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Recently reported plasmon-induced transparency (PIT) in metamaterials endows the optical structures in classical systems
with quantum optical effects. In particular, the nonreconfigurable nature in metamaterials makes multifunctional appli-
cations of PIT effects in terahertz communications and optical networks remain a great challenge. Here, we present an
ultrafast process-selectable modulation of the PIT effect. By incorporating silicon islands into diatomic metamaterials, the
PIT effect is modulated reversely, depending on the vertical and horizontal configurations, with giant modulation depths as
high as 129% and 109%. Accompanied by the enormous switching of the transparent window, remarkable slow light effect
occurs.
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1. Introduction

In an atomic system, quantum coherence has resulted in inter-
esting and abundant outcomes, including trapping of atoms,
Bose–Einstein condensates, and laser cooling. As an intriguing
instance of quantum coherence, electromagnetically induced
transparency (EIT) is a phenomenon where a non-transparent
medium is changed into a transparent one with a narrow win-
dow, leading to the dynamical storage of light in solid-state sys-
tems[1] and no inversion of the laser[2]. In a three-level atomic
system, two excitation ways toward high energy level destruc-
tively interfere with each other, which leads to a cancellation
of absorptions[3,4]. Owing to the high quality factor and strong
dispersion, the EIT phenomenon has demonstrated excellent
potentials for intriguing photonic applications, such as non-
linear and slow light devices. In classical systems, it has been
theoretically proved that the interference between coherent opti-
cal waves can induce an EIT-like phenomenon[5], which can be
exploited to block and capture light[6]. On account of the neg-
ligible propagation loss, mimicking the EIT phenomenon is
promising and attractive in metamaterials. Notably, metamate-
rials are novel artificial metal structures that are composed of
periodically arranged basic unit cells, which exhibit response
to the electric and magnetic components of the electromagnetic
field[7]. By manually designing the geometric parameters, it is
feasible to tailor the propagation characteristics with a large

degree of flexibility and intrigue numerous interesting proper-
ties, including enhanced non-linearity and tremendous group
refractive index[8,9], whose schemes have been applied on optical
buffers[10], slow light devices[11,12], and biochemical sensors[13].
Particularly in the terahertz (THz) field, the metamaterials serve
as distinguished candidates for sensing[14], next-generation
communication[15], and imaging applications[16].
Several essential units are commonly utilized in constructing

THz metamaterials, such as cut-wire resonator[17], closed-ring
resonator (CRR)[18], and split-ring resonator (SRR)[19], allow-
ing for prosperous applications relative to the plasmonic
hybridization[20]. In practical experiments, EIT-like phenome-
non in metamaterials is induced and observed by exciting a
polaritonic resonance formed by bright and dark eigenmo-
des[21]. Precisely, the dark mode often originates from the bro-
ken symmetry of system, such as SRRs. In general, the bright
eigenmode needs an absorption of the electric field with a broad
width, whereas the dark eigenmode presents a narrow line
width[22]. Similar to the EIT phenomenon, the interference
between bright and dark eigenmodes can be regarded as a plas-
monic analogue of the EIT phenomenon, which is plasmon-
induced transparency (PIT) in classical systems[23]. In order
to enhance the active control of the PIT phenomenon by
external stimuli, the metamaterials are often hybridized
with a variety of materials, including superconductors[24],
semiconductors [25], and graphene[26–29], using their natural
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response to electrical[30,31], optical[32], mechanical[33], and ther-
mal stimuli[34]. Among these conductors, semiconductors can
provide carrier injection to shunt the capacity in metamaterials,
controlled by external stimuli. One salient and significantmodu-
lating approach is the all-optical modulation of the PIT effect in
a picosecond time scale, which is highly desired to novel ultrafast
devices[35–40]. To date, all-optical modulation of metamaterials
and semiconductors has been established as a hot topic worthy
of numerous scholar attentions[41,42]. However, most of the
reported works focus on a single PIT modulation, in which only
one function can be acquired at a time.
In this work, we present a detailed investigation on the simul-

taneous forward and reverse modulation of the PIT phenome-
non along two polarization directions, respectively, in a
delicately designed metamaterial device. In this device, SRRs
and split cut-wire resonators (SCWRs) are fabricated on a
silicon-on-sapphire (SOS) wafer. Accounting for the different
metal structures along two planar perpendicular directions, the
PIT phenomena are simultaneously modulated and demodu-
lated in two directions via external optical stimuli. Importantly,
one can actively manipulate and select the modulating process
by rotating the metadevice. The optical-pump THz-probe
(OPTP) measurements reveal that the modulation of PIT phe-
nomena is accompanied by the sharp transparent peaks with
modulation depths of 109% and 129% and remarkable slow light
effects. Alternatively, the response time is measured to be less
than 2 ps, owing to the ultrafast response of Si.

2. Results and Discussion

The schematic of the metamaterial device for OPTP is depicted
in Fig. 1(a). THz beams travel through the area on the surface of
metamaterials, where the laser beam illuminates on Si to excite
the free carriers. Specifically, the THz beams are linearly polar-
ized along two planar perpendicular directions, denoted as x

polarization and y polarization, respectively. The configuration
of the unit cell is displayed in Fig. 1(b). It is seen from this figure
that the golden structure is deposited onto the surface of an SOS
wafer, while the Si layer is sculptured into two parts, which
includes the shape of islands and the metal structures, in order
to electrically connect the SCWRs of metamaterials. In addition,
the fabricated metadevice is in great agreement with the
designed layout, which is indicated by the optical microscopic
image in Fig. 1(c).
To begin with, the polarization dependence of THz waves

transmission rates in the metaphotonic device is investigated,
with the results being presented in Fig. 2. In case of THz x polari-
zation, an intrinsic PIT phenomenon is observed in the fre-
quency regime from 0.4 THz to 1.2 THz without an outer
laser pump, represented by the black curve in Fig. 2(a).
Moreover, a sharp transparent window appeared to be 86.3%
at 0.81 THz, between a pair of dips at 0.70 THz and
1.03 THz, with a quality factor of 4.0. When under an exterior
laser pump excitation with its power changing from 0mW=cm2

to 2000mW=cm2, the PIT phenomenon in this metaphotonic
device gradually disappears. On the other hand, for THz y
polarization, a small transparent dip is found at 0.91 THz with-
out an external laser pump, associated with a high transmission
rate, which is shown as the black curve in Fig. 2(b). Pumped by
laser beams, the metaphotonic device realized a PIT effect. One
significant finding is that when the laser pump ascends from
0mW=cm2 to 2000mW=cm2, the quality factor gradually
increases to 4.7. Alternatively, the sharpest transparent window
appears in between two other dips. The numerically calculated
transmission rates are shown in Figs. 2(c) and 2(d). In order to
mimic the variational conductivity of the Si island pumped by

Fig. 1. (a) Diagrammatic illustration of the polarization-dependent PIT modu-
lation in the metadevice for OPTP spectroscopy. (b) Schematic of the unit cell
of the metadevice. The sizes have been marked in the figure. The black area is
the bared Si island, whose sizes are 26 μm in the horizontal direction and
12 μm in the vertical direction, respectively. (c) Optical microscopic image
of the periodically arranged unit cells. Inset is an amplified photo of a single
unit cell. The periods are 90 μm and 95 μm in directions of x polarization and y
polarization, respectively.

Fig. 2. Polarization-dependent modulation of PIT effects in two perpendicular
THz polarization directions, with a time delay of 40 ps. Experimentally mea-
sured transmission rates of THz waves for (a) x polarization and (b) y polari-
zation of metaphotonic devices, pumped by a series of pumping powers
(shown as labels). The numerically simulated transmission rates of THz waves
for (c) x polarization and (b) y polarization of metaphotonic devices, with con-
ductivity of Si island varying corresponding to the experimental measurement
(shown as labels).
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laser beams, the conductivity of Si in calculating was manually
set from 10 S/m to 80,000 S/m. Considering the intrinsic con-
ductivity of Si, the minimum of its conductivity was set as
10 S/m rather than 0 S/m. Importantly, the shapes of calculated
transmission rates are consistent with the measured data.
However, the red-shift behaviors are discovered from the calcu-
lated transmission rates when compared with the experimen-
tally measured spectra. One reasonable explanation is that the
fabrication is deviated from the designed layout. This error
causes the electromagnetic resonances appearing at blue-shifted
frequencies. With the conductivity set manually, the trend of
calculated transmission rates matches well with that of experi-
mental measurement. The difference between transmission rates
of the Fano peak and the left Fano dip is defined as the maxi-
mum of transmission difference (DM) when the PIT effect
appears. In the case that the PIT effect vanishes, the difference
of transmission rates is defined as the minimum of transmission
difference (Dm). In this context, the modulation depth is defined
as (DM − Dm�=DM . According to the experimental measure-
ments, the modulation depths are extracted to be 109% for
THz x polarization and 129% for THz y polarization.
Additional insights are furnished by the exploration of the

slow light property in metaphotonic devices. Here, both the
numerical simulations and experimental measurements are per-
formed to acquire the THz transient group delay, whose results
are demonstrated in Fig. 3. In cases of THz x polarization, a pair
of dips appear at 0.70 THz and 1.04 THz when under the pump
fluence of 0mW=cm2, shown as the black curve in Fig. 3(a),
whose group delays are −7.9 ps and −5.1 ps, respectively.
In term of the y polarization [see Fig. 3(b)], the PIT phenome-
non occurs when the metadevice is pumped at 2000mW=cm2,
where a pair of dips associated with delay values of −1.22 ps
and −0.49 ps appear at 0.78 THz and 1.13 THz, respectively.
Additionally, only one dip of −0.43 ps is observed at 0.91 THz

when the laser pump is turned off. Moreover, the numerical
calculations are demonstrated in Figs. 3(c) and 3(d), which
are in good agreement with the experimental measurements,
except for the two following aspects. Firstly, the dips for THz
x polarization reach as high as −17.66 ps and −11.41 ps, and
their shapes are sharper than the experimentally measured ones.
In addition, for y polarization, when conductivity is 10 S/m, the
dip of the numerical calculation is also sharper than experimen-
tal measurements. However, other dips are very consistent with
experiments, without the presence of the above issues. It is
referred that the precision of the experimental measurement
depends on the minimum movement of the translational stage.
As a result, the fixed space interval of the translational stage
causes the sharp dips that cannot be detected. Secondly, the fre-
quency of calculated results shows red-shifting features when
compared with the measured ones, which may be caused by
the mismachining tolerance.
In addition to capturing the influence of diverse pump fluence

on modulation, the transient process of modulation in the time
domain was also studied, as presented in Fig. 4. When under a
pump with fluence of 2000mW=cm2, the PIT phenomenon
occurs, accompanied by a transparent window. This PIT phe-
nomenon vanishes with an increasing time delay, as illustrated
in Fig. 4(a). In the meantime, the transparent peak and the right
transmission dip both show red shifts. The time delay is defined
as 0 ps for the translational stage at the original state. At this
time, the THz waves arrive earlier than laser pump. With the
increment of time delay, the intrinsic transparent dip reappears,
and other transparent peaks and dips exhibit blue shifts towards
their original position. In particular, when excited by a pump
with fluence of 2000mW=cm2, the PIT effect suddenly occurs
[see Fig. 4(b)]. A pair of transparent dips appear, accompanied
by a transparent peak. As time delay further increases, the PIT
effect gradually vanishes, and the transmission rates recover
towards the original spectrum.
To investigate the optical characteristic of the SOS wafer,

OPTP experiments are carried out using the THz time-
domain system (TDS). Here, the laser pumps with fluences
of 500mW=cm2, 1000mW=cm2, and 2000mW=cm2 were
applied to spots on the SOS wafer. The dynamics of the SOS
wafer is described by the transient negative differential transmis-
sion (−ΔT/T). The transient negative differential transmission
indicates the real-time dynamics of photo-generated carriers

Fig. 3. Experimentally measured THz transient group delay for (a) x polariza-
tion and (b) y polarization, with the metaphotonic device pumped by laser
beams for a series of fluence (as labels). Numerically calculated group delay
of THz waves for (c) x polarization and (d) y polarization with conductivity of Si
island changing as labels. The time delay was 40 ps.

Fig. 4. Experimentally measured THz transient color map of transmission
rates for (a) x polarization and (b) y polarization, under pump fluence of

2000mW=cm2.
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of the SOS wafer, whose peak is proportional to the photo-con-
ductivity, assuming that the carrier mobilities are unchanged[43].
As shown in Fig. 5, the photo-generated carriers reach the maxi-
mal value within ∼2 ps. Limited by the total length of transla-
tional stages, the whole period of photo-generated carriers
containing the exciting and decaying processes could not be
completely recorded. To analyze the temporal evolution, a single
exponential function [−ΔT�t�=T0 = Ae−t=τ � B] is exploited to
fit the experimentally measured results, under an assumption
that the slow decay is attributed to trap-assisted recombination.
Thus, the fitting curves are shown in Fig. 5, with the decay
constants retrieved from the fitting curves being 473 ps
at 1000mW=cm2.
Aiming at demonstrating the underlying mechanism of for-

mation and vanishing, we performed numerical calculations
on transmission rates and electromagnetic field distributions
of the units in metaphotonic devices. The calculated results
are shown in Fig. 6. The orthogonal SCWRs are designed for
the modulation in vertical directions. For THz x polarization,
with conductivity of Si set as 10 S/m, two transparent dips
appear when there are only SRR pairs and CW, respectively.
The localized surface plasmon (LSP) resonance in SCWRs
and the inductive-capacitive (LC) resonance in SRR pairs couple
with each other, leading to a typical PIT phenomenon with a
transparent window between a pair of transparent dips. The
electromagnetic field of these three units is shown in Fig. 6(e).
With conductivity of Si set as 80,000 S/m, the LSP resonance in
the SCWR disappears, since the effective electrical length of the
SCWR is changed by the Si island. The LC resonance alone is not
able to excite the PIT phenomenon. Consequently, the PIT phe-
nomenon vanishes in the meantime, as shown in Fig. 6(f).
For the THz y polarization, when the conductivity is set as
10 S/m, the LSP resonance is vibrated in two parts of SCWRs,
as shown in Fig. 6(g), corresponding to a transparent dip at
around 1.27 THz illustrated as the inset in Fig. 6(c). In other
aspects, the transmission rate of SRR is at a high level, resulting

Fig. 5. Negative differential transmission of SOS wafer pumped by laser
beams at a series of powers (as labels). The measured data was fitted using
a single exponential function.

Fig. 6. Intrinsic coupling of the PIT effect for appearing and vanishing. The relative
transmission rate of SRR, CW, and their combination, respectively, with conduc-
tivity of Si set as (a) 10 S/m and (b) 80,000 S/m for THz x polarization, and
(c) 10 S/m and (d) 80,000 S/m for THz y polarization. Numerically calculated
electromagnetic field distributions of these units with conductivity of (e) 10 S/m,
(f) 80,000 S/m for THz x polarization (at 0.6421 THz), and (g) 10 S/m, (h) 80,000 S/m
for THz y polarization (at 0.7763 THz).
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in the occurrence of a transparent dip at 0.71 THz in units
of SCWR and SRR. As conductivity of Si increases to
80,000 S/m, the LSP resonance is in the whole SCWR. The
electromagnetic field of LSP resonance stimulates the LC reso-
nance in SRR. Then, these two resonances couple with each
other, resulting in the PIT phenomenon. The formation process
is shown in Figs. 6(d) and 6(h).

3. Conclusion

In summary, we have established a comprehensive study on the
polarization-dependent modulation of the PIT phenomenon in
the THz metaphotonic device. Specifically, the SCWRs and
SRRs are fabricated on an SOS wafer of this device. The forward
and reverse PIT modulating processes can be manipulated via
the rotation of the metadevice. Moreover, remarkable modula-
tion effects of transmission rate and group delay are observed,
the modulation depths of which reach 129% and 109%, respec-
tively. Additionally, the resonant THz transmission is modu-
lated on the picosecond time scale, owing to the ultrafast
response of Si. This work set out to gain a better understanding
of actively controlling the modulating process of the PIT phe-
nomenon, which also inspires more ingenious designs for novel
photonics devices.
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