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An actively enhanced resonant transmission in a plasmonic array of subwavelength holes is demonstrated by use
of terahertz time-domain spectroscopy. By connecting this two-dimensional element into an electrical circuit, tunable
resonance enhancement is observed in arrays made from good and relatively poor metals. The tunable feature is attributed
to the nonlinear electric response of the periodic hole array film, which is confirmed by its voltage–current behavior. This
finding could lead to a unique route to active plasmonic devices, such as tunable filters, spatial modulators, and integrated
terahertz optoelectronic components.
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1. Introduction
The extraordinary transmission due to resonant excitation

of surface plasmons (SPs) in subwavelength metallic struc-
tures enables manipulation of electromagnetic waves below
the wavelength scale.[1–4] It leads to the development of a new
field, plasmonics, and shows significant impact on a broad
range of disciplines, particularly on nanofabrication, biochem-
ical sensing, and integrated plasmonic devices.[5,6] But the
tunable properties of surface plasmons are challenging in de-
veloping new types of plasmonic devices. As is well known,
dielectric functions of the constituent metallic and surround-
ing dielectric media play a substantial role in establishing
SP-enhanced transmission at metal–dielectric interfaces.[7–10]

By changing the dielectric function of either the metallic or
the surrounding media instantaneously, the properties of ter-
ahertz SPs can be tuned in a dynamic range.[11,12] The res-
onant frequencies of SPs in subwavelength holes were tuned
simultaneously when the dielectric function of the surround-
ing medium, the nematic liquid crystal, was adjusted through
an external magnetic field.[11] Recently, the dielectric func-
tion of a hole array made from silicon was essentially changed
by photo-doping, leading to tunable SPs and an instanta-
neous transition between an out-of-plane photonic crystal ef-
fect and an SP resonance.[12] However, modifying the dielec-
tric function of metal in a noticeable dynamic range is still
challenging.[11,13–22]

In this paper, we demonstrate that external direct cur-
rent (DC) voltage may result in the tunable dielectric func-

tion in hole array film, so that the enhanced resonant trans-
mission can be observed. We characterize these properties
by utilizing terahertz time-domain spectroscopy. The reso-
nant terahertz transmission in metal arrays of subwavelength
holes can become tunable through a simple but unique ap-
proach. When a moderate DC voltage is applied across the
metal film, a remarkable transmission enhancement occurs
and shows a dependence on the external voltage. The non-
linear voltage–current characteristics in the two-dimensional
(2D) metal arrays are observed, which are responsible for the
enhanced properties of the transmission dependent on the ex-
ternal voltages.[23–25]

2. Experiment
A schematic diagram of the experimental approach is

illustrated in Fig. 1. The subwavelength hole array shown
is prepared by conventional photolithography. The 25 mm
×25 mm-sized sample is a metal film thermally evaporated
on a 0.64-mm-thick silicon wafer (p-type resistivity ρ =

20 Ω·cm). A square array of 100 µm×80 µm rectangular holes
is perforated in the metal film with a lattice constant 160 µm.
The array is electrically connected by conducting wires into
a circuit that contains a DC power supply, an adjustable re-
sistor, a voltammeter, and an amperemeter. The transmis-
sion measurement is carried out in a broadband photoconduc-
tive switch-based terahertz time-domain spectroscopy system,
where the array is placed midway between the transmitter and
the receiver modules in the far field.[12,23] A blank silicon slab
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taken from the same wafer of the array substrate is used as a
reference. The terahertz pulses propagate through the array
at normal incidence with the direction of the electric field per-
pendicular to the longer axis of the holes. The amplitude trans-
mission t(ω) is defined as t(ω) = |Eout(ω)|/|Ein(ω)|, where
Eout(ω) and Ein(ω) are the amplitudes of terahertz fields
through the array and reference, respectively. To avoid thermal
generation when current passes through the metal mesh, the
sample is cooled using an external water-cooling system and
keep the temperature changed within ±5 ◦C. Figure 2 shows
the measured frequency-dependent amplitude transmission in
the array composed of a 180-nm-thick Al film with an external
DC voltage switched on (solid curve) and off (dotted curve).
The well-defined resonance at 0.5 THz is primarily attributed
to the resonant excitation of the Al–Si [±1,0] SP mode at the
metal–dielectric interface.[7]
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Fig. 1. (color online) Experimental diagram of electrically enhanced
resonant terahertz transmission. The terahertz pulses transmit through
the subwavelength hole array actively controlled by external DC volt-
ages.
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Fig. 2. (color online) Frequency-dependent amplitude transmission of
the Al array. The resonance at the Al–Si [±1,0] SP mode is enhanced
when the DC voltage is switched on.

At normal incidence, electromagnetic waves can excite
SPs only when the wave vector of the incident radiation
matches with the in-plane grating momentum. The resonant
wavelength of SPs in a rectangular lattice structure is generally
given by λ SP(m,n) = Lε

1/2
d (m2+n2)−1/2,[23,26] where L is the

lattice constant, m and n are the integer mode indices, εd is the

dielectric constant of the adjacent dielectric medium to the ar-
ray, here εd = 11.68 for the silicon substrate; its imaginary
permittivity can be ignored and thus it does not make a con-
tribution to the calculated resonant wavelength. Based on this
relation, the calculated Al–Si [±1,0] SP mode at the metal–Si
interface is located around 0.548 THz, which is higher than the
measured resonance peak around 0.5 THz, since the latter also
contains the contributions from non-resonant transmission and
Wood’s anomaly.[15,27,28]

The resonant transmission reveals a prominent enhance-
ment when a DC voltage is applied to the array. At the Al–Si
[±1,0] SP mode 0.5 THz, the static array shows a maximum
amplitude transmission of 82.5%, while it increases to 87.0%
under a 8.157-V DC voltage, corresponding to a 5.5% electri-
cally tunable enhancement. The measured dependence of peak
transmission on external DC voltage is plotted in Fig. 3(a),
where resonance efficiency is enhanced with increasing volt-
ages from 0 V to 8.157 V. Furthermore, at 0.71 THz, the Al–
Si [±1,1] SP mode, the resonant transmission shows a similar
behavior to that at the Al–Si [±1,0] SP mode; it also increases
with the increase of applied voltage.
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Fig. 3. (color online) (a) Measured voltage-dependent peak amplitude
transmission of Al array, (b) corresponding resistance, V/I of the Al
array as a function of the DC voltage. The inset shows the comparison
between measured V –I data (squares) and theoretical fitting (solid line)
by the NLRRN model at parameters: γ = 1.63±0.02, α = 0.01±0.002,
and β = 2.76±0.03.

3. Results and discussion
Since many factors may be associated with the tunable

properties of enhanced transmission, their relationships are
discussed first. As is well known, when the current through
a metal sample is increased, the sample is heated. As a re-
sult, the THz transmission properties of the measured sample
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would be changed due to the temperature change and ther-
mal generation of carriers. About this case, we notice that
some detailed investigations have been recently reported.[29,30]

The most significant features due to the heat effect are found
that the temperature change and thermal generation of carriers
would modulate the dielectric function of the measured sample
and thus give rise to a remarkable shift of the resonance fre-
quency but no significant enhancement in the transmission. In
our experiment, the sample is cooled using an external cooling
system and the temperature change is kept in a narrow range
(±5 ◦C). Therefore, the enhanced transmission dependence
of the external voltage is not associated with the heat effect,
which is further confirmed by the fact that no obvious shift of
resonance frequency is observed with increasing external volt-
age in our measurement. Another speculation may be the in-
fluence from the semiconductor Si substrate. To exclude this,
we perform a similar measurement on the Al–quartz (quartz
as substrate) sample. It is found when we just apply a 3-V ex-
ternal voltage, that the 2% increase in the peak transmission
can be achieved. What we have discussed above indicates that
neither the heat effect nor the substrate is responsible for the
enhancement feature in transmission.

Further study indicates that the mechanism could origi-
nate from the nonlinear electric response of the 2D periodic
metal microstructure. Generally, the direction of current den-
sity j in a bulk metal coincides with the direction of external
electric field E, and the bulk conductivity σ usually follows
Ohm’s law, j = σE. It means that in an electrical circuit, the
current I is directly proportional to the voltage V across the
conductor, i.e., I ∝ V .[31,32] However, for a metal thin film
perforated with periodic holes, the electric field exhibits ob-
vious fluctuation and results in a significant nonlinear electric
response. In reality, the nonlinear behavior in such an inhomo-
geneous, discontinuous, and periodic system is more compli-
cated. The previous investigations indicated that the nonlinear
electric response in periodic structures is mainly attributed to
the current lines concentrated in narrow links connecting re-
gions occupied by highly conducting components.[33,34] The
applicable method of depicting the nonlinear properties of
such a system is mostly characterized by a voltage–current
(V –I) curve. To accurately study these, the V –I curve of the
Al–Si sample is measured as shown in Fig. 3(b). The nonlin-
ear electric response is presented as the fact that the resistance
(V/I) of the array increases with the increase of external DC
voltage, deviating from a linear ohmic slope. When the DC
voltage is ramped to 1.053 V, the measured resistance shows
a value 1.626 Ω. However, a further increase in the DC volt-
age to 8.157 V has led to a rapid enhancement in resistance to
1.775 Ω. This indicates that the typical nonlinear electric re-
sponse occurs in the periodic metal microstructure. According
to the previous reports, the nonlinear V –I characteristics can

be well described by the nonlinear-random-resistor-network
(NLRRN) model of the form:[24,25] V = γI+αIβ , where α , β ,
and γ are scaling parameters with β > 1. The NLRRN model
assumes that the conducting backbone consists of microscopic
components, each of which contributes a small V –I nonlinear
characteristic.[24,25] As shown in the inset of Fig. 3, the V –I
characteristic data are well fitted by the NLRRN model with
scaling parameters: γ = 1.63± 0.02, α = 0.01± 0.002, and
β = 2.76±0.03.

For an Al–Si sample, the nonlinear electric response is
well indentified by the V –I plot and nonlinear model fitting.
Since metal Al is a good conductor with low resistance, the
V –I curve is smoothly varying in the measurement voltage
range. This feature is also quite consistent with that in previ-
ous studies.[24,25] In order to gain more insight into this effect,
the experiment is performed on another array made of a 120-
nm-thick Pb film with identical patterns to those in the Al ar-
ray. Pb is generally a poor electrical conductor compared with
Al. When a DC voltage is not applied, the measured amplitude
transmission at the Pb–Si [±1,0] SP mode is 64.3% as shown
by the dotted curve in Fig. 4(a). This is quite low compared
with the value 82.6% achieved through the Al array because
of two reasons. First, the thickness of the Pb film is only one-
third of the skin depth at 0.5 THz. It thus shows a lower trans-
mission than that observed in the Al array, which is optically
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Fig. 4. (color online) (a) Frequency-dependent terahertz amplitude transmis-
sions at the Pb–Si [±1,0] SP mode when the DC voltage is switched on (solid
curve) and off (dotted curve), and (b) conductance of the Pb array as a func-
tion of the DC voltage. The left inset shows the voltage-dependent peak am-
plitude transmission, and the right inset displays the comparison of measured
V –I data (squares) with theoretical fit (solid line) by the NLRRN model with
parameters: γ = 7.57±0.34, α = 8.05±0.31, and β = 1.72±0.26.
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thick due to its film thickness value being greater than the skin
depth.[35–37] Second, Pb has a lower ratio −εrm/εim than Al,
and hence the transmission in the Pb array is lower than that
in an identical Al array, even with the same skin depth.[23]

When the DC voltage is applied to the Pb array, the reso-
nant transmission exhibits a similar behavior to that observed
in the Al array; it is enhanced with increasing voltage. When
the external DC voltage is turned on and ramps up to 7.830 V,
the peak amplitude transmission at the Pb–Si [±1,0] reso-
nance mode is enhanced from 64.3% to 70.6%, as shown in
Fig. 4(a). The inset of Fig. 4(b) illustrates a dependence of
peak amplitude transmission on external DC voltage. The
measured resistance of the Pb array is plotted in Fig. 4(b),
where a nonlinear electric response is clearly revealed. The
recorded data indicate that the Pb array shows a higher resis-
tance than the Al array. When the DC voltage increases from
1.196 V to 7.830 V, the resistance is found to increase from
9.97 Ω to 13.05 Ω. The measured V –I data are well fitted by
NLRRN model, as shown in the inset of Fig. 4. For Pb, it has a
higher resistance than Al and the V –I curves remarkably devi-
ate from linear characteristic. The measured results in the Pb
array reveal a good consistency with what are observed in the
Al array, thereby verifying that the tunable feature in resonant
transmission is closely related to the nonlinear electric effect
in the 2D metal periodic microstructure.

4. Conclusions
In this paper, we demonstrate that the resonant SP trans-

mission is actively enhanced when the array of subwavelength
holes is charged with a moderate external DC voltage. The
tunable feature is attributed to the nonlinear electric response
that occurs in the 2D metal periodic microstructure. This ef-
fect can be extended to a variety of subwavelength structures,
providing a considerable flexibility in developing active plas-
monic devices, such as optoelectronic circuits, spatial modu-
lators, and tunable filters.[38,39] The presented new mechanism
in tuning resonant transmission may pave the way for actively
controlling the terahertz transmission in integrated plasmonic
devices.
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