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Electromagnetically induced transparency control in terahertz metasurfaces
based on bright-bright mode coupling
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We demonstrate a classical analog of electromagnetically induced transparency (EIT) in a highly flexible planar
terahertz metamaterial (MM) comprised of three-gap split-ring resonators. The keys to achieve EIT in this system
are the frequency detuning and hybridization processes between two bright modes coexisting in the same unit
cell as opposed to bright-dark modes. We present experimental verification of two bright modes coupling for a
terahertz EIT-MM in the context of numerical results and theoretical analysis based on a coupled Lorentz oscillator
model. In addition, a hybrid variation of the EIT-MM is proposed and implemented numerically to dynamically
tune the EIT window by incorporating photosensitive silicon pads in the split gap region of the resonators. As a
result, this hybrid MM enables the active optical control of a transition from the on state (EIT mode) to the off
state (dipole mode).

DOI: 10.1103/PhysRevB.97.155403

Metamaterials (MMs) offer versatile and remarkable ways
to manipulate electromagnetic waves for extraordianary ap-
plications such as subdiffraction focusing [1], sensing [2,3],
electromagnetic cloaking [4], near-perfect absorption [5,6],
etc. In recent years, the concept of electromagnetically in-
duced transparency (EIT) has attracted significant interest
due to its potential applications in sensing, controllable delay
lines, optical buffers, slow-light devices, and nonlinear effects
[7–10]. EIT is a quantum phenomenon that arises from the
destructive interference between different excitation pathways
in a three-level atomic system, making an initially opaque
medium transparent to a probe laser beam [11,12]. However,
practical applications of EIT are limited by severe experimental
conditions such as high-intensity lasers and cryogenic temper-
atures. The emergence of MMs as classical analogues of EIT
have paved the way for the development of new applications
such as sensing, THz modulators, and slow-light metadevices
for operation at room temperature.

The generation of an EIT analog in MMs is achieved by
two different approaches: (i) bright-dark mode coupling and
(ii) bright-bright mode coupling. The first approach typically
involves a bright mode resonator coupled to the incident wave
directly, which is highly radiative and exhibits a low Q-factor.
By contrast, the dark mode resonator is characterized by a
high Q-factor, and could not be excited by the incident wave
directly. However, this dark mode is activated by the bright
mode resonator via near-field coupling. In such systems, the
necessary condition to achieve EIT is to couple the bright and
quasi dark resonances at the same resonance frequency with
each possessing contrasting linewidths [13–20].
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The second approach, based on the frequency detuning and
hybridization of two bright modes placed in close proximity
to one another, has been rarely reported in literature. Such
reported works for bright-bright mode coupling in the terahertz
(THz) frequency regime is very limited. In one example, the
authors have demonstrated a plasmon induced transparency
(PIT) by hybridizing two concentric-twisted double split-ring
resonators under various geometrical configurations on flexible
polyimide substrates [21]. And recently, a graphene ring/strip
composite planar design is proposed to achieve numerically a
THz PIT effect through bright-bright mode coupling [22].

Here, we present a detailed study of the hybridization
process between two bright modes of a single unit cell and
show active control of the EIT effect in the THz. For this
case, we removed the bottom capacitive gap of a polarization
independent four-gap square split-ring resonator [23].

This paper is organized as follows. We first propose the
design of the unit cell and give experimental details for a
simple planar MM structure to demonstrate the EIT effect in
the THz frequency regime. Then, we introduce experimental
results supported by numerical solutions in the context of a two-
coupled oscillator analytical model. Next, we present the evo-
lution of the broadband transparency window by investigating
the unit cell at varying asymmetries to prove the existence of
EIT. In the last section, to demonstrate active control within this
system, we present the concept of an optically reconfigurable
EIT effect associated with large group delays.

The unit cell of the proposed EIT-MM is schematically
shown in the inset of Fig. 1(a), top left. It is composed of
an array of metallic three-gap split-ring resonators (TGSRRs)
deposited periodically on the top side of a 50.8-μm-thick and
highly flexible polyimide substrate. Recently, there have been
various efforts devoted to demonstrate flexible MMs [23–28].
The use of flexible substrates has provided an unprecedented
route to achieve active tunability in the frequency of MMs

2469-9950/2018/97(15)/155403(5) 155403-1 ©2018 American Physical Society

http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.97.155403&domain=pdf&date_stamp=2018-04-04
https://doi.org/10.1103/PhysRevB.97.155403


R. YAHIAOUI et al. PHYSICAL REVIEW B 97, 155403 (2018)

FIG. 1. (a) Optical micrograph of the fabricated broadband EIT
metasurface. The unit cell is illustrated schematically in the inset (top
left) with the corresponding electromagnetic excitation configuration.
The relevant geometrical dimensions are: px = py = 300 μm, l =
250 μm,w = 35 μm, andg1 = g2 = g3 = g = 35 μm. (b) Simulated
(solid black line) and measured (dashed black line) THz transmission
spectrum of the EIT MM. The magenta solid curve represents the
analytically fitted data (T = 1 − Im(χ )) using the two-oscillator
model [Eq. (6)].

due to modifications in the profiles and the periodicities of the
structures when the substrates are stretched [29–32].

In general, the resonance frequency of split ring resonator
(SRR)-based metasurfaces can be approximately evaluated
from the equivalent inductance (L) and capacitance (C) in the
form of f0 = 1/(2π

√
LC). At resonance, the incident electric

field induces a large accumulation of surface charges in the
metal strips forming the gaps, causing a strong electric field
confinement in the capacitive gaps. When an external mechani-
cal excitation is applied (e.g., stretching, bending), this usually
results in a slight change in the gap width of the resonators and
consequently a reduction or increase in the gap capacitance.
As the resonance frequency is inversely proportional to the
capacitance, the resonance frequency shifts to higher (lower)
frequencies with increasing (decreasing) the gap width.

The TGSRRs were made from 100-nm-thick silver (Ag),
patterned using standard photolithography methods resulting
in a planar metasurface as shown in Fig. 1(a). The active surface
area of the fabricated device is about 1 cm x 1 cm and the
relevant geometrical dimensions of the unit cell are: px =
py = 300 μm, l = 250 μm, w = 35 μm, and g1 = g2 = g3 =
g = 35 μm. Such periodic structures do not diffract normally
incident electromagnetic radiation for frequencies less than
1 THz.

Numerical calculations were carried out using a finite
element method. In these calculations, the elementary cell of
the designed metasurface was illuminated at normal incidence,
under TM polarization (E ‖ x axis), as indicated in the inset
of Fig. 1. Periodic boundary conditions were applied in the
numerical model to mimic a 2D infinite structure. In simula-
tions, the polyimide film was treated as a dielectric with εsub =
3.3 + i0.05 and the silver (Ag) was modeled as a lossy metal
with a conductivity of 6.1 × 107 S/m. Measurements of the
TGSRRs were performed using linearly polarized collimated
radiation from a continuous-wave (CW) THz spectrometer
(Teraview CW Spectra 400). The nominal spectral resolution
of 100 MHz is governed by the precision of the temperature-

FIG. 2. (a) Simulated transmission spectra of the sole USRS, the
sole LSRs, and the combined TGSRR’s metasurface, respectively.
(b) Spatial distribution of the resonant magnetic field Hz in a single
unit cell consisting of two radiative subresonators, calculated at 0.26
THz, 0.4 THz, and 0.53 THz, respectively.

tuning technique of two near-IR diode lasers and not by
a mechanical delay stage as found in a conventional THz
time-domain spectroscopy setup. The transmission spectrum
from the sample was determined as T (f ) = PMM (f )/Psub(f ),
where PMM(f ) and Psub(f ) are the filtered THz power spectra
of the planar MM and flexible substrate, respectively.

The simulated (solid black line) and measured (dashed black
line) transmission spectra of the TGSRR’s metasurface are
plotted in Fig. 1(b) and are in good agreement with each
other. One can observe a broadband transparency window
with an amplitude close to unity between two resonance
dips at around 0.26 THz and 0.53 THz, respectively, which
is considered to be a broadband EIT-like effect. Under the
illumination of a linearly polarized THz wave (Ex), each unit
cell of the EIT-MM can be regarded as the combination of a
lower U-shaped resonator (USR) and an upper pair of inverted
L-shaped resonators (LSRs) placed face-to-face [see the inset
of Fig. 1(a), bottom left].

Figure 2(a) shows the transmission spectrum of the EIT MM
(solid black line) superimposed with that of its two constituent
component USRs (dotted red line) and LSRs (dotted blue line),
respectively. One can clearly observe that the two transmission
dips stem from the resonances associated with each individual
subresonator (USR and LSRs), and a transparency window ap-
pears at 0.4 THz due to interaction between the USR and LSRs.

This behavior is further analyzed by simulating the z com-
ponents of the magnetic field distributions at two transmission
dips I (0.26 THz) and III (0.53 THz), and a transmission peak II
(0.4 THz), as shown in Fig. 2(b). The USR is strongly excited
by the incident wave at resonance I (0.26 THz), while the
magnetic field primarily concentrates on the LSRs at resonance
III (0.53 THz). At the transparency frequency II (0.4 THz),
one can observe that the localized magnetic field is almost
suppressed, which indicates that the metasurface couples with
the incident THz radiation weakly. Therefore, it becomes
evident that the transparency window of the EIT-MM is a direct
consequence of spectral combinations of USRs and LSRs.
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FIG. 3. (a) Unit cell of the combined (CWR+LSRs) metasurface.
(b), (c) Simulated transmission spectra of the sole LSRs, the sole
CWRs, and the combined structure, respectively. (d)–(g) Evolution
of the simulated (solid lines) transmission coefficients for increased
separation δ′

y = 12.5 μm, 32.5 μm, 52.5 μm, and 72.5 μm, respec-
tively. The dashed curves represent the analytically fitted data (T =
1−Im(χ )) using the two-oscillator model [Eq. (6)]. (h)–(k) Unit cells
of the EIT metasurfaces with various separations δ′

y .

To better understand the origin of the broadband EIT-like
effect, it is worth noting that the topology of the investigated
TGSRRs derives from an initial architecture that combines
a cut wire resonator (CWR) and a pair of elongated LSRs,
as schematically illustrated in Fig. 3(a), which subsequently
underwent a gradual alteration of its structural geometry [see
Figs. 3(h)–3(k)]. In this new configuration, the capacitive gaps
g2 and g3 are shifted from their nominal positions along the
y axis with δy = 72.5 μm, while the rest of the geometrical
dimensions are kept constant [see Fig. 3(a)]. The sole LSRs ex-
hibit a symmetric Lorentz-type resonance at around 0.38 THz,
which arises from the excitation of the inductive-capacitive
(LC) mode and the CWR supports a dipole-type resonance at
nearly the same frequency of 0.38 THz, as shown in Fig. 3(b).

The simulated transmission of the modified structure is
shown in Fig. 2(b). When the two resonators are arrayed within
one unit cell, an evident asymmetric line shape appears in the
transmission spectrum at around 0.35 THz, which could be
regarded as a Fano-like resonance [see Fig. 3(c)]. When g2

and g3 are gradually and simultaneously translated along the y

axis with δ′
y = 72.5 μm, varying in the range 0 μm–72.5 μm,

the transmitted spectrum is transformed into a quasisymmetric
line shape, which could be deemed to be an EIT-like effect
[see Figs. 3(d)–3(g)]. For example, when δ′

y = 12.5 μm, the
transmission spectrum is characterized by a sharp transparency
window around 0.37 THz with an amplitude as high as 65%
between two quasisymmetric minima at 0.35 THz and 0.4 THz,
respectively [see Fig. 3(d)].

The EIT effect strongly depends on the coupling be-
tween the subresonators. Therefore, by changing the coupling
strength between the two modes via modification of the
structural geometry, the EIT response is expected to be modu-
lated. Indeed, upon further increasing δ′

y , the spectral width of

the EIT window significantly increases with a noticeable en-
hancement in its amplitude. For instance, at δ′

y = 12.5 μm, the
full width at half maximum (FWHM) bandwidth of the trans-
parency window extends from 0.347 THz to 0.42 THz (73 GHz
of bandwidth) [Fig. 3(d)], whereas for larger displacement, this
range is much broader, namely for δ′

y = 72.5μm, the FWHM
bandwidth of the transparency region spans over 250 GHz [see
Fig. 3(g)]. Note that in the case of δ′

y = 72.5 μm, we come back
to the original configuration of the TGSRR’s structure.

To formally demonstrate the validity of the EIT effect, we
used an analytical model based on the coupled oscillator theory
described by the following set of equations [18,33]:

ẍa(t) + γaẋa(t) + ω2
axa(t) + �2xb(t) = Q

M
E, (1)

ẍb(t) + γbẋb(t) + ω2
bxb(t) + �2xa(t) = q

m
E. (2)

Here, USR and LSRs are designated as particles a and b, re-
spectively. (Q,q), (M,m), (ωa,ωb), and (γa,γb) are the effective
charges, effective masses, resonance angular frequencies, and
the loss factors of the particles. � defines the coupling strength
between the particles. Here, we consider both particles interact
with the incident THz electric field E = E0e

iωt . In the above
coupled equations, we substitute q = Q/A and m = M/B,
where A and B are dimensionless constants that dictate the
relative coupling of incoming radiation with the particles. Now
by expressing the displacements vectors for particles a and b

as xa = cae
iωt and xb = cbe

iωt , we solve the above coupled
Eqs. (1) and (2) for xa and xb:

xa =
B
A
�2 + (

ω2 − ω2
b + iωγb

)
�4 − (

ω2 − ω2
a + iωγa

)(
ω2 − ω2

b + iωγb

) Q

M
E0, (3)

xb = �2 + B
A

(
ω2 − ω2

a + iωγa

)
�4 − (

ω2 − ω2
a + iωγa

)(
ω2 − ω2

b + iωγb

) Q

M
E0. (4)

The susceptibility χ , which relates the polarization (P ) of
the particle to the strength of incoming electric field (E) is then
expressed in terms of the displacement vectors as

χ = P

ε0E
= Qxa + qxb

ε0E
, (5)

χ = K

A2B

(
A(B + 1)�2 + A2

((
ω2 − ω2

b

) + B
(
ω2 − ω2

a

))
�4 − (

ω2 − ω2
a + iωγa

)
(ω2 − ω2

b + iωγb)

+ iω
A2γa + Bγb

�4 − (ω2 − ω2
a + iωγa)(ω2 − ω2

b + iωγb)

)
.

(6)

The experimental transmission in Fig. 1(b) is fitted by
the imaginary part of the nonlinear susceptibility expression.
In our fitting, the transmission coefficient is defined as T =
1 − Im(χ ) (given by the Kramers-Kronig relations), which is
derived from the conservation of energy relation T + A = 1
(normalized to unity), where A = Im(χ ) is the absorption
(losses) within the medium. For the fit, the values of the loss
factors are obtained from the linewidths of the curves shown
in Fig. 1(b), which are calculated to be around 7.35 × 1011

rad/s and 5.71 × 1011 rad/s, respectively. Then, we used
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FIG. 4. (a) Schematic view of the optically controlled EIT MM
unit cell. The yellow regions are Ag, the grey region is polyimide
film, and the red region is photosensitive silicon. (b) Evolution of the
simulated transmission spectra of the tunable EIT metamaterial with
varying the conductivity σSi of the photoconductive silicon pads in
the range 0 − 2.5 × 104 S/m.

ωa = √
ω2

o − �2 to get 1.58 × 1012 rad/s. By substituting the
calculated values for γa , γb, ωa , ωb, �, and by setting A = 1.5
and B = 1.25 (mass of USR is about 1.25 times the mass
of LSRs), we plotted the analytically modeled transmission
coefficient in Fig. 1(b), which exhibits good agreement with
the corresponding experimentally measured and numerically
simulated curves. Although there are minor differences in
amplitude and bandwidths for the spectra in Fig. 1(b), the
spectrum obtained from the numerical model validates the
experimental data. Slight differences can be associated with
small imperfections in the fabrication process, dispersions
being unaccounted for during simulations, etc.

In Fig. 4, we actively change the conductivity of the
dielectric gap g2 for the resonators to dynamically modulate
the amplitude of the EIT window and switch between different
operation regimes, from the on-state (EIT mode) to the off-
state (dipole mode). To this end, 100-nm-thick photosensitive
silicon pads are integrated into the split gap g2 of the resonators.
The hybrid TGSRRs/silicon EIT-MM [see Fig. 4(a)] forms
a tunable resonating structure that can, upon application of
external optical power, actively modify the resonance strength
and resonance mode.

Numerically, we applied a simple conductivity model for the
silicon, considering a constant permittivity of Si = 11.7 and
a pump-power-dependent photoconductivity Si varying from
0 S/m to 2.5 × 104 S/m. As the conductivity of the Si pad
is gradually increased up to 2.5 × 104 S/m, the transparency
window undergoes a gradual reduction in its amplitude and fi-
nally degenerates to a single broad dipole-like resonance. This
resonance completely annihilates the EIT effect in the system
leading to a modulation depth (MD) of ∼77% [Fig. 4(b)]. Note
that the MD depends on the sensitivity of the resonance and
the photoconductive response of the deposited silicon patch.
Therefore, active modulation of the EIT window is caused
by the photoexcitation of free carriers in the silicon pads
integrated into the capacitive gaps, hence gradually weakening
the strength of the LSRs resonance in the system.

From the physical point of view, when the structure is
illuminated by an infrared pump beam, the silicon within the
capacitive gap g1 between the two LSRs becomes conductive

FIG. 5. (a) The simulated transmission phase and (b) group delay
of the EIT metamaterial with increasing the conductivity σSi of the
photoconductive silicon pads in the range 0 − 2.5 × 104 S/m.

through photoinjection of charge carriers. In this case, the
structure is gradually forced to switch from on-state (EIT
mode) to off-state (dipole mode) as the pump energy flux
increases. In the context of an equivalent circuit model, the
LSRs tend to an overall resonator with functioning conditions
similar to the USR. This is an important result that gives
flexibility for ultrafast optical switching using MMs.

A remarkable characteristic of EIT response is the ability to
achieve strong dispersion and slow-light effects. A controllable
slow-light MM can trap photons for a long time inside the
structure, which is useful to enhance light-matter interactions.
The measurement of the slow-light effect is represented by the
group delay (τg) of the incident THz wave packet through the
sample, calculated using τg = −dφ(ω)/dω, ω = 2πf , where
φ(ω) and f are transmission phase and frequency, respectively.
For the hybrid EIT-MM presented in Fig. 4(a), one can observe
a strong phase dispersion around the transmission window,
causing a large τg , as shown in Figs. 5(a) and 5(b). The group
delay retrieved from the numerical data of TGSRRs is plotted
in Fig. 5(b). One can observe that at the resonance frequencies
of 0.27 THz and 0.51 THz, the MM exhibits negative group
delay. In the vicinity of the transparency peak, large positive
group delays are obtained, indicating potential use in slow-light
applications. For example, at around 0.33 THz, where more
than 80% of EIT transmission is achieved, the THz radiation
experiences a delay of about 3.18 ps, corresponding to the time
delay of a 954 μm distance of free space propagation [Fig. 5(b),
black curve].

The dependence of the transmission phase spectra and group
delays with various silicon conductivities are also depicted in
Figs. 5(a) and 5(b), respectively. As the conductivity of the
silicon pads increases to 2.5 × 104 S/m, the EIT MM array
gradually loses its slow-light characteristic; finally turning
into a typical dipolelike group delay feature. Therefore, we
can achieve the capability of switching the group delay and
controlling the amount of the group delay by tuning the
conductivity of the silicon. This capability can be strategically
important in designing very compact slow-light devices with
ultrafast response.

In summary, we have designed, fabricated, and experimen-
tally characterized a broadband analog of EIT for a highly
flexible MM in the THz regime. The observed EIT effect
was modeled using coupled oscillators, which showed good
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agreement with the observed results. Moreover, the integration
of photosensitive silicon pads in the numerical model leads to
an active control of the EIT window. The simple topology and
low cost of our proposed structures are key parameters that
suggest a promising route toward mass production of a wide
array of applications including THz modulators, biosensing,
and slow-light devices.
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