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An active ultrafast formation and modulation of dual-band plasmon-induced transparency (PIT) effect is theoretically and
experimentally studied in a novel metaphotonic device operating in the terahertz regime, for the first time, to the best of our
knowledge. Specifically, we designed and fabricated a triatomic metamaterial hybridized with silicon islands following a
newly proposed modulating mechanism. In this mechanism, a localized surface plasmon resonance is induced by the broken
symmetry of a C2 structure, acting as the quasi-dark mode. Excited by exterior laser pumps, the photo-induced carriers in
silicon promote the quasi-dark mode, which shields the near-field coupling between the dark mode and bright mode sup-
ported by the triatomic metamaterial, leading to the dynamical modulation of terahertz waves from individual-band into
dual-band PIT effects, with a decay constant of 493 ps. Moreover, a remarkable slow light effect occurs in the modulating
process, accompanied by the dual-transparent windows. The dynamical switching technique of the dual-band PIT effect
introduced in this work highlights the potential usefulness of this metaphotonic device in optical information processing
and communication, including multi-frequency filtering, tunable sensors, and optical storage.
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1. Introduction

The electromagnetically induced transparency (EIT) effect,
causing the appearance of a sharp transparent peak in the broad
absorption or reflection spectrum, is attracting considerable
research attention due to the self-enhanced nonlinearity, refrac-
tive index, and ultraslow group velocity. However, the applica-
tion of the EIT effect is constrained by the extreme quantum
condition. The analogue of EIT effect may be applied to other
optical scales, such as the terahertz (THz) regime[1–12].
Considering that no natural material would interact with
electromagnetic field in this region, metamaterials, periodically
arranged metal structures, are introduced and employed to con-
trol the transmission of THz waves[13–26]. Therefore, if the
classical analogue of EIT, that is, plasmon-induced transparency
(PIT), can be controlled using metamaterials, the exotic proper-
ties of the EIT effect, like reduced group velocity and strong
dispersion, can be utilized for applications including slow light
devices[27], biochemical sensors[28], and optical buffers[29–31]. In
previous works, the PIT effect in metamaterials is frequently
achieved by utilizing destructive interference between bright
modes and dark modes[32]. Compared to bright modes, which

would naturally couple with free space electromagnetic fields,
dark modes are excited by near-field coupling with the bright
modes, exhibiting a narrower absorption[33]. Importantly, the
plasmonic split-ring resonators (SRRs), closed-ring resonators
(CRRs), and cut wire (CW) resonators are several meta-atom
building blocks that can support bright modes and dark
modes[34–36].
More recent attention has focused on the multi-band PIT

effect in THz metamaterials, with multiple transparent windows
induced by the coupling effect between THz resonators[37–39].
With regard to the switching of the multi-band PIT effect, the
quasi-dark resonator is introduced to weakly couple with the
free space electromagnetic fields[40,41]. Thus, the multi-band PIT
effect occurs, stemming from the near-field electrical coupling
between the resonant modes in a three-level system comprising
the bright mode, dark mode, and quasi-dark mode[42]. An abun-
dance of metamaterial configurations have been exploited to
support resonating modes and then make them switch to the
multi-band PIT effect[43–46]. Hu et al. reported a dual-band
EIT-like effect in a metamaterial device that contains the double
SRRs and two finite metal strips[43]. Tang et al. observed two
transparent windows with more than 90% transmission in
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metamaterials consisting of the square patch and closed ring[44].
Dong et al. investigated the polarization-independent dual-band
PIT effect at amid-infrared frequency in ametal-graphene device,
with the structure composed of two types of center symmetric
meta-atoms[45]. Kim et al. numerically studied the electromag-
netic response of the multi-band EIT-like effect in a dual-ring
metamaterial[46]. Most researchers focus on the static modulation
of multi-band PIT effect. Up to now, dynamical switching from
the individual PIT effect to the dual-band PIT effect has yet to be
experimentally explored. However, the dynamic modulation of
the PIT effect from an individual window to dual windows has
great prospects for applications in multi-frequency filtering,
multi-mode operation devices, and optical storage.
In this work, we numerically and experimentally study an

ultrafast all-optical switching of the PIT effect in a metaphotonic
device. A CW resonator and two pairs of SRRs are implemented
in such a device to support the bright and dark modes that can
destructively interfere with each other, resulting in the genera-
tion of the PIT phenomenon. In order to switch the individual
PIT effect, we incorporate the long lateral metal bars (LLMBs)
and silicon (Si) islands into the CW resonator and SRRs.
Additionally, taking advantage of the broken C2 structural sym-
metry, we impose a quasi-dark resonator in this device and
observe a dual-band PIT effect under an optical excitation.
Moreover, a rigorous numerical analysis of dual-band PIT win-
dows is performed. According to the optical-pump THz-probe
(OPTP) measurement, the ultrafast response time is verified to
be in the sub-nanosecond scale.

2. Experiments

2.1. Sample characterization

The fabrication of a metamaterial device is processed as follows.
A standard Si-on-sapphire (SOS) wafer was selected as the sub-
strate. The SOS wafer consists of sapphire layer and Si layer with
thicknesses of 525 μm and 500 nm, respectively. A photoresist
layer was spun on the cleaned SOS wafer and drawn by a laser
direct writing setup. After that, the photoresist layer was proc-
essed by soft bake. Then, the metal chromium (Cr) and gold
(Au) were sputtered onto the SOS wafer in order as a coherent
layer and metamaterial, respectively. The total height of the
metal structure was about 150 nm. After processing by the lift-
off technique, the photoresist layer resolved and left an intact
metamaterial device. The epitaxial Si was processed by dry
etching.

2.2. Numerical simulation

The simulation of the THz probe on the metamaterial device is
performed using the classical finite element method. The THz
probe is set, transmitting normally to the surface of the metama-
terial device, the electric-field intensity of which is set as 1 V/m.
The permittivity of sapphire is set as 10.5, from the comparison
of THz pulse delay between the absence and presence of a sap-
phire in the passing way. The permittivity of Si is set as 11.7. In

addition, the conductivity of Au is set as 7 × 106 S=m. The inten-

sity of electric field E is numerically calculated as E =
����������������������������
E2
x � E2

y � E2
z

q
from the surface of the metamaterial.

2.3. Measurements in OPTP system

As an active control sample of the THz metamaterial, we
characterize the dynamic response using a commercial OPTP
time-domain spectral system (TTT-02-OPTP, from TuoTuo
Technology). After the Ti:sapphire amplifier, the output beam
produces femtosecond pulses with a width of ∼100 fs, a repeti-
tion rate of 1 kHz, and a center wavelength of 800 nm. The laser
pulses are split by a half-mirror. Part of laser pulses pump the
ZnTe crystal to generate THz radiation, which transmits
through the metadevice at normal incidence. At the end of the
optical path, another ZnTe crystal is used for detecting the THz
signals transmitting through the metadevice. The other part
of the laser pulses illuminate on the area of the metadevice that
the THz pulses spot on [see the schematic profile in Fig. 1(a)].
The optical beam with a diameter of ∼5mm spatially overlaps
the THz beam containing a diameter of ∼2.2mm at the surface
of the metadevice, which ensures the homogenous optical exci-
tation of Si over the area probed by the THz beam. A standard
Fourier transform is used to recover the frequency-domain THz
spectra from the time-domain THz waveforms. The meta-atom
is composed of a CW resonator, an LLMB, and two pairs of
SRRs, as presented in Fig. 1(b). Notably, in one pair of SRRs,
Si islands are evaporated onto the gaps. The metaphotonic
device is made via a standard micro- and nano-fabrication proc-
ess, whose optical microscopic image is shown in Fig. 1(c).

3. Results and Discussion

Figure 2(a) shows the temporal evolution of the THz transmis-
sion spectra of the metadevice, at an optical pump power of

Fig. 1. (a) Schematic illustration of the metaphotonic device with triatomic
structural molecules for OPTP spectroscopy. The metadevice is probed by
THz beams at normal incidence and excited by an optical pump at oblique
incidence. (b) Unit cell of the metamaterial comprising a CW resonator,
an LLMB, and two pairs of SRRs. The geometrical parameters are as follows:
Px = Py = 100, w = 5, g = 4, q = 12, L1 = 80, L2 = 38, L3 = 20, and L4 = 17 μm.
(c) Optical microscopic image of the metamaterials.
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2500mW=cm2. The pump-probe delay represents the relative
time delay between the arrivals of the THz probe pulse and laser
pump pulse at the same region of the metadevice, which is con-
trolled by moving the translational time delay stage. With a
series of pump-probe delays from −4 ps to 956 ps, the transmit-
ted THz probe pulses are measured and then transformed into a
temporal evolution profile of transmission spectra. It is obvious
that the appearance of the transmission dip at 0.73 THz is faster
than that of other transmission dips around because the quasi-
dark resonance mode that induces the transmission dip is more
sensitive to the free carriers in the Si island and optical pumps
than the bright mode and dark mode. The coupling between the
dark resonance mode and the bright resonance mode is modu-
lated indirectly by the quasi-dark mode and not so sensitive to
the optical pumps. Therefore, the temporal evolution of the
transmission amplitude is attributed to the excitation and relax-
ation of carriers in Si. The relaxation dynamics can be described

by employing a mono-exponential decay equation, − T�t�−T0
T0

=
A0 � A1 exp��t − t0�=τ�.
We proceed to explore the impact of pump power on the

modulation of the PIT effect. Figure 3 illustrates the vivid com-
parison between the numerically calculated transmission spectra
and the experimentally measured results at a pump-probe delay

time of 6 ps. The blue curve in Fig. 3(a) represents a typical PIT
effect that is characterized by a transparent window under a
broad absorption background in the absence of a laser pump.
With the increment of optical pump power, the PIT effect is
gradually suppressed, since a large amount of free carriers are
photoexcited into the conduction band, activating the quasi-
dark resonance mode and shielding the destructive coupling
between the dark resonance mode and bright resonance mode.
At a pump power of 2500mW=cm2, the dual-band PIT effect
occurs, as depicted in Fig. 3(d). One significant finding is that
a dip is introduced at the transparent peak in Fig. 3(a), which is
caused by the quasi-dark resonance mode. Figures 3(e)–3(h)
show the numerically simulated spectral dispersion, accounting
for a series of Si conductivities, which coincide well with the
experimental data. Alternatively, some subtle differences in res-
onant frequencies are discovered between the simulated and

Fig. 2. (a) Experimentally measured THz transmission spectra of the meta-
device at various pump-probe delays (as labeled). (b) Color map of THz tran-
sient transmissions against pump-probe delay and frequency.

Fig. 3. (a)–(d) Spectral dispersion of measured THz transmission for the
triatomic metamaterials with a series of selected pump power levels (as
labeled) at a fixed pump-probe delay of 6 ps for which the photo-induced
change in spectral dispersion is maximized. (e)–(h) Corresponding numeri-
cally simulated transmission spectra varying with the conductivity of Si (as
labeled).
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measured results, whichmay be caused by imperfections in sam-
ple preparation.
Due to the tunable dip in the PIT window, a remarkable varia-

tion of slow light effect could be controlled in our designed
metadevice. The slow light effect is usually represented by a
group delay, Δtg , which describes the time delay of a THz wave
passing through the metadevice compared with its transmission
in air. This parameter is mathematically given by

Δtg =
d∅
dφ

, �1�

where∅ is the phase of transmission through themetadevice. Its
differential as a function of φ, which is the angular frequency of
the THz wave, determines the group delay shown in Fig. 4.
Precisely, Figs. 4(a)–4(e) show the calculated group delay of

the THz wave traveling through the metadevice at different Si
conductivity. As expected, a remarkable switching behavior of
group delay is observed, manifesting a strong phase dispersion.
Meanwhile, a dip occurs in the group delay curve when the con-
ductivity of Si increases, which reaches −3.5 ps at 80,000 S/m.
The experimental results are depicted by Figs. 4(f)–4(j). In
Fig. 4(j), a dip is found at 0.73 THz, which is caused by the con-
fined electric quasi-dark mode oscillated in the metamaterials at
the same frequency. However, the shape of dips in the calculated
results is sharper than that in the experimental cases. A reason-
able explanation is that the limited minimal step of translational
time delay stage decreases the precision of the group delay
spectrum.
To understand the evolution of the PIT effect in the tri-

atomic metamaterial, we calculate the transmission response
and electric-field profiles in CW resonators and triatomic meta-
materials, with the results presented by Fig. 5. Figure 5(a) signi-
fies the simulated transmission response of a single CW
resonator. The localized surface plasmon (LSP) resonance is
excited in CW resonators and leads to a transparent dip at
0.72 THz. By placing the SRR and LLMB around the CW reso-
nator and across the CW resonator, respectively, we realize the
PIT effect with an apparent transparent peak at 0.71 THz. The
near-field coupling between CW resonators and SRRs excites
the SRRs on both sides of CW resonators. As a result, the PIT
effect comes from the destructive interference between the
LSP resonance and the inductive-capacitive (LC) resonance,
which are supported by the CW resonator and SRRs, respec-
tively. Here, the CW resonators and SRRs act as the bright mode
and dark mode, respectively. Figures 5(b) and 5(e) show the
transmission spectrum and electric-field profiles. In order to
accomplish a three-level coupling interaction in the triatomic
metamaterials, we introduce the Si islands on a couple of splits
in SRRs [shown in Fig. 1(b)]. By injecting laser pumps onto the
Si islands, a couple of SRRs are short-circuited by photo-induced

Fig. 4. (a)–(e) Numerically calculated and (f)–(j) experimentally measured
group delays of the THz waves transmitted through the metadevice for a
series of conductivity of Si and pump power (as labeled), respectively.

Fig. 5. Simulated THz transmission spectra through (a) CW resonators,
triatomic metamaterials (b) in the dark and (c) pumped by laser pulses.
The conductivity of Si is selected as 10 S/m (in the dark) and 80,000 S/m
(under laser pump). (d)–(f) Corresponding electric-field profiles in the tri-
atomic metamaterial.

Vol. 20, No. 1 | January 2022 Chinese Optics Letters

013701-4



carriers in Si. Therefore, the destructive interference between
CW resonators and half of the SRRs is suppressed. For lack of
local coupling between electric fields in CW resonators and
short-circuited SRRs, another type of LSP resonance is generated
between the LLMB and CW resonator, because of the asymme-
try in the triatomic metamaterials. By simulating the distribu-
tions of surface current density at the peak of individual PIT
effects and the dip of dual-band PIT effects, respectively, as
shown in Fig. 6, we can intuitively understand the underlying
physics in switching of the PIT effect. For the case without
pump, the dark mode that is coupled with the bright mode occu-
pies the main resonant mode [see Fig. 6(a)]. Nevertheless, when
under optical pump irradiation, the quasi-dark mode is excited,
whereas the surface current mainly focuses on the LLMB and
CW resonator [see Fig. 6(b)]. Accompanied by the new LSP res-
onance, a transparent dip occurs at the original transparent
peak, switching the PIT effect from individual window into dual
windows, as exhibited in Fig. 5(c).

4. Conclusion

In summary, we have proposed a triatomic metamaterial device
comprising CW resonators, SRRs, and LLMBs and hybridized
with Si islands. An individual PIT effect occurs when THz waves
transmit through the metaphotonic device, owing to the cou-
pling effect between the bright mode and dark mode supported
by CW resonators and SRRs. Excited by optical pumps, a pair of
SRRs are short-circuited by photo-induced carriers in Si islands,
promoting the occurrence of the quasi-dark mode supported by
CW resonator and LLMB. Simultaneously, the switching of the
PIT effect from individual transparent windows to dual-band
windows is also achieved. A prominent slow light effect is mea-
sured during the modulating process. Benefiting from the ultra-
fast relaxation time of carriers in epitaxial Si, the recovery time of
the modulating process is in a nanosecond timescale.
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