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We present a review of experimental studies of resonant excitation of terahertz surface plasmons in two-dimensional arrays of
subwavelength metal holes. Resonant transmission efficiency higher than unity was recently achieved when normalized to the area
occupied by the holes. The effects of hole shape, hole dimensions, dielectric function of metals, polarization dependence, and array
film thickness on resonant terahertz transmission in metal arrays were investigated by the state-of-the-art terahertz time-domain
spectroscopy. In particular, extraordinary terahertz transmission was demonstrated in arrays of subwavelength holes made even
from Pb, a generally poor metal, and having thickness of only one-third of skin depth. Terahertz surface plasmons have potential
applications in terahertz imaging, biosensing, interconnects, and development of integrated plasmonic components for terahertz

generation and detection.
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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 &, = & + i&m 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,
—&rm/€m > 1 [24, 25]. In the terahertz regime, however, this
ratio becomes —é&;,/€im < 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 —&m/eim < 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 yum (x
axis) X 100 pum (y axis) rectangular holes as shown in the
inset of Figure 1(a), while sample B is a square array of 100-
pm-diameter circular holes. The period of these arrays is L
= 160 ym 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, €,, = —3.4 X 10*+
1.3 x 10% for aluminum, while ¢, = 11.68 and &4 = 1 for
silicon and air, respectively. Thus the SP modes excited in the
array can be approximately given as [4, 28]

wg" = chns;m, (1)

where G = (27/L)(m? + n2)"? 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 p = 20 Qcm) as shown in the inset of Figure 1(a) [4].
The rectangular holes have physical dimensions of 100 ym
x 80 ym with a lattice constant of 160 yum. 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 k, = (w/c)elf? [4, 14, 15], where w is the angular fre-
quency. Since only the imaginary part of k, causes the ex-
ponential decay of electric fields, the skin depth is defined as
8 = 1/Im(k,) = (c¢/w)|1/Im(e}?)]. 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 um) 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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FiGure 3: Amplitude transmission of terahertz pulses through the
Pb arrays with different film thicknesses. The curves are vertically
displaced for clarity.

of a different ratio —é&ym/€im, 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 —&ym/eim [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 0.55THz [4, 15]; and freestanding
metallic arrays for the metal-air [+1,0] mode 1.60 THz [10,
15]. At 0.55THz, the ratios —é&m/eim 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 —&;m/€&m. 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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FIGURE 4: Peak amplitude transmission of the SP [+1,0] mode at
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 = koefi/ ?/(2&im) [4], governs the internal damping, where
ko is the wave vector of electromagnetic wave in vacuum.
Figure 6 shows the calculated k; 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 k;. 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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FIGURE 5: Peak transmittance at the 0.55 [+1,0] THz metal-Si mode
for arrays made from Ag, Al, and Pb with different metal thick-
nesses. The arrays are metal on silicon with rectangular holes of
dimensions 100 ym X 80 ym.

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 20 Qcm) [22]. Each sample, with dimensions of
15 x 15mm?, has holes of a fixed length 120 um and var-

ious widths from 40 to 140 ym with a 20 ym interval and
a constant lattice period of 160 ym. Figure 7 illustrates the
frequency-dependent absolute transmittance and the cor-
responding phase change for an array with hole dimen-
sions of 120 x 40 um?. At normal incidence, the resonant
frequency can be approximately given by (1) with G, =
4n(m? + n? + mn)"*/\/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 Thno(w) = Il‘(a))l2 =T,+ Ty(e, + q,,)z/(l +¢2),
where &, = (v — w,)/(I,/2), T, is a slowly varying transmit-
tance, and | T} | 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 w,, the
linewidth I',, and the Breit-Wigner-Fano coupling coefficient
q» [23, 34-38]. The Fano model provided a consistent fit to
the measured transmittance as shown in Figure 7(a), with a
peak transmission at w,/27 = 0.49 THz and a linewidth T',/27
=0.16 THz.

The measured transmittance of the arrays with various
hole widths from 40 to 140 ym shown in Figure 8(a) re-
veals a hole width dependent evolution. An optimal hole
width exists (here, is 80 um), 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= ﬁsp + PAINRT + I-Alc(mpling. Hence the
coupling can be evaluated by diagonalizing the Hamiltonian
matrix [13, 34, 35]

H=h(“’§3’ X ) )

X~ WNRT

where wgp is the resonance frequency of the SP mode given
based on the momentum relationship, wngr is the frequency
of nonresonant transmission, and y 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 |y|? 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 [y|?> = 1.22 x 107 at 40 ym to [y|> =
6.21 x 1073 at 140 um. 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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Ty = (1.28 £ 0.1) X107 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 ym (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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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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