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We present reflection properties of terahertz pulses in periodic arrays of metallic rectangles of
subwavelength dimensions. Resonant reflection is characterized by terahertz time-domain
spectroscopy and is attributed to the contributions from the dipole localized surface plasmons of
isolated metallic rectangles, their interactions between the rectangles, and the nonresonant direct
reflection. A number of factors, including the polarization of the terahertz electric field, the shape of
the metal structures, the dielectric function of the substrate, and the lattice constant of the arrays are
found to influence terahertz reflection properties. The measured resonant reflectance is well fit by
numerical simulations. © 2008 American Institute of Physics. 关DOI: 10.1063/1.2902292兴
Subwavelength metallic structures have been extensively
studied in developing terahertz components, such as photoconductive transmission lines, waveguides, polarizers, filters,
photonic crystals, and plasmonic crystals. Of particular interest, two-dimensional arrays of subwavelength holes patterned on metallic films, as referred to as plasmonic crystals,
have demonstrated enhanced terahertz transmission, primarily due to resonant excitation of surface plasmons at the
metal-dielectric interface.1–7 It shows promising applications
in terahertz generation, detection, spectroscopy, subwavelength imaging, and biosensing.
In contrast to the holes, when an electromagnetic wave is
incident upon the surface of isolated subwavelength metallic
particles, resonant reflection may occur due to excitation of
dipolar localized surface plasmons 共DLSPs兲.8,9 Under the influence of electric field, metallic particles can be polarized
and dipoles are induced as a result, leading to DLSPs. The
field enhancement due to DLSPs has led to unique plasmonic
optical antennas.10 In the visible frequency regime, resonant
excitation of DLSPs in nanoparticles, characterized by extinction spectroscopy, plays an important role in surface enhanced Raman scattering, biosensors, and optoelectronic
devices.11–15
At terahertz frequencies, due to drastic increase in the
value of complex permittivity, most metals become highly
conductive. The plasmonic structures could reveal unique
properties as compared to those at visible frequencies.3–7,16
In this letter, we investigate terahertz properties of periodic
arrays of subwavelength metallic rectangles by terahertz
time-domain spectroscopy 共TDS兲 reflection measurements.17
Resonant terahertz reflection is observed and is influenced by
the polarization of the terahertz electric field, the shape of the
subwavelength structures, the dielectric function of the substrate, and the lattice constant of the rectangles. Terahertz
reflection properties are analyzed by the Fano model and the
CST MICROWAVE STUDIO simulations. The characteristic reflection is found to be associated with both resonant and
nonresonant contributions.
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Square arrays of subwavelength structures made from
190 nm thick aluminum films are processed by photolithography and metallization on substrates of either silicon
共0.64 mm thick, n-type resistivity  = 12 ⍀ cm兲 or fused
quartz 共1.03 mm thick兲. Resonant properties of the arrays are
measured by use of a photoconductive switch-based terahertz
TDS spectrometer configured in a reflection geometry under
normal incidence. The array sample, with dimensions of 25
⫻ 25 mm2, is positioned at the 1 / e amplitude terahertz beam
waist with radius of 8 mm at 0.5 THz to ensure optimum
beam quality at the array surface.18 An unpatterned 190 nm
thick Al film processed on identical substrates is used as the
reference in the terahertz TDS characterization. The absolute
amplitude reflection is defined as 兩r̃共兲兩 = 兩Es共兲兩 / 兩Er共兲兩,
where Es共兲 and Er共兲 are the Fourier-transformed
frequency-dependent amplitudes of the terahertz pulses reflected by the array and the reference, respectively.
The measured terahertz pulses reflected by an array of
80⫻ 100 m2 Al rectangles on silicon and the reference are
illustrated in Fig. 1共a兲. In the terahertz TDS characterization,
the P-polarized terahertz electric field is parallel to the
longer axis 共y兲 of the rectangles, E 储 y, as shown in the inset
of Fig. 1共a兲. The lattice constant of the array is 160 m in
both x and y directions, giving the filling fraction of metal as
31.25%. Figure 1共b兲 shows the frequency-dependent reflectance extracted through the relation R共兲 = 兩r̃共兲兩2 from the
Fourier-transformed terahertz pulses. The corresponding
phase change is plotted in the inset of Fig. 1共b兲. A peak
reflectance R p = 0.90 is observed at 0.52 THz and this welldefined maximum can be attributed to both resonant and
nonresonant reflections. The resonant reflection is associated
with DLSPs of isolated metal rectangles and the interactions
of DLSPs between the adjacent rectangles, while the nonresonant contributions are comprised of direct reflections by
the rectangles and the substrate.
The resonance frequency due to DLSPs excited at a
single subwavelength rectangle can be approximately described by r / 2 = 共c / 2L兲−1/2
d , where L is the length of the
rectangles parallel to the polarization of the incident electric
field, d is the dielectric constant of the substrate, here
d = 11.68 for silicon; the contribution of the imaginary
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FIG. 2. 共Color online兲 共a兲 Measured frequency-dependent reflectance of the
Al rectangles with dimensions of 40 m 共x axis兲 ⫻80 m 共y axis兲 and a
lattice constant 160 m on silicon and quartz substrates with terahertz
electric field E 储 y. 共b兲 Comparison of measured reflectance of the 80
⫻ 100 m rectangles with different polarizations of incident terahertz field
and the circular structures of a diameter ⌽ = 100 m. These metal structures
are patterned on silicon with the same lattice constant 160 m.

FIG. 1. 共Color online兲 共a兲 Measured terahertz pulses reflected by the 80 m
共x axis兲 ⫻100 m 共y axis兲 rectangle array patterned on silicon 共lattice constant 160 m and E 储 y, solid curve兲 and the reference 共dotted curve兲, respectively. For clarity, the sample terahertz pulse is horizontally shifted by 2 ps.
Inset: microscopic image of the array. 共b兲 Frequency-dependent reflectance.
Measured data: open circles and Fano fit: solid curve. Inset: corresponding
phase change. The parameters used in the Fano fit are  / 2 = 0.524 THz,
⌫ / 2 = 0.14 THz, Ra = 0.48, Rb = 4.65⫻ 10−6, and q = 300.

dielectric constant of the lightly doped silicon can be
negligible.19 Thus, the calculated resonance frequency of the
single 80⫻ 100 m2 metal rectangle on silicon is 0.44 THz,
which is lower than the measured reflection peak 0.52 THz
of the periodic array; the latter, as mentioned above, is a
result of both resonant and nonresonant contributions.
The Fano model is employed to analyze the reflection
properties,20–24 in which the reflection lineshape of the
plasmonic structures is considered as a result of two
scattering processes: the discrete resonant state and the
continuum direct scattering state. The Fano reflection
probability R is defined as RFano = 兩r̃共兲兩2 = Ra + Rb共1
+ 兺vq / 兲2 / 关1 + 共兺1 / 兲2兴, which specifies the coupling between the discrete and the continuum states. For an isolated
resonance, the Fano model can be written as RFano共兲 = Ra
+ Rb共 + q兲2 / 共1 + 2兲, where  = 共 − 兲 / 共⌫ / 2兲, Ra is a
slowly varying reflectance, 兩Rb兩 is a coefficient describing the
contribution of the zero-order continuum state coupled to the
discrete resonant state,  / 2 = 0.524 THz and ⌫ / 2
= 0.14 THz are the peak frequency and the linewidth of the
resonant state, respectively, and q is the Breit–Wigner–Fano
coupling coefficient. As shown in Fig. 1共b兲, the Fano model
enables a consistent fit to the measured reflectance of the
asymmetric lineshape.
Reflection properties of the array patterned on both silicon and quartz substrates are compared. As shown in Fig.
2共a兲, a giant frequency shift of 0.30 THz is observed in the
measured peak reflectance for rectangles of dimensions 40
⫻ 80 m2 as the boarding medium is changed from silicon
to quartz. This result is considerably consistent with the dependence of resonance frequency on the dielectric function
of substrate, r / 2 ⬀ −1/2
d , here d = 3.82 for fused quartz.

No clear difference is seen in the peak reflectance; however,
the background reflectance shown at nonresonant frequencies with the quartz substrate is significantly reduced. This is
mainly due to the lower dielectric constant of quartz than
that of silicon, giving rise to a reduced background reflection
by the nonmetal sites of the array.
In Fig. 2共b兲, we show the dependence of resonant reflection on polarization of incident terahertz electric field. With
the 80 m 共x axis兲 ⫻ 100 m 共y axis兲 rectangles, both the
resonance frequency and the reflectance exhibit polarization
dependent behavior. The resonance frequency shifts from
0.55 to 0.52 THz as the terahertz polarization is switched
from E 储 x to E 储 y, while the peak reflectance is enhanced
from 0.72 to 0.90. This can be explained when the terahertz
pulses are incident upon the array, the polarized electric field
induces opposite signs of charges at the ends of the isolated
rectangle along the polarization of electric field. As such, the
charge oscillation gives rise to DLSPs.25 When the dimension of the rectangle along the electric field increases, the
separation between the intraparticle charge oscillations is increased as well. It thus degrades the force between the intraparticle charges and consequently lets to a redshift in peak
reflection. Meanwhile, the increased separation between the
intraparticle charges results in a higher dipole moment, leading to an enhanced reflectance with E 储 y.
To explore shape dependent reflection properties, a
square array of circular structures with a diameter of 100 m
is patterned on silicon, while the other parameters remain the
same as those of the 80⫻ 100 m2 rectangles. As shown in
Fig. 2共b兲, both the resonance frequency and peak reflectance
of the circular structures sit right between those of the rectangles of two different orientations, due to shape dependent
intraparticle charge distributions. This result indicates that
the resonant reflection of subwavelength structures of similar
filling fractions indeed exhibits shape dependent behavior.
The effect of lattice constant of metal rectangles on resonant reflection is also characterized. A set of square arrays of
100⫻ 80 m2 rectangles with various lattice constants are
processed on silicon substrates. When the lattice constant
varies from 160 to 280 m2, as shown in Fig. 3, both the
measured peak reflectance and resonance frequency exhibit a
characteristic evolution. The peak reflectance decreases with
increasing lattice constant due to reduced density of rectangles, as well as the degraded interactions between DLSPs
of the adjacent rectangles. This lattice-constant dependent
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FIG. 3. 共Color online兲 Dependence of resonant frequencies and peak reflectance on lattice constant. The arrays are patterned on silicon. The lattice
constants are 160, 200, 240, and 280 m, respectively. The dimensions of
the rectangles are 80 m 共x axis兲 ⫻100 m 共y axis兲 with E 储 y.

resonance shift is primarily due to interactions between DLSPs of the adjacent rectangles and can be explained in terms
of long-range electrodynamic interaction.9 When the lattice
constant is on the order of one half of the wavelength of
incident electromagnetic waves, the retardation between the
rectangles causes the induced dipole fields out of phase,
leading to a redshifted resonance with increasing lattice
constant.10,26 However, when the lattice constant is beyond
240 m, the resonance frequency does not show further shift
because the interactions between DLSPs of the adjacent rectangles become negligible. The observed characteristic resonance shift agrees well with the simple semianalytical model
for the infinite array of particles.9
CST MICROWAVE STUDIO 共CST Studio Suite 2006B,
NUS兲 simulations are carried out to model the Al arrays of
subwavelength rectangles. The solid curve in Fig. 4共a兲 shows
a simulated resonant reflectance of the 80⫻ 100 m2 rectangles with a 160 m lattice constant and E 储 y. It shows a
good agreement with the experimental data and captures

FIG. 4. 共Color online兲 共a兲 Measured 共open circles兲 and CST MICROWAVE STUsimulated 共solid curve兲 frequency-dependent reflectance of the 80 m
共x axis兲 ⫻100 m 共y axis兲 Al rectangles patterned on silicon with a lattice
constant of 160 m and E 储 y. 共b兲 and 共c兲 Simulated electric field distributions in the arrays of different lattice constants: 共b兲 160 m and 共c兲 240 m.
DIO
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most of the observed behavior, such as the resonance frequency, amplitude, and lineshape. The simulated reflectance
linewidth, however, appears slightly broader due to possible
experimental variations in the Al thin-film conductivity and
patterned structures.27 Figures 4共b兲 and 4共c兲 illustrate the
simulated electric field distributions of the arrays with two
different lattice constants, 160 and 240 m, respectively. In
Fig. 4共b兲, electric field coupling is clearly revealed at the
gaps along the incident terahertz electric filed due to interactions of DLSPs between the adjacent rectangles. When the
lattice constant is increased from 160 to 240 m, however,
this interaction is extensively degraded, as shown in Fig.
4共c兲, confirming the contributions of DLSP interactions to
the observed lattice-constant dependent characteristic reflection presented in Fig. 3.9 Resonant reflection properties of
these plasmonic structures are promising in integrated plasmonic terahertz devices, subwavelength terahertz spectroscopy, and terahertz biomedical sensing.
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