SUMMARY

To conclude, we have studied the counter-directional cou-
pling between SiO2-Wr and PCSW using P3D FDTD simu-
lations and coupled mode analysis. It is shown that the cou-
pling efficiency can be improved by moving the work point
into the slow light region. This is achieved by changing the
properties of SiO2-Wr or shortening the width of PCSW.
There is also a balance between the coupling bandwidth and
group velocity. For PCSW2, the peak power transmission is
82% over 50 lattice constants, and the group velocity is 1/35
of light speed in vacuum. SiO2-Wrs offer an alternative way
to couple slow light efficiently into PCSWs.
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1. INTRODUCTION

The combinatorial strategy for materials science and engi-
neering, an experimental concept developed in the 1960s
for alloy development and later for new medicine identifi-
cation, has been reviving in materials science in the recent
decade because of the significant advances in material syn-
thesis amethods [1, 2]. In general, a combinatorial strat-
egy includes the development of advanced approaches for
both high-throughput material synthesis and efficient par-
allel characterization of those resulting multicompositional
samples [3]. High-throughput syntheses include the fabri-
cation of such combinatorial samples (so-called libraries)
using various film deposition methods such as sputtering,
pulsed laser deposition (PLD), inkjet delivery, and so forth,
and these resulting material libraries can be binary (so-called
spreadsheets) or ternary (for simulating a ternary phase di-
agram), in the format of either “digital” (discrete composi-
tion distribution) or “analog” (continuously varying com-
position). Efficient parallel characterizations require the de-
velopment of very special tools [4] responding to the prop-
erty of the research interest, such as structural lattice [5],
dielectric constant, luminescence, loss, and so forth, which
usually lag behind the high-throughput material synthesis
development. Normally, such special tools are required to

have capabilities of high-speed scanning and efficient data
processing, while the measurement accuracy can still be
maintained.

In general, high-throughput syntheses of oxide mate-
rial libraries are relying on the principle of overlapping thin
layers of oxide materials with different compositions as a
multilayer under relatively lower synthesis temperature, and
a subsequent post-annealing processing on the library will
compositionally interdiffuse them into a uniformly solid-
state reacted material with either a single-phase or a multi-
phase structure, depending on their composition stoichiom-
etry. In recent years, this combinatorial principle has been
successfully used for rapid discovery of many new materi-
als or fine compositional tuning of oxides including phos-
phors [6], dielectrics [4], electro-optic materials [7], super-
conductors [1], and so forth. In Figure 1(a), the schematic
for both binary and ternary analog libraries is depicted,
which have been mainly used for identifying or fine-tuning
the material composition in the past. Figure 1(b) shows the
solid state reaction principle through post-annealing pro-
cessing widely used for making those oxide combinatorial
libraries.

Fabrication of a superlattice via alternatively stacking two
structurally similar oxide materials offers a unique capability
to tailor the property of the research interest via changing its
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Figure 1: Schematic of ternary (upper) and binary (lower) analog combinatorial libraries (a) and the solid state reaction principle through
post-annealing processing the libraries (b).
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Figure 2: Schematic of two types of structural combinatorial
spreadsheets: Type I and type II.

periodicity [8]. Because of the single crystalline structure of
a superlattice, frequency-dependent lattice resonances (dis-
persion of phonons) will occur and will present resonant be-
haviors at certain frequencies. Such resonant frequencies are
mainly determined by the superlattice periodicity and prop-
erties of those materials as layers such as piezoelectric coef-
ficients [9]. Interaction of such phonons with incident elec-
tromagnetic (EM) radiations (photons) via energy transfer-
ring will then result in many new kinds of polaritons, which
are responsible for many new and interesting physical phe-
nomena including structurally tailorable band-edge absorp-
tion, negative refraction, tunable dielectric constant, nonlin-

ear optics, and so forth. As one of their potential application
examples, proper integration of a highly tunable dielectric
superlattice with certain nanostructures such as surface res-
onant plasmonics may realize a large range of frequency tun-
ing in long wavelengths, which will be useful for terahertz
(THz) optics.

In this research, such a structural engineering strategy is
discussed. It was applied to optimize the growth condition
of ZnO nanorod arrays, to develop a new multifunctional
UV photodetector using such ZnO nanorod arrays able to
simultaneously distinguish power, energy, and polarization
of an incident UV light. Furthermore, this strategy was used
to study the dispersion behavior of new ferroelectric relaxor
lead titanate doped lead magnesium niobate (PMN-PT) het-
erophase superlattices in the THz frequency range with a goal
to investigate some new physical phenomena including the
dispersion of the dielectric polaritons and their tunable be-
haviors. Potential application of such a strategy for negative
index materials (NIM) and nonlinear optics are also slightly
discussed.

2. THE STRUCTURAL ENGINEERING STRATEGY

The structural engineering strategy is easily applicable to
cases where analog binary libraries (spreadsheets) can be fab-
ricated. Key point to implement this strategy will be to keep
the as-grown spreadsheet as a superlattice, instead of the
previously discussed reacted film. This difference will result
in significant challenges in fabrication. For example, post-
annealing processing will be omitted in order to suppress
the interdiffusion between those adjunct layers if as superlat-
tices. Growth of each superlattice layer through atomic epi-
taxy is required, and the process should satisfy conditions
generally required for a single crystalline epitaxy growth—
lattice matching among substrate and two stacking layers,
the two layers’ similarity in growth characteristics, and so
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Figure 3: The spreadsheet approach used for optimizing the Au cat-
alyst thickness for ZnO nanorod array growth.

forth. Figure 2 shows two possible formats of the analog
spreadsheets: each interlayer has a linearly varying com-
position (Type I) and each interlayer has a linearly vary-
ing thickness (Type II). In terminology, if this strategy is
used for high-throughput optimization, it can be referred as
“structural combinatorial strategy,” in comparison to previ-
ously mentioned compositional combinatorial strategy. Oth-
erwise, this strategy will remain as the structural engineering
strategy.

In this research, the structural engineering strategy will
be used to optimize growth condition for fabricating ZnO
nanorod arrays. For further making them into imaging pho-
todetectors, ZnO nanorod arrays are required to be verti-
cally aligned with suitable rod size and rod surface den-
sity (nanorods per surface area). The Type I structural en-
gineering concept was used to the (Zn,Mg)O material via
a pulsed laser deposition (PLD) growth. The fabricated Zn-
MgO/ZnO/ZnMgO quantum well (QW) spreadsheet will be
integrated with a ZnO nanorod array-based photodetector
[10] for simultaneously sensing energy, power, and polar-
ization of an incident UV light, without the use of any ad-
ditional wavelength dispersive components and optical po-
larization controller. Such new UV photodetectors can find
wide applications in biology, environmental protection, and
so forth, because of their compactness and cost effective-
ness. The Type II strategy was used to the PMN-PT material
for realizing heterophase superlattice spreadsheets fabricated
by the modified chemical liquid deposition (CLD) approach
[11]. “Heterophase” indicates an alternatively stacking of
PMN-PT rhombohedral (R) and tetragonal (T) phases, by
maintaining their average composition right at the “R” and
“T” phases’ morphology phase boundary (MPB) [12]. Such
superlattices could present minimal interfacial strains and
are then suitable for studying their polariton physics and tun-
able behaviors for long wavelengths.

3. OPTIMIZATION OF ZnO NANOROD ARRAYS

The qualities of ZnO nanorod arrays as potential pho-
todetectors can be evaluated according to nanorod density
(nanorods per area), nanorod size, size uniformity, and the
degree of their vertical alignment against the substrate, and
so forth. The spatial resolution for imaging will be deter-
mined by the nanorods’ density, size, and uniformity. Good
verticality of nanorods is also required to enhance the polar-
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Figure 4: Schematic drawing of the CLS growth system with a gra-
dient temperature field.

ization discrimination. In common nanorod growths, phe-
nomena such as spiral growth of nanorods and appearance
of nanowires and nanobelts can become very competitive.
The growth will be determined by selecting suitable lattice
matching, catalyst specie, catalyst thickness, and other pro-
cessing conditions including growth temperature and cata-
lyst postprocessing. The use of routine trying-error method
will be time-consuming and inefficient. However, availabil-
ity of such a structural engineering approach can solve this
issue in a very effective way. In this research, this strategy
was used to optimize Au catalyst’s thickness, ZnO nanorod
growth temperature, and so forth.

The effort to find the best suitable catalyst thickness when
using gold (Au) as the catalyst material for growing ZnO
nanorod arrays was performed using the (11 20) sapphire
substrate. An Au thin layer, which has a varying thickness
from 0 nm at one end of the spreadsheet to approximately
20 nm at the other end, was sputtered on the sapphire sub-
strate with the help of a moving mask. ZnO nanorod arrays
were grown at temperature around 900◦C using a standard
vapor-liquid-solid (VLS) deposition system. Figure 3 shows
the SEM images of the as-grown ZnO nanorod arrays taken
from different locations on the spreadsheet. Obviously, dense
ZnO nanorod arrays can be obtained when the Au catalyst
has a thickness from 5 to 10 nm. When the Au catalyst layer
is very thin, it presents typical nanowire growth morphology.
Through the use of a thicker Au catalyst layer, the nanorod
growth becomes coarser.

Growth temperature optimization of those ZnO
nanorods was done using approximately 5 nm thick Au-
coated (11 20) sapphire wafer in a VLS system having a
gradient temperature distribution, as shown in Figure 4.
Through identifying the as-grown ZnO nanorods mor-
phology on the wafer via SEM, we found that a suitable
growth temperature range from 890 to 950◦C. Certain
controllability over size and density of ZnO nanorods has
been found when selecting a proper growth temperature.
Lower growth temperature tends to provide sparser and
bigger nanorods. This may be understandable by the nature
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Figure 5: Wavelength distinctive UV photodetectors using a ZnMgO/ZnO/ZnMgO quantum well spreadsheet (a) and the dependence of
the exciton energy on the well width (b).
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Figure 6: Power and polarization distinctive UV photodetectors using ZnO nanorod arrays grown on the Zn0.9Mg0.1O-coated Al2O3 (0001)
substrate by PLD (a) and typical current-voltage measurements under dark, bright, and different polarizations (b).

of catalyst-assisted ZnO nanorod growth. At the initial stage,
Zn vapor dissolves into the Au catalyst to form an alloy
droplet. After reaching the saturation, Zn precipitates from
the droplet and oxides as the ZnO nanorod grows [13].
During this process, the growth temperature definitely has
an impact on Zn partial vapor pressure, its dissolvability into
Au, and the degree of saturation, and so forth. Good con-
trollability over nanorods size and density is required for the

suggested photodetector to be discussed below, which indi-
cates the necessary of a continuing effort along this research
direction.

4. UV PHOTODETECTOR

With a purpose to develop a new type of UV photode-
tector, which can simultaneously sense power, energy, and
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Figure 7: THz dielectric spectra of the PMN-PT heterophase su-
perlattice spreadsheet measured by the time-domain THz measure-
ment technique.

polarization without use of external optical components,
a monolithic integration of structurally engineered Zn-
MgO/ZnO/ZnMgO QW spreadsheet and a well-defined ZnO
nanorod array on a p-type Zn0.9Mg0.1O-coated c-cut sap-
phire substrate will be used. As the first part of the pho-
todetector, the spreadsheet is intended for distinguishing
wavelength (sensing wavelength). In this part, the p-type
Zn0.9Mg0.1O layer is used as a buffer layer for subsequent epi-
taxial growth via PLD of Zn0.80Mg0.2O/ZnO/Zn0.80Mg0.2O
barrier/well/barrier QW spreadsheet, and also as a bottom
electrode for making an array of parallel photodetectors,
when a linear array of the top Au/Al electrodes was litho-
graphically made (Figure 5(a)). Inside the spreadsheet, both
barriers aside the well and the ZnO well maintain a constant
thickness ratio of 1.5 : 1, and the ZnO well thickness changes
from a few Å at one end of the spreadsheet to over 80 Å at the
other. In this case, an incident wavelength can be roughly de-
termined by finding the position of the effective photodetec-
tion inside the parallel made photodetector array. Figure 5(b)
shows a dependence of ZnO well exciton energy on the well
width, which indicates reasonable wavelength detectivity ac-
cording to the position on the linear detector array respon-
sive to the incident wavelength.

In the second part of the UV photodetector where ZnO
nanorod arrays are designed for sensing both optical power
and the incident polarization status, the p-type Zn0.9Mg0.1O
layer is used to form p-n junctions with those vertically
aligned n-type ZnO nanorods grown by the standard vapor-
liquid-solid (VLS) deposition (Figure 6(a)), and the growth
is catalyzed by a thin layer of sputtered Au (10 nm thick)
[14]. Free space among ZnO nanorods was filled by sput-
tered spin-on-glass (SOG). n-type Au/Al contact was then
made on top of ion-etched SOG, and p-type Pt/Au contact
was made directly on the bare p-type Zn0.9Mg0.1O aside the
ZnO nanorod arrays. Because of the formed nanoscale p-n
junctions and each nanorod’s large aspect ratio responsive
to different polarization statuses [15], this UV photodetector
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Figure 8: Dielectric tunability of the PMN-PT heterophase super-
lattice spreadsheet under different applied voltage of 90 V and 150 V,
measured at 0.2 THz.

is highly sensitive to the incident UV beam’s power and to
its polarization status respective to the ZnO nanorod’s align-
ment (Figure 6(b)).

5. PMN-PT HETEROPHASE SUPERLATTICE

In order further to demonstrate the structural engineering
strategy’s capability, in this section a new complex oxide het-
erophase superlattice was studied. This new superlattice was
found with the potential to have a large dielectric tunabil-
ity for THz frequencies, because of resonant dielectric po-
laritons associated with strong coupling between superlattice
structure (phonons) and the incident electromagnetic (EM)
photons.

A PMN-PT heterophase superlattice spreadsheet was
made by linearly varying the dipping speed of a 10 mm wide
and 50 mm long r-cut sapphire substrate during the CLD
process. The periodicity of the spreadsheet changes from ap-
proximately 10 nm at one end to approximately 100 nm at
the other, revealed by the SEM cross-section examination.
On tope of the spreadsheet, five equally spaced interdigital
Ti/Au electrodes (each has an area of 6 × 6 mm2) were litho-
graphically fabricated (inset in Figure 7). Each interdigital
electrode composes of 5 μm wide Ti/Au (25/250 nm) lines
separated by 20 μm wide gaps. Dielectric behavior of such
superlattices in THz range was measured using the time-
domain THz technique [16], in which the transmittance in
the time domain is then Fourier-transformed into an absorp-
tion spectrum in the frequency domain [17]. By subtract-
ing the substrate’s contribution, the net value then represents
the anticipated dielectric spectrum. The dielectric tunabil-
ity was determined by measuring the relative THz electrical
field change, [ETHz(V) − ETHz(0)]/ETHz(0), with an applied
voltage, V(t) = Vmaxsin(2πωt). Here Vmax is 180 V and ω
is 150 Hz. The used THz beam was limited to approximately
1 mm in diameter. All the measurements were locked at 2ω
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Figure 9: Schematic of the suggested piezoelectric and peizomag-
netic (PE/PM) superlattice.

by a lock-in amplifier at the room temperature in order to
enhance the measurement sensitivity.

Figure 7 shows the THz dielectric spectra of five inter-
digital electrodes on the spreadsheet. It indicates a signifi-
cant contribution from both polar nanoclusters relaxation
and the variation of mean relaxation frequency respective
to the superlattices maximum phase transition temperatures.
They are strongly dependent on the interface area per super-
lattice volume. A small resonance peak can be seen in the
spectrum from the superlattice having an average periodic-
ity approximately 60 nm. This represents the existence of di-
electric polariton close to one of the sideband resonance fre-
quencies. Dependence of the dielectric tunability on super-
lattice periodicity under applied voltages of 90 V and 150 V
on the spreadsheet measured at 0.2 THz is shown in Figure 8.
The results indicate that smaller periodicity and higher volt-
age are required for achieving a larger tunability. The largest
dielectric tunability in the THz frequency range reaches ap-
proximately 15%. We believe that this tunability can be fur-
ther enhanced when the operation is close to the resonance
frequency.

6. PIEZOELECTRIC AND PIEZOMAGNETIC
SUPERLATTICE

Figure 9 suggests a novel piezoelectric and piezomagnetic
(PE/PM) superlattice, in which the interaction between pho-
tons and phonons has a possibility to present a frequency
range having both permittivity and permeability negative,
so-called negative index materials (NIMs) [18]. This fre-
quency range usually occurs immediately after the main res-
onance band or other sidebands (Figure 10). The structural
engineering (combinatorial) strategy can be very useful in
locating those resonance frequencies in actual superlattice
materials, which are usually hard to be identified because
of the lack of knowledge of material parameters of those
complex oxides. Without knowing those material parameters
with certain accuracies, simulations can only provide very
approximated results.

The structural engineering strategy can also be useful
for identifying new nonlinear optical (NLO) materials if
the structural engineering is simultaneously associated with
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Figure 10: Simulated dielectric spectrum of a PE/PM superlattice
in the terahertz frequency range.

intentionally ordering the spontaneous polarizations inside
ferroelectric materials [19]. This opens up the potential to
explore either extraordinarily large optical nonlinearity or
new phase matching approach.

7. CONCLUSION

A structural engineering (combinatorial) strategy was intro-
duced, and was used to fabricate highly integrated UV pho-
todetectors with multifunctioning capabilities and to study
dielectric polaritons frequency behaviors of PMN-PT het-
erophase superlattices. Effort in this research not only indi-
cates the high efficiency of the structural engineering (com-
binatorial) strategy, but also its wide applicability to versatile
new research areas of current interests.
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