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Abstract: Metamaterial analogues of electromagnetically induced transparency (EIT) enable a unique
avenue to endow a coupled resonator system with quantum interference behavior, exhibiting remark-
able properties in slow-wave and highly sensitive sensing. In particular, tunable and ultracompact-
chip-integrated EIT-like effects reveal fantastic application prospects in plasmonic circuits and net-
works. Here, we demonstrate an electrically tuned on-chip EIT analogue by means of dynamic
EIT modules side-coupled to ultrathin corrugated metallic strips supporting spoof surface plasmon
polaritons (SSPPs). By embedding PIN diodes into the subradiant mode, on-to-off control of the
destructive coupling between the radiative and subradiant modes results in dynamic chip-scale
EIT-like behavior under the change of the bias voltage, allowing for an electrically tunable group
delay of the surface waves. The physical mechanism of the active modulation is elucidated with
the coupled mode theory. In addition, the cascaded capacity performed by installing multiple EIT
modules with an interval of equivalent wavelength are also characterized on a planar plasmonic
waveguide. The proposed system will pave a versatile route toward dynamic control in chip-scale
functional devices.

Keywords: electromagnetically induced transparency; spoof surface plasmon polariton; electrically control

1. Introduction

Electromagnetically induced transparency (EIT) is a quantum destructive interfer-
ence phenomenon that occurs between two different excitation pathways in a three-level
atomic system, resulting in a narrow transparency window accompanied with sharp dis-
persion [1,2]. This unique characteristic has promising applications in such areas as optical
data buffering [3], ultrafast switching [4], and biochemical sensing [5]. As a remarkable
feature of the EIT spectral response, the slow-wave effect has a profound impact on electro-
magnetic science and communication technology [6-8]. Owing to rigorous implementation
conditions, analogous EIT effects have been explored instead by near-field coupling be-
tween bright (radiative) and dark (subradiant) elements in coupled classical resonator
systems [9-13]. Furthermore, various tunable media have been embedded into the res-
onators to obtain a dynamic response of the EIT-like effects, such as graphene [14-16],
photosensitive elements [17,18], microelectromechanical systems [19], and phase change
materials [20]. However, these configurations cannot be applied in practical integrated
photonic circuits because the plasmonic structures need to be illuminated by input waves
perpendicular to the upper plane [21]. An analogous EIT behavior performed directly
in planar plasmonic structures is of particular interest for integration with versatile on-
chip functionalities. Although phase-coupled mechanisms [22] and coupled microcavity
mechanisms [23,24] in conventional microstrip lines have been presented, the dynamic
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control and cascaded arrangement of the EIT-like effect in a chip-scale framework remain a
considerable challenge.

Surface plasmon polaritons (SPPs) form at the interface between two materials with
opposite real parts of the permittivity at the operation wavelength, for instance, a metal-
dielectric interface at optical frequencies [25,26]. Owing to their capabilities to overcome the
classical diffraction limit, SPPs are regarded as one of the most promising platforms for the
minimization of on-chip integrated devices. At lower frequencies (far infrared, terahertz,
or microwave), metal surfaces decorated with periodic subwavelength grooves or holes
can imitate the intriguing properties of conventional optical SPPs, thus giving birth to the
concept of spoof surface plasmon polaritons (SSPPs) [27-29]. The dispersion characteristics
of the textured metals can be readily controlled by the geometric configurations. As a
result, SSPP waveguide structures have the advantages of easy fabrication, strong field
confinement, and acceptable propagation length, and the related functional components
have been developed from conceptual models to practical applications [30-35].

In this work, we report the realization of an electrically tuned on-chip EIT analogue by
means of two EIT modules symmetrically side-coupled to a corrugated SSPP waveguide.
As the building blocks, each EIT module combines two types of split-ring resonators (SRR),
one passive SRR and one active SRR integrated with a PIN diode. By applying a bias voltage
to the PIN diodes, near-field coupling in the hybrid waveguide system enables dynamic
modulation, achieving on-to-off control of the EIT-like behavior in the SSPP waveguide.
Both full-wave simulations and theoretical calculations are in good agreement with experi-
mental characterizations, and the mechanism of the active modulation is attributed to a
shift in the resonance frequency of the active SRR caused by the variable capacitance once
the bias voltage switches on. Furthermore, the tunable capacity of the EIT-effect and group
delay in a cascaded arrangement are also investigated. The proposed scheme would open
up the possibility of achieving ultracompact and reconfigurable plasmonic components in
highly integrated circuits and networks.

2. Structure and Simulation

It is worthwhile to note that the ultrathin conformal SSPP scheme is a powerful route
for microwave and terahertz plasmonic circuits due to its flexibility, low-loss, and broad-
band features [29]. As shown in Figure 1a, the corrugated SSPP waveguide is constructed
by arranging two-sided metallic strips as the unit cells along the x-axis periodically, in
which the groove width and groove depth are denoted as a and /4, and the strip height and
thickness are indicated as H and ¢, respectively, with a period of p. The metallic structure
is placed on a 0.5 mm-thick (d) dielectric substrate (F4B) with a relative permittivity of
2.65 and loss tangent of 0.002. By using the eigenmode solver of full-wave simulation, the
dispersion curves of the SSPP waveguide with different groove depths / are constructed
and are presented in Figure 1a, where the other geometrical parameters are chosen as
p=5mm,a=2mm,t=0.018 mm, and H = 8 mm. It can be seen that the dispersion curves
are deviating gradually from the light line and asymptotically approaching different cutoff
frequencies as the groove depth increases, and the corresponding coverage of the evanes-
cent field provided by the corrugated strips is restricted drastically. The groove depth F is
set to 3 mm to obtain a tradeoff between tight SSPP confinement and near-field interaction
between corrugated strips and adjacent meta-particles. In order to launch SSPPs efficiently,
a conversion structure (II) with 50 () impedance consisting of gradient corrugation grooves
and a flaring ground are employed to connect the co-planar waveguide (I) and spoof SPP
waveguide (III), as shown in the inset of Figure 1b. The exponential equation of the flaring
ground is given as: y = w(e** —1)/(e* — 1), where a = 0.14 is defined as the exponential
factor of the curve, and the width (w) and length (/) of the transition section are set as 25 mm
and 60 mm, respectively. The simulated S-parameters are shown in Figure 1b, where the
left (right) side of the hybrid waveguides is defined as Port 1 (2). It can be seen that the
transmission coefficient (S;1) is larger than —3 dB, and the reflection coefficient (S11) is
lower than —17 dB within the passband range from 1.1 GHz to 12.8 GHz, indicating the
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excellent impedance matching from the guide wave on the coplanar structure to the SSPPs
on the two-sided metallic strips. Figure 1c,d illustrate, respectively, the simulated near-field
distribution of the entire scheme and the partially enlarged sketch of the evanescent field
vectors produced by the metallic grooves in the x—y plane at an arbitrary frequency of
6.01 GHz within the passband. It is clearly observed that the electric field arrows primarily
orient toward the y direction and decay exponentially around the corrugated structure.
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Figure 1. Prototype design and characteristics of SSPP waveguide based on two-sided metallic strips.
(a) Dispersion curves have varying groove depths k, and the other geometrical parameters are fixed:
p=5mm,a=2mm, H=8mm,t=0.018 mm, and d = 0.5 mm. (b) Transmission (S;1) and reflection
coefficients (S11) of SSPP waveguide, whose entire structure is shown in the inset. (c) Simulated
electric field distribution at 6.01 GHz in the x—y plane at 1.5 mm above the structure. (d) Electric field
vectors of partial SSPP waveguide structure in the x—y plane. The color scales of the arrows indicate
the field amplitudes.

In the proposed tunable EIT-like configuration based on the SSPP waveguide, two
sole EIT modules are symmetrically loaded in the close proximity of the two-sided metallic
strips with a distance S; = 0.5 mm, as illustrated in Figure 2a. An EIT module is constructed
by an adjacent passive SRR and a remote active SRR, in which the structural parameters
are set as: edge length p, = p, = 6 mm, width w = 0.75 mm, ¢; = 0.4 mm, ¢ = 1 mm, and
Sy = 0.5 mm. Specifically, in each EIT module a PIN diode is mounted on the right-side
gap between two nearby U-shaped rings to assemble an active SRR. As the top and bottom
views of the sketch in Figure 2a show, two metallic through-holes are utilized to load a bias
voltage from the bottom of the substrate. To eliminate the influence of the bias wires on the
electromagnetic responses of the EIT-like system, three cascaded inductors with 100 nH are
applied in each line to isolate the DC signal and radio frequency (RF) signal. Owing to the
near-field distribution of the corrugated SSPP waveguide, the adjacent passive SRR in each
EIT module can be excited strongly by the input wave and regarded as the radiative mode,
whereas the remote active SRR could be excited only weakly and regarded as the subradiant
mode. The ‘ON” and “OFF’ states of the PIN diode tuned by the bias voltage determine the
distinct resonance frequencies of the remote active SRR. In the full-wave simulation, the
resistance (Ry), inductance (Lq), and capacitance (Cq4) of the PIN diode at the right gap of
the active SRR in each EIT module are varied to imitate the effect of the ‘ON’ and ‘OFF’
states under the bias voltage (‘ON’ state: Rq = 0.9 ), Ly 1.5 nH; ‘OFF’ state: C4 = 0.3 pEF,
L4 = 1.5 nH). By optimizing the geometric parameters, the resonance frequencies of the
subradiant mode in the ‘ON’ state and the radiative mode are nearly identical with a small
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deviation, as illustrated in Figure 2b. Therefore, the EIT-like phenomenon can be achieved
on the basis of the radiative-subradiant coupling mechanism and the transparency peak
can be tuned through switching of the PIN diode integrated within the active SRR in each
module. Figure 2c describes the on-to-off EIT-like peak modulation of the SSPP waveguide,
achieving an amplitude modulation ratio of approximately 14 dB at 5.42 GHz.
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Figure 2. Schematic diagram and EIT-like transmission characteristics based on SSPP waveguide.
(a) Top and bottom views of the proposed configuration, where the yellow part is metal and the
brown part is dielectric substrate. (b) Transmission coefficients (Sy1) of SSPP waveguide loaded with
single set of passive SRRs and active SRRs when the PIN diodes are in the ‘ON" and ‘OFF’ states,
respectively. (c) Simulated and theoretically fitted transmission coefficients (Sy1) of SSPP waveguide
loaded with single set of EIT modules when the PIN diodes are in the ‘ON’ and ‘OFF’ states.

To explore the physical mechanism of the active modulation on the EIT-like effect
in our proposed SSPP waveguide system, the widely used coupled-mode theory (CMT)
model is employed to elucidate the near-field interaction between the combined SRR units
and corrugated metallic strips [36]. According to the CMT, the resonance amplitudes of the
radiative and subradiant modes are represented as a; and a; and can be expressed as:

im:ian;{_'yﬁ—l-l"ll Oi a1+i'yiO S1y 1)
ot \ap K Wy 0 ’)fi +1I5 an 0 0 0
where wq and w; are the center frequencies of the two resonant modes, respectively. The
decay rate of each resonant mode includes two contributions, radiative damping 71 ,

and intrinsic damping 1"5’2, and «x represents the coupling coefficient between these two
resonances. The integrated system is fed only by the incoming wave from Port 1, denoted
as S1.. Moreover, the subradiant mode couples weakly with the incoming wave, which can
be neglected. Hence, the transmission amplitude can be expressed as follows:

K%+ (iw —iwy +T7) - (iw — iwy + 95+ Th)
12 + (iw — iwy + 95 + 1) - (iw — iwy + 75 +Th)

Sy =

@

By fitting Sy to the simulated transmission coefficients for the on and off states of the
EIT-like phenomenon, the fitting results (spheres) are in good agreement with the full-wave
simulations (solid curves) in Figure 2¢, verifying the validity of the theoretical model. The
fitting parameters are presented in Table 1.
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Table 1. Fitting parameters based on CMT.

State w1 w, 7 7 ri ¥ K
ON 5.33 5.43 0.81 0.052 0.017 0.020 0.28
OFF 5.33 6.29 0.75 0.035 0.015 0.018 0.07

It is observed that the fitting resonance frequencies w; and w, are consistent with
the transmission dips of the sole radiative mode and sole subradiant mode at the ‘ON’
and ‘OFF’ state of PIN diodes. The decay rate of each passive SRR is much stronger
than that of each active SRR, particularly radiative damping <}, accounting for the major
portion. Hence, the transmission feature of the SSPP waveguide is determined mainly by
the reflection not the absorption. When each PIN diode is in the ‘ON’ state, the coupling
coefficient x is sufficiently large so that destructive interference occurred between radiative
mode and subradiant mode results in the EIT-like response. On the contrary, in the ‘OFF
state of the PIN diodes, the blueshift in the frequency of each active SRR from 5.43 GHz to
6.29 GHz contributes to a dramatic attenuation of the near-field coupling between radiative
and subradiant modes and a slight suppression of the radiative damping *{, thus leading
to disappearance of the EIT-like phenomenon and rejection of SSPP energy flow in the
waveguide system. Therefore, it can be concluded that the dynamic modulation of the SSPP
EIT-like behavior arises from a change in the coupling strength of the two resonant modes.

The on-to-off tunable EIT-like phenomenon in the SSPP waveguide can also be un-
derstood by analyzing the near electric-field distributions at the EIT peak frequency of
5.42 GHz. Figure 3 shows the normalized E,-field distributions in the x— plane at 1.5 mm
above the structure surface in the ‘ON’ and ‘OFF’ states, corresponding to pronounced
EIT-like behavior appearance and EIT-like behavior disappearance in the SSPP waveguide
system, respectively. According to the RLC circuit model of each active SRR, the electric
resonance frequency is described by w, = (LC)~1/2, where 1/C = (1/ Cg +1/Cq), with Cg
being the gap capacitance of the left side, C4 the capacitance of each PIN diode, and L
the total inductance. When each PIN diode is in the ‘ON’ state, it is clearly observed that
the electric field is focused primarily around the remote active SRR gaps, whereas the
electric field in the adjacent passive SRRs is completely suppressed in Figure 3a, which
is the characteristic of typical EIT behavior. When the PIN diodes switch from the ‘ON’
state to the ‘OFF’ state, the resonance frequency shifts from 5.43 GHz to 6.29 GHz. Owing
to a blueshift in resonance of each active SRR, the degradation in radiative-subradiant
coupling results in the electric field being localized in the adjacent passive SRRs, as shown
in Figure 3b. This reveals that switching of the PIN diodes alters the capacitance C4 of
each active SRR, further manipulates the resonance frequency w,, and has an impact on
the destructive coupling between each passive SRR and active SRR, which eventually
dominates the EIT-like transmission feature of the SSPP waveguide.

(a)
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T T 1T T I S B F Mix'
(b)
OFF I
= : - H - ( Min.

Figure 3. Simulated near-electric-field distributions in the x—y plane at 1.5 mm above the entire
structure at the EIT-like peak frequency of 5.42 GHz. The PIN diodes are in (a) ‘'ON’ state (Rq = 0.9 O,
Lq =1.5nH), and (b) ‘OFF’ state (C4 = 0.3 pF, Ly = 1.5 nH), respectively. The dotted regions near the
SSPP waveguide mark the locations of passive SRR and active SRR, respectively.
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3. Measurement and Discussion

To perform experimental verification of the aforementioned functions, samples of a
corrugated SSPP waveguide loaded with a single set of passive SRRs, active SRRs, and
EIT modules were fabricated using the standard printed circuit board (PCB) technology, as
shown in Figure 4a,c. The PCB fabrication is the process of transcribing a design pattern
onto the physical structure of the copper laminate. The fabrication of our sample was
divided into four steps, where the specific processes were cutting the double-sided copper
laminate, drilling holes, pattern transferring (film formation, exposure, and development),
and welding the PIN diodes, inductors, and SMA adapters. The geometric parameters
used were the same as those in the above simulations, and the size of the entire sample was
260 mm x 58.5 mm x 0.5 mm. In the measurements, the two endpoints of each sample
were melded via SMA connectors and connected to a vector networks analyzer (N5230C,
Agilent) through two coaxial cables with 50 () port impedance. By applying a bias voltage
to the PIN diodes (SMP1320-011, Skyworks) through metallic through-holes connected to
two pieces of the bottom substrate, the capacitance of each active SRR could be modulated
dynamically. When the forward voltage was changed from 0.85 V to 0 V, the states of
the PIN diodes were switched between the ‘'ON” and ‘OFF’ states. Figure 4b,d display
the measured transmission coefficients (S;1) of each sample. It should be noted that the
resonance responses of the samples with a single set of active SRRs and EIT modules in
the ‘'ON” and ‘OFF’ states were relatively faint compared with those in simulations, likely
caused by a larger resistance of the PIN diodes and higher loss in the actual dielectric
substrate. Despite these discrepancies, the measured results confirm the tunable EIT-like
phenomenon in the SSPP waveguide, where the destructive coupling between the radiative
and subradiant modes depends on the dynamic resonance frequency detuning controlled
by the bias voltage.

passive_SRR
——active SRR_ON
—— active SRR_OFF
4 5 6 7
Frequency / GHz

B Oy b
i ol P e =
A B
Vo
% i
it
—=single_ON
——single_OFF
4 5 6 7

Frequency / GHz

Figure 4. Experimental measurements of tunable EIT-like behavior in SSPP waveguide. (a) Pho-
tograph of fabricated SSPP waveguide samples loaded with single set of passive SRRs and active
SRRs in top and bottom views. (b) Transmission coefficients corresponding to structures in (a).
(c) Photograph of fabricated SSPP waveguide sample loaded with single set of EIT modules in top
and bottom views. (d) Transmission coefficients corresponding to structures in (d). The word in
Figure (a,c) indicates the top and bottom views, respectively.



Photonics 2022, 9, 833

7 of 10

In addition, a triple set of EIT modules were cascaded along the SSPP-propagating
trajectory in a close vicinity of the corrugated strips, as illustrated in Figure 5a. According
to the dispersion relation of the SSPP waveguide, the distance between each set of EIT
modules was configured to be the operation wavelength A, = 40 mm of the EIT-like
behavior, thus promoting the coherent accumulation in the waveguide system. As expected,
when the forward voltage reached the threshold of the PIN diodes, the EIT-like response
was activated and the SSPPs achieved high transmission at the working frequency. When
no bias voltage or a reverse voltage was applied, the EIT-like response vanished and
contributed to the rejection of SSPP propagation, with a modulation contrast of up to 19 dB
at 5.42 GHz.

0] cp— —
,,ﬁ o ‘ #‘l[ R
G I 2
ot b ! “ \ ,'\'n
i ;t‘ e
N 10} LI 4
& -
9 L” t% f
o i
-20¢ § ——triple_ON
——triple_OFF
4 5 6 7
Frequency / GHz

Figure 5. Experimental measurements of sample with three-cascaded EIT modules side-coupled to
SSPP waveguide. (a) Photograph of fabricated sample in top and bottom views, and (b) corresponding
transmission coefficients in ‘ON” and ‘OFF’ states of PIN diodes. The word in Figure (a) indicates the
top and bottom views, respectively.

Accompanying the occurrence of the EIT-like behavior, the dramatic change of the
transmission phase within the transparency window resulted in a significant decrease of the
SSPP group velocity, giving rise to the slow-wave effect on the chip that was described by
the group delay. The use of group delay was more relevant to the transmission phase and

given by t, = Z—Z, where ¢ and w are the transmission phase shift and angular frequency,
respectively. The difference in the group delays that the SSPPs pass through the waveguide
structure loaded with EIT modules in comparison with a pure waveguide structure of the
same length can be retrieved from the derivative of the transmission phase with respect
to frequency. Figure 6 illustrates the simulated transmission phases and calculated group
delays of the SSPP waveguide samples loaded with single and triple sets of EIT modules
when the PIN diodes were in the ‘ON’ and ‘OFF’ states. It can be seen that the SSPPs at the
operation frequency 5.42 GHz were delayed by 0.53 ns and 1.36 ns when single and triple
sets of EIT modules were in the working condition, respectively, which is equivalent to time
delays of 22.87 mm and 58.68 mm in terms of distance in the pure waveguide structure.
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Figure 6. Transmission phases (a,c) and calculated group delays (b,d) of SSPP waveguide samples
loaded with single and triple sets of EIT modules, when the PIN diodes are in the ‘ON” and ‘OFF’

states.

4. Conclusions

In summary, an on-to-off control of the EIT-like effect based on a corrugated SSPP
waveguide is demonstrated by virtue of active EIT modules integrated with electrically
controlled PIN diodes. As the bias voltage switches from 0.85 V (‘ON’ state) to 0 V (‘OFF
state), the SSPP EIT-like transmittance experiences a drastic change due to the tunable
destructive coupling between the combined SRR units. According to full-wave simulations,
CMT analysis, and microwave measurements, the dynamic modulation is attributed to
the suppression of the near-field coupling between the radiative and subradiant modes.
Furthermore, tunable group delays are achieved in a cascaded arrangement by switching
the bias voltage control. The proposed scheme not only introduces a new approach to
design active on-chip EIT-like effects, but also constitutes an important step towards the
realization of subwavelength integrated plasmonic circuits.
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