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We investigated the transmission of terahertz (THz) wave through periodically arranged split-

rectangle resonators with different aspect ratios by using THz time domain spectroscopy. It was found

that a narrow resonant mode with a Q factor as large as �20 could be achieved at a low frequency of

�0.22 THz in U-shaped resonators with a large aspect ratio of 9. Numerical simulations based on

finite-difference time-domain technique revealed that the electric field of the incident THz wave could

be strongly localized on the oscillation edges of the U-shaped resonators, leading to an enhancement

factor as large as�105. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4820809]

Terahertz (THz) wave, the electromagnetic radiation

with frequencies ranging from 0.1 THz to 10 THz, has

received intensive and extensive studies in the last decade

due to its potential applications in many fields such as spec-

troscopy of chemical and biological materials, security

check, and wireless communication. A big challenge in this

research field is how to concentrate or focus THz wave into

a region whose dimension is much smaller than its wave-

length. The purpose is to enhance the interaction between

THz wave and materials and to improve the spatial resolu-

tion of THz imaging. So far, various schemes have been pro-

posed to realize the concentration or localization of THz

wave. For example, Maier et al. proposed the use of corru-

gated metal wires for the focusing of THz wave.1 Zhan et al.
used parallel-plate waveguides to realize the superfocusing

of THz wave.2 In recent years, Seo et al. investigated the sig-

nificant enhancement of electric field achieved in metallic

nano slits whose widths are several orders of magnitude

smaller than the wavelength of THz wave.3

For applications such as THz communication and con-

struction of metamaterials, tunable THz band pass or band

stop filters with narrow bandwidths or large quality (Q) fac-

tors are highly desirable. As the basic units of metamaterials,

split-ring resonators (SRRs) have been the focus of many

studies.4–6 Much effort has been devoted to optimizing the

resonator geometry for high Q factors, for example, mirrored

arrangement of asymmetric split-ring resonators (ASRs),5

different arrangements of SRRs and ASRs,6 the design of

asymmetric D-split resonators7 and paired U-shaped resona-

tors.8 On the other hand, the complementary structures of

SRRs, i.e., air grooves with the same geometry perforated in

metallic films, were also investigated for band pass filter

application in the THz spectral region.9,10 In particular,

Rockstuhl et al. compared the resonant modes in SRRs with

those in the complementary structures based on Babinet’s

principle and explained in detail the physical origin of these

modes.11 Very recently, Bitzer et al. measured the near-field

distributions of the resonant modes in both SRRs and their

complementary structures and demonstrated the applicability

of Babinet’s principle.12

For the extraordinary transmission of electromagnetic

wave mediated by the excitation of surface plasmon polari-

tons (SPPs),13 the shape of the air holes plays a dominant

role in the extraordinary transmission.14 Basically, extraordi-

nary transmission may depend on many factors such as the

metal on which the array of air holes is made,15–19 the geo-

metric shape of the air holes,20–24 the period of the air hole

array,25 the angle of the air hole array with respect to the

polarization of the THz wave,26,27 and even the ambient

environment surrounding the air hole array.28,29 So far, vari-

ous functional devices have been realized by controlling or

engineering these parameters.5,8,30,31

Shape resonance in the transmission of THz wave was

investigated by using randomly distributed rectangular air

holes with different shapes perforated in a metal film.20 For

the THz wave incident normally on the metal film, the wave-

guide mode (i.e., the half-wavelength mode)9,25 of the rec-

tangular hole will be excited if the polarization of the THz

wave is perpendicular to the long axis of the rectangular

hole. In addition, it was found that the frequency of the low-

est order resonant mode is determined by f¼ c/2b, where b is

the length of the long axis. Apart from rectangular holes,

periodically arranged c-shaped or e-shaped holes were also

investigated.9,10 It was found that the frequency of the first

resonant mode (or transmission peak), which corresponds to

the half-wavelength mode, was determined by the total

length of the resonator. When a polarized THz wave is inci-

dent normally on a split-rectangle resonator, SPPs are only

excited on the edges perpendicular to the polarization of the

THz wave. Physically, the THz wave resonant with the reso-

nator will be transformed into SPPs which radiate on the

other side of the metallic film. As a result, the excited SPPs

will be localized on the edges perpendicular to the polariza-

tion which will be referred to as oscillation edges hereafter

for convenience. Therefore, it is expected that strong
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localization of THz wave can be achieved by reducing the

oscillation edges while keeping the total length of the resona-

tor unchanged.

In this letter, we investigated experimentally and

numerically the transmission properties of periodically

arranged complementary split-rectangle resonators with dif-

ferent aspect ratios. It was found that strong localization of

THz wave and significant enhancement in electric field could

be realized in U-shaped resonators with a large aspect ratio

of 9. This enhancement is manifested as large Q factor of

more than 20 observed at a low frequency of 0.22 THz and

was further confirmed by the numerical simulation of the

electric field distributions in the split-rectangle resonators.

The array of periodically arranged split-rectangle reso-

nators was fabricated in a 10-lm-thick stainless steel foil by

using femtosecond (fs) laser machining. The sample size

was 1 cm� 1 cm. The width of the air groove (w), which was

determined by the laser spot size, was measured to be

�50 lm. The total length of the resonators was fixed at

1950 lm and the split width at 50 lm. The total length of the

resonators was chosen such that the frequency of the strongly

localized resonant mode is at about the spectral center of the

THz short pulses (�0.30 THz). Samples containing arrays of

split-rectangle resonators with different aspect ratios were

fabricated. The sizes of the corresponding rectangles were

designed to be 300 lm� 700 lm, 500 lm� 500 lm,

600 lm� 400 lm, 800 lm� 200 lm, and 900 lm� 100 lm,

as shown in Figs. 1(b)–1(f). The periods in the x and y direc-

tions (px and py) were chosen to be 1000 lm for the samples

shown in Figs. 1(b)–1(d) and 1200 lm for those shown in

Figs. 1(e) and 1(f).

The THz short pulses used in the THz time-domain

spectroscopy (THz-TDS)32 measurements were generated by

exciting the THz emitter (TERA, Ekapla) with fs pulses

delivered by a Ti:sapphire oscillator (Mira 900S, Coherent)

whose central wavelength, time duration, and repetition rate

are 800 nm, 130 fs, and 76 MHz, respectively. The fs laser

light was split into two parts, one for exciting the THz emit-

ter and the other for triggering the THz detector (TERA,

Ekapla). In the THz-TDS measurements, we changed the

angle between the polarization of the THz wave and the

split-rectangle resonators, which is denoted as h, by rotating

the samples in the xy plane. The transmission properties of

the samples were also simulated by using the finite-

difference time-domain (FDTD) technique with non-uniform

grid size and perfectly matched layer boundary condition. In

the THz spectral region, the influence of the dielectric per-

mittivities of metals on the transmission behavior is quite

small. Therefore, we used the dielectric permittivity of gold,

which is described by the Drude model, in the numerical

simulation. The parameters in the Drude model were chosen

to be e1¼ 1, xp¼ 1.37� 104 THz, and c¼ 40.7 THz.3

Basically, the incident THz wave will be localized only

on the oscillation edges of a resonator that are perpendicular

to the polarization of the THz wave through the excitation of

SPPs. For horizontally polarized THz wave with h¼ 0�, each

resonator has a long oscillation edge and two short oscilla-

tion edges whose lengths are denoted as L and l, as depicted

in Fig. 1. When we reduce the oscillation edges while main-

taining the total length of the resonator, it is expected that

the localization of the THz wave will become stronger in the

y direction and the quality factor of the resonator will

become larger. In order to confirm this idea, we calculated

the transmission spectra of all the structures shown in Fig. 1

for the THz wave with a polarization of h¼ 0�. The results

are shown in Fig. 2(a) where the first two resonant modes are

observed at �1¼ 0.072 and �2¼ 0.22 THz. They are attrib-

uted to the first two odd eigenmodes of the resonator.11,12 It

is noticed that the resonant mode linewidth narrows with

decreasing length of the oscillation edge while the peak posi-

tion remains nearly unchanged. Meanwhile, the transmission

of the resonant modes reduced as the oscillation edge

through which the THz wave can transmit the sample has

been reduced. It may be noted that the filling ratio of the os-

cillation edges, which is defined as [(Lþ 2l)�w]/(px� py),

is quite small, especially for the resonator with the shortest

oscillation edge of 100 lm (�0.35%), the transmission at the

two resonant modes has been greatly enhanced. For h¼ 90�,
only one resonant mode, which exhibits a similar change

with decreasing length of the oscillation edge, is observed at

�0.16 THz (not shown). It is the first even eigenmode of the

resonator.11,12

In experiments, the transmission spectra of all the sam-

ples were characterized by using THz-TDS measurements,

FIG. 1. Microscope images of the samples containing arrays of split-rectangle

resonators with different aspect ratios. The sizes of the corresponding rectan-

gles were designed to be: (b) 300 lm� 700 lm, (c) 500 lm� 500 lm, (d)

600 lm� 400 lm, (e) 800 lm� 200 lm, and (f) 900 lm� 100 lm, respec-

tively. The period was chosen to be 1000lm for the structures shown in

(b)–(d) and 1200lm for those shown in (e) and (f). For horizontally polarized

THz wave with h¼ 0�, the lengths of the long and short oscillation edges are

denoted as L and l, respectively.
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and the results for h¼ 0� are presented in Fig. 2(b). The sig-

nal to noise ratio of the system for the reference pulse was

larger than 280 and the total scan time was 102.4 ps. Since

the signal to noise ratio was rather low for frequencies less

than 0.1 THz, the resonant mode at �1¼ 0.072 THz was not

clearly resolved. However, the evolution of the resonant

mode at �2¼ 0.22 THz was in good agreement with that pre-

dicted by numerical simulation. With decreasing length of

the oscillation edges, a narrowing of the linewidth as well as

a reduction in transmission was clearly identified. For

h¼ 90�, very good agreement between the measured and cal-

culated results was also found. The calculated and measured

results described above clearly indicate that the strong

localization of the THz wave can be realized by using split-

rectangle resonators with a large aspect ratio or short oscilla-

tion edges.

In Fig. 2(c), we show the evolution of the Q factor and

transmission for the resonant mode at �2¼ 0.22 THz with

decreasing length of the oscillation edge. One can see a dra-

matic increase in the Q factor and a Q factor as large as �20

achieved in the resonator with the shortest oscillation edge

of 100 lm, which is only one-tenth of the central wavelength

of the THz wave (�1000 lm). In addition, a reduction in the

transmission is also observed because of the reduced filling

ratio of the oscillation edge.

In order to gain a deep insight into the localization of

THz wave on the oscillation edges, the electric field distribu-

tion on the xy plane, which is dominated by Ex because Ey

� Ex, was calculated for all the resonators for the THz wave

with h¼ 0�, as shown in Fig. 3. For the resonator with

FIG. 2. (a) Calculated transmission spectra for different samples for THz

wave with h¼ 0�. (b) Measured transmission spectra for different samples

for THz wave with h¼ 0�. (c) Comparison of the calculated and measured Q
factors and transmissions for the resonant mode at �2¼ 0.22 THz.

FIG. 3. Calculated electric field distributions on the xy plane (Ex(x, y)/E0)

for different resonators at the resonant modes of �1¼ 0.072 (left panel) and

�2¼ 0.22 THz (right panel). The incident THz wave is polarized along

h¼ 0�. The amplitude of the electric field has been normalized to that of the

incident wave and it gives the enhancement factor in the electric field. The

blue and red colors indicate the phase of the electric field and the triangles

beside the color bars indicate the maximum enhancement factors.
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L¼ 100 lm, it has only the long oscillation edge (i.e., l¼ 0)

and appears to be a U-shaped resonator. In Fig. 3, the left

and right panels show the electric field distributions for the

resonant modes at �1¼ 0.072 THz and �2¼ 0.22 THz,

respectively. One can see that in both cases the maximum

electric field, which appears on the long oscillation edge,

increases rapidly with decreasing length of the oscillation

edge, indicating the strong localization of the THz wave on

the long oscillation edges. It is noticed that the electric fields

on the two opposite oscillation edges are out of phase for the

resonant mode at �1¼ 0.072 THz while they are in phase for

the resonant mode at �2¼ 0.22 THz, this feature is similar to

the result obtained in Ref. 12.

In Fig. 3, it is found that the maximum enhancement in

electric field is achieved in the resonator with L¼ 200 lm for

the resonant mode at �1¼ 0.072 THz. In comparison, it is

observed in the resonator with L¼ 100 lm for the resonant

mode at �2¼ 0.22 THz. The maximum enhancement factor,

which is defined as Ex(x, y)/E0, was calculated to be �70 and

�105 for the resonant modes located at 0.072 and 0.22 THz,

respectively. It is noticed that the enhancement factor

increases with decreasing length of the long oscillation edge.

For the resonant mode at �1¼ 0.072 THz, the absence of the

two short oscillation edges in the resonator (L¼ 100 lm)

leads to a reduction in the enhancement factor. For the reso-

nant mode at �2¼ 0.22 THz, however, a significant enhance-

ment in electric field is observed in the resonator without the

two short oscillation edges, i.e., in the U-shaped resonator

(L¼ 100 lm and l¼ 0). This difference can be understood by

considering the charge distributions in the resonator for the

two resonant modes, as schematically illustrated in Figs. 3(a)

and 3(f). Similar charge distributions for the two resonant

modes were also demonstrated by THz near-field micros-

copy.12 For the resonant mode at �1¼ 0.072 THz, the charge

distribution on the oscillation edges is as shown in Fig. 3(a)

because of the out of phase electric fields on the long and

short oscillation edges (see the left panel of Fig. 3). The posi-

tive charges distributed on the right side of the two short air

grooves will facilitate the transfer of more negative charges

from the left side of the long oscillation edge to the right side

of the short oscillation edges, leading to a strong electric field

on the long oscillation edge. Therefore, the absence of the

short oscillation edges results in a weaker electric field on the

long oscillation edge, as can be seen in Fig. 3(e). The situa-

tion is completely different when the resonant mode at

�2¼ 0.22 THz is considered as it has in phase electric fields

on the long and short oscillation edges (see the right panel of

Fig. 3). As shown in Fig. 3(f), the negative charges distributed

on the right side of the two short air grooves will hamper the

transfer of negative charges from the left side of the long os-

cillation edge to the right side of the short oscillation edges.

As a result, a significant enhancement in the electric field is

achieved in the U-shaped resonator without the short oscilla-

tion edges, as can be seen in Fig. 3(j). Since the strong local-

ization of electric field requires an oscillation edge with a

small length, it is suggested that strong localization of THz

wave and significant enhancement in electric field can be

realized in U-shaped resonators with a large aspect ratio.

From the simulation and experimental results, it was

found that the narrowing of the linewidth was usually

accompanied by a reduction in the transmission when we

reduced the oscillation edges of the resonators. This feature

limits the use of such resonators in band pass filters.

Basically, the resonant mode is mainly determined by the

shape of the resonators and the influence of the period on the

transmission is quite small. For split-rectangle resonators

with short oscillation edges or a large aspect ratio, the trans-

mission of the resonant mode can be significantly enhanced

by reducing the period in the y direction. For the U-shaped

resonator with L¼ 100 lm, we simulated transmission spec-

tra for the arrays with different periods of 1200, 600, 400,

300, and 200 lm in the y direction and the same period in

the x direction (1200 lm), as shown in Fig. 4. When the pe-

riod in the y direction is reduced from 1200 lm to 200 lm,

the transmission is increased from 0.18 to 0.52 for the reso-

nant mode at �1¼ 0.072 THz and from 0.11 to 0.41 for the

resonant mode at �2¼ 0.22 THz.

In summary, we have investigated experimentally and

numerically the localization of THz wave in a deep

sub-wavelength region by using periodically arranged split-

rectangle resonators with a large aspect ratio or short oscilla-

tion edges. A narrow resonant mode with a Q factor as large

as �20 was achieved at a low frequency of 0.22 THz

in U-shaped resonators with a large aspect ratio of 9. Very

good agreement between the numerical simulation and

the experimental observation was obtained. A significant

enhancement in the electric field with an enhancement factor

more than 100 was achieved on the oscillation edge whose

dimension is only one-tenth of the wavelength of the THz

wave. In addition, it is revealed that the transmission of the

resonant mode can be increased by reducing the period in the

direction perpendicular to the polarization of the THz wave.

The strong localization of THz wave will significantly

enhance the interaction between THz wave and materials.

Therefore, the U-shaped resonators with a large aspect ratio

proposed in this work may find applications in highly sensi-

tive sensors, narrow band filters, and other optical compo-

nents in the THz spectral region.
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FIG. 4. Calculated transmission spectra are shown for periodic arrays of

split-rectangle resonators with different periods in the y direction (py).
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