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Abstract: Metamaterial photonic integrated circuits with arrays of hybrid graphene–superconductor
coupled split-ring resonators (SRR) capable of modulating and slowing down terahertz (THz) light
are introduced and proposed. The hybrid device’s optical responses, such as electromagnetic-
induced transparency (EIT) and group delay, can be modulated in several ways. First, it is modulated
electrically by changing the conductivity and carrier concentrations in graphene. Alternatively, the
optical response can be modified by acting on the device temperature sensitivity by switching Nb
from a lossy normal phase to a low-loss quantum mechanical phase below the transition temperature
(Tc) of Nb. Maximum modulation depths of 57.3% and 97.61% are achieved for EIT and group delay
at the THz transmission window, respectively. A comparison is carried out between the Nb-graphene-
Nb coupled SRR-based devices with those of Au-graphene-Au SRRs, and significant enhancements
of the THz transmission, group delay, and EIT responses are observed when Nb is in the quantum
mechanical phase. Such hybrid devices with their reasonably large and tunable slow light bandwidth
pave the way for the realization of active optoelectronic modulators, filters, phase shifters, and slow
light devices for applications in chip-scale future communication and computation systems.

Keywords: hybrid photonic integrated circuits; graphene; superconductors; terahertz photonics;
terahertz electronics; electromagnetic induced transparency; slow light devices

1. Introduction

Metallic superconductors are macroscopic quantum systems and gain their electro-
magnetic properties from pairs of electrons, Cooper pairs [1]. Due to their intrinsic low-loss
and plasmonic properties, they are excellent platforms for applications, especially in cryo-
genic nano-electronics and nano-photonics [2–6]. Graphene is a thin layer of carbon atoms
arranged in a hexagonal network. It is a two-dimensional (2D) material, the thinnest
example of a material [7]. The combination of 2D materials and superconductors offers
novel electronic and photonic properties that may not be found in either of these materials
independently [8,9]. For example, it is possible to measure the superconducting gap in
graphene when it is placed in close and clean proximity to a host superconducting material,
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such as niobium (Nb), via the proximity effect [10]. A proximitized graphene then may
show exotic electronic or photonic properties, such as topological phases, that are robust
against weak external perturbation and are proposed for applications in fault-tolerant
quantum computing [11].

The surfaces of hybrid materials can be engineered to achieve electromagnetic response
at will. Such engineered materials, metamaterials, develop their exotic electromagnetic
properties from the geometries of the engineered unit cells (artificial atoms) through the
interactions of artificial atoms and photons [12]. For example, electromagnetically induced
transparency (EIT) has been found to have a classical analogy using metamaterials [13,14].
EIT is a nonlinear quantum effect that evolves due to the destructive interference between
excitation states in three-level atomic systems, which results in a narrow transparency
window in the medium where light can pass through without any absorption [15]. The
classical analogue of EIT observable in integrated metamaterial devices offers an extreme
modification of dispersion properties resulting in group delay enhancement, slow down,
and storage of light [13,16].

An integrated optoelectronic device with the capability of continuous tuning and con-
trolling of the group velocity of light is therefore of interest in the microwave, millimeter
wave, terahertz (THz), and far infrared regime, which make possible, for example, the
realization of (i) tunable optical phase shifter, (ii) time-delay lines [13] as tools to control
the emission of the optoelectronic and telecommunication systems, and (iii) continuously
tunable fast bandpass filter or bandstop filter [17]. Such devices are also very useful tools
for actively controlling the dispersion as external cavity mirrors for ultrashort pulsed
QCLs [18–20]. Moreover, they can be used for active modulation and polarization control
of superconducting THz quantum emitters [21–33]. The demonstration of ‘static’ super-
conducting THz metamaterials was reported where the authors observe tuning response
with intense THz light [34,35], temperature [13,31,36–39], and applied DC bias voltage [40].
Metamaterials with asymmetric couplings within a pair of static gold and normal metal
split ring resonators (SRRs) have also been studied to control the THz wave [41,42].

In this work, a single layer of graphene is integrated with superconducting Nb plas-
monic SRRs to realize a voltage and temperature tunable ‘active’ slow light optoelectronic
device operating at cryogenic temperatures. The advantages of our proposed devices
include: (i) Nb as a metallic superconductor obtains quantum mechanics phases at cryo-
genic temperatures to offer active modulation and tuning of THz response in wide tem-
perature and frequency ranges. Such sensitive temperature sensing, as a result of the
temperature-dependent superfluid density of the Nb superconductor, cannot be achieved
with any normal or noble metal-based metamaterial devices. (ii) The current most promis-
ing platform for a quantum computer is based on superconducting processors operating at
cryogenic temperatures. Therefore, it is necessary to develop tunable slow light devices,
sensors, detectors, and modulators operating at low temperatures. (iii) The combination of
graphene as a 2D material with their tunable carrier concentration with voltage offers an
additional knob to control light in such novel integrated circuits at cryogenic temperatures.

2. Design of the Hybrid Photonic Integrated Circuits

The architecture of the proposed hybrid graphene–superconductor photonic inte-
grated circuit is schematically shown in Figure 1a. The device contains a two-dimensional
array of coupled SRRs, oppositely facing each other, in a superconducting circuit. A single
layer of graphene is integrated with the top resonator in its small finger (capacitor gap).
The superconducting material is considered to be Nb. The THz slow light device with a
tunable THz superconductor–graphene–superconductor resonator can be modulated (i)
thermally by switching from a lossy metallic to a low-loss superconducting medium due to
the increase in the Cooper-pairs densities below the transition temperature (Tc = 9.2 K) of
Nb and (ii) electrically by changing the conductivity and carrier concentrations in graphene.
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Figure 1. Voltage-controlled hybrid graphene–superconductor THz photonic integrated circuit. (a) The hybrid device
architecture shows arrays of coupled graphene-Nb SRR integrated with superconducting circuits. Here, Nb, Au, SiO2, Si,
and graphene are shown in red, yellow, gold, black, and gray, respectively. (b) A meta-atom (unit-cell of the device). (c) The
magnified gap structure of a meta-atom, showing graphene is sandwiched between two Nb fingers in the upper resonator
in the superconducting circuit. Polarization of the incident THz wave is shown by a green arrow.

Figure 1b shows a meta-atom in the device with dimensions set to be: A = 52 µm,
B = 42.4 µm, C = 46 µm, D = 26.8 µm, F = 15.6 µm, G = 39.6 µm, I = 8 µm, the upper
SRR gap length of J = 4 µm (distance between two Nb fingers), the width of WR = 8 µm,
and bias line width of Wb = 4 µm. The unit cell periodicity is set to be (Py = 114.4 µm)
× (Px = 76 µm). The single unit cell is repeated into arrays to ease light coupling. The
thickness of Nb is considered to be 100 nm. Figure 1c depicts the magnified gap structure
of the top resonator, showing that graphene is sandwiched between two Nb fingers of
the top SRR. The polarization of the incident THz wave is shown with a green arrow
in Figure 1c. The device is designed based on a 500 µm thick boron p-doped silicon Si
substrate with a 300 nm insulating layer of SiO2. The THz transmission of bare SiO2/Si
substrate is used as a reference. In order to design and model the device architecture, the
RF module of COMSOL Multiphysics V5.5 is used. SiO2 and Si are considered dielectrics
with ε = 3.9 and 11.56, respectively [43]. In the low THz frequencies (this work), only the
intraband contribution of absorption is considered in the graphene conductivity [44]. At
DC, relaxation effects of free charges are described via the DC conductivity σ0 [45]. The AC
conductivity is related to the DC conductivity through the Drude model σG(ω) = σ0

1+iωτ ,
where τ = 15 f s is the scattering time, and ω is the angular frequency [44,46]. The intraband
part was found to remain almost temperature-independent [47,48]. The DC conductivity
of graphene σ0 is set to be between 0.3 mS and 2.5 mS in the simulation. For describing the
variation of graphene conductivity, only the DC conductivity σ0 is mentioned in the paper.
Graphene is simulated as a 2D layer with surface current boundary conditions. The surface
current of graphene J = σGE is defined as the product of its conductivity (σG) in Siemens
unit and the tangential electric field (E). The experimental complex conductivity of Nb is
described in the framework of Mattis–Bardeen equations with a finite scattering rate. The
imaginary part of conductivity of Nb is much higher than the real part, which gives rise to
the superconductor’s dominance reactive response [13,49,50]. The imaginary part shows a
1
ω dependence and rises when entering the superconducting phase. The dissipative real
part of conductivity shows a minimum representing the energy gap of the superconducting
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state in the frequency spectra, which opens up at the transition temperature, shifts to
a higher frequency as the temperature decreases, and reaches its maximum at 0.7 THz
for 4.5 K. On the other hand, the conductivity of a normal metal is in accordance with
the Drude model. With respect to the model, the imaginary part of conductivity is much
smaller than the real part, which results in a near-zero value of kinetic inductance of normal
metals [49]. Along with it, the frequency dependency of conductivity in a normal metal is
lower than in a superconductor [50]. The conductivity of Au (σAu) is described by the Drude

model expression as σAu = ε0
ω2

p
γ+iω , where the plasma frequency ωp is 2π× 2175 THz, and

the collision frequency γ is 2π× 6.5 THz [51]. Here, ε0 is the vacuum electric constant.

3. Results and Discussion
3.1. Superconducting THz Photonic Circuits without Graphene Patches

We first consider the THz response of three sets of static superconducting SRRs in the
absence of graphene, at T = 4.5 K, far below the transition temperature Tc of Nb. The THz
transmissions of three sets of SRRs are shown in Figure 2a. The geometries of the three sets
of SRRs are shown in Figure 2b, here called the bottom single resonator, Figure 2c, the top
single resonator, and Figure 2d, as coupled resonators that are faced oppositely (rotated by
180 degrees with respect to each other). In the absence of coupling between two resonators,
each SRR independently supports localized surface plasmon (LSP) resonances [17,46]. They
show a typical inductive-capacitive (LC) resonance, with center frequencies at 0.53 THz
(labeled f b) and 0.58 THz (labeled f d), respectively. The bottom resonator’s longer side is
directly excited by the incoming THz E-field. Therefore, the excited net dipole moments in
the longer arm result in a resonance with a broader full width at half maximum bandwidth
(FWHM), as the radiation damping is SRR structure size-dependent. The total length of
the bottom resonator is also slightly larger than the top resonator resulting in resonance at
a lower frequency.

Figure 2. (a) Simulated THz transmission of static superconducting Nb SRR arrays in the absence
of graphene. Transmission curves when only a bottom ring structure (blue), when only a top ring
structure (green), and when two coupled ring resonators (red) are used at T= 4.5 K. (b–e) The
z-component of the electric field Ez and surface current distribution at relevant resonance frequencies,
shown in (a).
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The electric field distribution in the coupled resonators shows the strength of the
resonators to incident THz radiation polarized along the x-direction, see Figure 2b–e. The
smaller SRR (top) acts as a subradiant (or dark) resonator with resonance frequency f d. On
the other hand, the larger SRR (bottom) acts as a superradiant (or bright) resonator with
resonance frequency f b. However, the destructive interference between two subradiant
and superradiant resonances leads to two dips as hybridized modes of “bonding” and
“anti-bonding” and one peak as an asymmetrically coupled mode [52], as shown by the
red curve in Figure 2a. The electric field and current distribution at the bonding f − and
anti-bonding f + resonance frequencies are shown in the lower panel of Figure 2. The
induced current directions in two coupled SRR are opposite for f − bonding mode, while
they are in the same direction for f + anti-bonding mode. The suppressed currents due to
strong asymmetric coupling and destructive interference between a subradiant mode from
the top SRR and a superradiant mode from the bottom SRR lead to induced electromagnetic
transparency (EIT) in the coupled SRRs [53].

3.2. Integration of Graphene with Superconducting THz Photonic Circuits

Now, we discuss the results for the active, electrically tunable device based on the
integration of graphene with Nb SRR arrays in a superconducting circuit. The preliminary
graphene characterization of the continuous patch was carried out at room temperature
and is shown in Figure 3a, providing us with range of conductivity that we assume for our
metamaterial arrays as well. The graphene is initially p-doped; therefore, due to the excess
of charge carrier already present in the graphene before the back-gate voltage, the Dirac
point is at the voltage of 102 V for the given device [46,54].

Figure 3. (a) The measured conductivity of graphene as a function of back-gate voltage; (b) Simulated
THz transmission of the active/electrically tunable photonic integrated circuit with hybrid graphene–
superconducting Nb SRR arrays for three different graphene conductivity, σ0 = 0.3 mS (dashed red),
σ0 = 0.9 mS (dashed purple), and σ0 = 2.5 mS (dashed green). (c–g) The z-component of the electric
field Ez and surface current distribution at the relevant resonance frequencies shown in (b).

The THz transmission spectra of the device with graphene in the finger of the top SRR,
with lowest σ0 = 0.3 mS (close to Dirac point), σ0 = 0.9 mS (corresponding to gate voltage
VBG = 0 V), and highest σ0 = 2.5 mS conductivity values shown in dashed red, purple, and
green in Figure 3b. By comparing Figures 2a and 3b, one can see that the integration of
graphene with dark resonator results in the increase in damping in the resonance of the
dark resonator. The results suggest that by the electrostatic gating of graphene, one can
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actively tune the device resonance frequency between a strongly coupled-resonator circuit
with super-radiant resonance f 1

0.3mS and a single resonator LSP circuit with sub-radiant
resonance f 1

2.5mS. Figures 2 and 3 also show the blueshift of the f -mode by 41 GHz when
the graphene conductivity changes from σ0 = 0 mS, a static resonator circuitry with no
graphene in the dark resonator’s gap, to σ0 = 2.5 mS where the graphene conductivity is
set to highest value (f 1

2.5mS mode shown in dashed green). The electric field distribution
of this mode shows the damping of the resonance at the dark element (see lower panel of
Figure 3).

3.3. Modulation of THz Waves in Hybrid Graphene Superconducting Photonic Circuits with
Temperature

The device is designed in a way to have electric fields that are concentrated in the
bright and dark resonators despite the introduction of the superconducting circuit (used
to connect the dark resonators in the device and to bias the graphene patch). The bias
line exhibits resonance at f = 0.31 THz for T = 4.5 K. The bias line resonance shows no
variation with graphene DC conductivities (see Figure 4a). The electric field distribution at
bias line resonance frequency in Figure 4b accumulates at the bias line. On the other hand,
the electric field distribution at the peak mode in Figure 4c and also two dark and bright
resonances (as shown in Figures 2 and 3) show no enhancement at the bias line. Therefore,
the bias line is designed to have a low influence on the EIT window between bright and
dark resonances. The circuit exhibits a resonance at around 0.3 THz, so with less impact on
the THz transmission response of the coupled resonator arrays.

Figure 4. (a) Simulation transmission data for T = 4.5 K at different graphene DC conductivi-
ties. Z-component of electric field distribution at σ0 = 0 mS for (b) bias line resonance frequency
f = 0.31 THz, and (c) the peak frequency f = 0.54 THz.

To obtain further insight into the voltage-controlled active hybrid graphene– super-
conductor photonic integrated circuit demonstrated in this paper, we compare the detailed
results for (i) when Nb is in superconducting quantum phase state below Tc and (ii) when
Nb is in the resistive normal state above Tc. The THz transmission spectra as a function
of frequency for different graphene conductivities between σ0 = 0 mS and σ0 = 2.5 mS at
T = 4.5 K < TcNb and at T = 10 K > TcNb are shown in Figure 5a,b, respectively. Figure 5c,d
shows the resonance frequencies and transmission dips at resonance frequencies of the
device, as a function of graphene conductivity at two different temperatures T = 4.5 K,
and T = 10 K. A clear enhancement of THz transmission, superradiant and subradiant
modes, and frequency tuning can be seen when the device is in superconducting quantum
phase state at T = 4.5 K. Quality factor of first (f 1) and second (f 2) resonances for the
temperatures T = 4.5 K and T = 10 K are shown in Figure 5e,f, respectively. With an increase
in the graphene’s DC conductivity, the strength of both resonances decreases up to the
σ0 = 1.8 mS, where the second resonance completely damps, and only one single resonance
remains.
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Figure 5. THz transmission of the metamaterial photonic integrated circuit with hybrid graphene-Nb SRRs for different
graphene conductivities: (a) at T = 4.5 K, far from the Nb superconducting transition temperature Tc, where Nb is in
the superconducting quantum phase, and (b) at T = 10 K, where Nb is no longer in the superconducting quantum phase.
(c) Resonance frequencies and (d) transmission dips at resonance frequencies of the metamaterial integrated circuit, as a
function of graphene’s conductivity at T = 4.5 K and T = 10 K. (e) Quality factor at resonance frequencies at T = 4.5 K and (f)
quality factor at resonance frequencies at T = 10 K.

The resonances at T = 4.5 K are sharper, and hence, the device is more sensitive to
incident THz light at the superconducting state than that at T = 10 K, where Nb obtains a
normal metallic phase. The change of the transmission minimum at the first dip between
graphene conductivity σ0 = 0 and σ0 = 2.5 mS for T = 4.5 K is 0.16, where it is 0.01 at
T = 10 K. The variation for the second dip at T = 4.5 K between σ0 = 0 and σ0 = 1.7 mS is
0.3, which reduces to 0.27 for T = 10 K. The field concentration in the gap is more enhanced
at T = 4.5 K. As a result of more interaction of electric field in the gap with graphene, the
change in transmission at T = 4.5 K is larger than that at T = 10 K. This suggests that our
hybrid superconducting THz devices are suitable for THz sensing at wide temperature
ranges below the Tc of Nb.

3.4. Modulation of THz Waves in Hybrid Superconducting Photonic Circuits with Voltage

We also compare the effect of the superconducting quantum phase on the THz re-
sponse of such active devices with those of devices in the normal phase based on different
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materials such as gold [48]. Figure 6 summarizes the THz transmission of the hybrid
photonic integrated circuit, when the bright/dark SRR resonators are set as: (a) Nb (at
T= 4.5 K)/Au, (b) Nb (at T = 10 K)/Au, (c) Au/Nb (at T = 4.5 K), (d) Au/Nb (at T = 10 K),
and (e) Au/Au, respectively. One can clearly find the role of superconductivity. Looking
at Figure 6a–e, we find that the strongest response, in both resonance quality and EIT
peak, is observed when both coupled resonators are made from Nb and when the Nb
is set at T = 4.5 K < TcNb. The strong difference between the THz responses of the Nb
superconductor and Au resonators is originates from the difference in ohmic (nonradiative)
losses of the resonators. The nonradiative losses depend on the resistance of the device
material building blocks. The lower nonradiative losses of Nb at the superconducting state
result in exciting sharper resonances [55,56].

The THz surface resistance of Nb is small, a value around Rs = 100 mΩ between
f = 100 GHz and 600 GHz, at T = 5 K [13]. Replacing Nb in the bright resonator with Au
will reduce the response (increase the FWHM), but this reduction is significant when Nb in
the dark resonator is replaced by Au (see Figure 6f). The device transmission minimum at
resonance frequencies will significantly weaken when the SRR structure is built from Au,
as shown in Figure 6g,h, which retains large surface resistance at all temperatures.

Figure 6. Cont.
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Figure 6. THz transmission of the hybrid photonic integrated circuit when the bright/dark resonators
are set to be (a) Nb (at T = 4.5 K)/Au and (b) Nb (at T = 10 K)/Au at three different graphene
conductivities. The same info is given in (c) and (d) but with Nb and Au replaced in the SRR unit-
cells. Insets show one unit-cell, where Nb SRR is shown in black, and Au SRR is shown in yellow. (e)
THz transmission of the photonic integrated circuit when the bright/dark resonators are both set to
be Au. (f) FWHM at σ0 = 0 mS, (g) transmission minimum at the first resonance, and (h) transmission
minimum at the second resonance of the hybrid circuit bright/dark resonators. Here, each device
is labeled as 1-Nb (at T = 4.5 K)/Au, 2-Nb (at T = 10 K)/Au, 3-Au/Nb (at T = 4.5 K), 4-Au/Nb (at
T = 10 K), 5-Au/Au, 6-Nb (at T = 4.5 K)/Nb (at T = 4.5 K), 7-Nb (at T = 10 K)/Nb (at T = 10 K) at
σ0 = 0 mS and at σ0 = 0.9 mS.

3.5. The Equivalent RLC Circuit Model of Hybrid Graphene Superconducting THz Photonic
Circuits

We use an equivalent lumped element circuit model to further investigate the reso-
nance response and frequency tuning of the coupled resonators as a function of graphene
conductivity. Figure 7a shows the RLC electrical circuit equivalent of the SRR. In the
absence of coupling, each single SRR can be considered as an antenna with a frequency-
dependent impedance. The electric circuit in Figure 7a, with the lower loop consisting of
a resistance R1, an inductance L1, and a capacitance C1, represents the bright resonator.
The upper loop represents the dark resonator with R2, L2, and C2 circuit elements. In the
presence of coupling, due to the electric field of charges in close proximity between two
bright and dark SRRs, a parallel coupling capacitor Cc can connect the two circuit loops.
In the circuit, R1 and R2 illustrate the losses in each SRR; L1 and L2 represent the stored
magnetic energy due to induced current in each SRR; C1 and C2 illustrate the energy stored
in the finger of each bright and dark SRR due to accumulated charges. RG accounts for the
extra induced (resistive) losses as a result of the integration of graphene with Nb in the
finger of the dark SRR. V1 and V2 in the circuit represent the electromotive force on the
electrons due to the incident THz radiation in the bright and dark SRRs, respectively. We
assume that the value of V1 is 0.65V2 as the bright SRR provides a larger coupling with
the incident THz transmission. The inductance of each resonator Li is defined as the ratio
of magnetic field flow divided by current J density, as Li =

∫
Hzdxdy∫
Jdxdy . The z-component of

the magnetic field Hz and induced current density J for each SRR are obtained from the
COMSOL simulation. After determining the inductance of each SRR, the capacitance is
calculated from the equation ωr =

1√
LiC

[31,57].
A free fitting parameter as Cc = 20 f F is used to obtain C1 and C2 from the equation

C = Ci+Cc
CiCc

. The resistance Ri of each SRR is calculated from the equation Qi =
1
Ri

√
Li
Ci

[58],

where the quality factor of each ring is obtained from Qi = fr
∆ f . Here, fr and ∆ f are

resonance frequency and the FWHM of the resonance, respectively [31]. The obtained
circuit element values for each loop are shown in Table 1. The dampening resistor RG as a

function of graphene conductivity σ0 is determined from the equation Q = 1
Rno+RG

√
L2
C2

.
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Figure 7. (a) The equivalent RLC circuit model of the hybrid graphene-Nb coupled resonators. (b)
THz transmission and frequency tuning of the hybrid SRR for different graphene conductivities
between σ0 = 0 and σ0 = 2.5 mS obtained using the equivalent RLC model.

Table 1. The circuit parameters for lower and upper loops.

R1 (Ω) L1 (pH) C1 (fF) R2 (Ω) L2 (pH) C2 (fF)

4.2712 0.2156 7.2453 6.9322 0.1276 5.9021

First, the quality factor of the resonance of a single dark SRR is determined by per-
forming a COMSOL simulation. Then the resistance of the dark SRR without graphene
(Rw) is calculated. RG changes from 2.5 Ω for σ0 = 0.3 mS to 25 Ω for σ0 = 2.5 mS. The
current induced in the bright and dark SRRs (named as i1 and i2, respectively) will flow
through the bottom and top loops. The voltages are related to currents through Kirch-
hoff’s law (see Appendix A Equation (A1)). Finally, transmission T can be obtained from
T = 1− 1

2
(

Re
(
V1i∗1 + V2i∗2

))
, where the complex conjugates of the current induced in the

bright and dark resonators are described by i∗1 and i∗2 , respectively [46,59].
The modeled THz transmission of the hybrid graphene-Nb SRR as a function of

frequency for different graphene DC conductivities (and also for when there is no graphene
in the finger of the dark SRR) at T = 4.5 K is shown in Figure 7b. The electric field Egap
across the capacitive gap of the Nb SRR and the graphene conductivity will determine the
power dissipation and, therefore, the amount of resonance dampening. As Egap increases,
RG increases, and the second resonance quality decreases. One can see that the results
of the THz transmission obtained from the RLC equivalent circuit model based on the
destructive interference between i1 and i2 are in reasonably good agreement with the
COMSOL simulation (see Figure 5a). Next, we focus on the EIT peak, which is observed
between two bonding f − and anti-bonding f + resonances (see Figure 2). The EIT offers an
extreme modification of the dispersion, resulting in the slow light effect. This slow light
effect in hybrid metamaterial integrated circuits can be observed as a result of the group
velocity alteration in the device.

3.6. Active Control of Slow Light Effect in Hybrid Superconducting THz Photonic Circuits

Here, we demonstrate how to actively control slow light in hybrid graphene–
superconductor resonators integrated with superconducting circuits. The group delay tg,
the time delay of a THz wave packet traveling through the device in comparison to air, is
determined by tg = dφ

dω , where φ is the phase of the THz transmission, and ω is the angular
frequency. Group delay is calculated relative to the bare substrate reference. Figure 8 shows
the group delay through the device as a function of graphene conductivity for temperatures
(a) T = 4.5 K < Tc and (b) T = 10 K > Tc. Maximum negative group delay dips are observed
at around 0.46 THz and 0.66 THz at both temperatures; however, the group delay value
and shape observed at T = 4.5 K < Tc, where Nb is in the superconducting quantum phase,
is much larger and sharper. The positive group delay between these frequencies indicates
the slow light effect through the hybrid device. It can be seen that the delay time is quite
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loss-sensitive and is much larger when Nb is in the superconducting quantum phase at
T = 4.5 K. A maximum positive group delay of 2.86 ps at 0.627 THz is observed when there
is no graphene present in the Nb gap in the dark resonators (with Nb in its smallest THz
surface resistance value). The maximum group delay is in the order of other superconduct-
ing metamaterials [36,60]. In comparison to the non-superconducting metamaterials with
graphene, the group delay is larger or equal depending on the geometry [42,61,62]. On
the other hand, in comparison with the same structure based on gold SRRs, our device
shows a larger group delay [46]. The maximum positive slow light and the group delay
values decrease as the conductivity of graphene increases (damping increases) for both
temperatures. Figure 8c,d summarizes the bandwidth of the transparency window and EIT
maximum group delay through the metamaterial photonic integrated circuit as a function
of graphene conductivity at T = 4.5 K and T = 10 K. Our results indicate that the proposed
hybrid photonic integrated circuit based on graphene-Nb SRR can be used as an efficient
and tunable THz slow light modulator device.
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Figure 8. Group delay through the hybrid photonic integrated circuit for different graphene con-
ductivities: at (a) T = 4.5 K, far from the Nb superconducting transition temperature Tc, and (b)
at T = 10 K, where Nb is no longer in the superconducting quantum phase. (c) The bandwidth
of the transparency window and (d) EIT maximum group delay through the metamaterial pho-
tonic integrated circuit, with hybrid graphene-Nb SRRs, as a function of graphene conductivity at
T = 4.5 K < Tc and at T= 10 K > Tc.

Applying a voltage on the device pads can significantly change the amplitude of
the EIT peak, rather than the resonance frequencies, as is clear from Figure 8a,b. To
quantitatively investigate this variation, we introduced the modulation depth (MD) of

the EIT amplitude as a function of graphene conductivity as MDamplitude =
∣∣∣ T(0 mS)−T

T(0 mS)

∣∣∣,
where T(0 mS) is transmission at σ0 = 0 mS, and T is transmission at the desired graphene
conductivity. Both T(0 mS) and T are obtained at the same frequency of f = 0.541 THz. The
MD of the EIT amplitude (shown in Figure 9) increases with the graphene conductivity. It
has a maximum value of 57.3% at σ0 = 1.6 mS for T = 4.5 K. As the graphene conductivity
increases, the EIT transmission has an obvious decline that results in the MD growing.
When σ0 becomes larger than 1.6 mS at T = 4.5 K, the EIT peak shows no more positive
group delay. Positive group delay corresponds to the slowness of slow light devices. In
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addition, active modulation of slow light can be realized by graphene conductivity. The

modulation depth of group delay is determined by MDgroup delay =
∣∣∣ tg(0 mS)−tg

tg(0 mS)

∣∣∣. The MD

of slow light shown in red displays an increase with graphene conductivity. The MD of
group delay is as high as 97.61 % at σ0 = 1.6 mS for T = 4.5 K.

Figure 9. Modulation depth (MD) of the EIT and group delay as a function of graphene conductivity
at f = 0.541 THz and T = 4.5 K.

Figure 10, with coupled SRR of different materials, provides further insight into the
effect of the superconducting quantum phase on the group delay and slow light effect in
such active devices. Here, the bright/dark SRRs are set as: (a) Nb (at T = 4.5 K)/Au, (b)
Nb (at T = 10 K)/Au, (c) Au/Nb (at T = 4.5 K), (d) Au/Nb (at T = 10 K), and (e) Au/Au.
One can clearly find the role of the superconducting quantum phase state. The strongest
EIT response and slow light effect are observed when both coupled resonators are based
on Nb and when the Nb is set at T = 4.5 K < TcNb. This is because at this temperature, the
THz surface resistance of Nb is much smaller. Replacing Nb in the bright resonator with
Au will reduce the group delay, but this reduction is considerable when Nb in the dark
resonator is replaced by Au. The device response will significantly weaken when the SRR
structure is built from Au, which retains large surface resistance at T = 4.5 K.

The maximum group delay, EIT window bandwidth, and maximum delay-bandwidth
product (DBP) for different hybrid circuits, including device number 1-Nb (at T = 4.5 K)/Au,
2-Nb (at T = 10 K)/Au, 3-Au/Nb (at T = 4.5 K), 4-Au/Nb (at T = 10 K), 5-Au/Au, 6-Nb
(at T = 4.5 K)/Nb (at T = 4.5 K), 7-Nb (at T = 10 K)/Nb (at T = 10 K), at σ0 = 0 mS and
σ0 = 0.9 mS, are calculated and presented in Tables A1 and A2 of Appendix B. The DBPs
for the different hybrid circuits are shown in Figure 10f. Device # 6 (Nb/Nb), at the lowest
temperature of T = 4.5 K, has the largest DBP and is superior to the other superconducting
metamaterials that has been reported [37]. Likewise, device # 5 (Au/Au) has the lowest
DBP. Moreover, no EIT characteristic (0 DBP) is observed in the circuit when Nb is replaced
by Au in the dark resonator.



Nanomaterials 2021, 11, 2999 13 of 17

Figure 10. Group delay through the hybrid photonic integrated circuit for different graphene
conductivity when the bright/dark resonators are set to be (a) Nb (at T = 4.5K)/Au and (b) Nb (at
10K)/Au. The same information is given in (c,d) but with Nb and Au replaced in the SRR unit-cells.
Insets show one unit-cell, where Nb SRR is shown in black, and Au SRR is shown in yellow. (e) Group
delay through the hybrid photonic integrated circuit for different graphene conductivity when the
bright/dark resonators are both set as Au. (f) delay-bandwidth product of hybrid device bright/dark
resonators for device # 1-Nb (at T = 4.5 K)/Au, 2-Nb (at T = 10 K)/Au, 3-Au/Nb (at T = 4.5 K),
4-Au/Nb (at T = 10 K), 5-Au/Au, 6-Nb (at T = 4.5 K)/Nb (at T = 4.5 K), 7-Nb (at T = 10 K)/Nb (at
T = 10 K), at σ0 = 0 mS and σ0 = 0.9 mS.

4. Conclusions

We have proposed a voltage and temperature-controlled photonic integrated circuitry
by the integration of graphene with an array of Nb subwavelength split-ring resonators in
a superconducting circuit, and have reported the first demonstration of a hybrid graphene–
superconductor THz metamaterial slow light device. Additionally, we have shown that an
equivalent circuit model is a useful tool for active hybrid device optimization. Furthermore,
we have demonstrated electromagnetic induced transparency, subradiant and superradiant
resonances in such a novel class of hybrid photonic integrated circuits. The quantitative
analysis has shown that the modulation depth of EIT transmission amplitude and slow
light group delay can be realized via voltage and temperature. The maximum values of
57.3% and 97.61% have been obtained for the modulation depth of EIT and group delay
with voltage. A comparison of Nb SRR-based devices with Au SRRs have shown the
reduction of the maximum delay-bandwidth product from 0.46 to 0.04. Our devices, with
their large and tunable slow light bandwidth, can pave the way for the realization of
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active optoelectronic modulators for applications in future quantum communication and
computation systems.

Author Contributions: Conceptualization and Methodology, K.D.; Project administration, and
Supervision, Writing original draft, K.D. Data curation, K.D. and S.K.; Formal analysis, S.K. and K.D.;
Investigation, K.D., S.K., S.J.K., R.W., H.E.B., M.G., R.D., M.J.K., S.H., H.J.J., D.A.R. All authors have
read and agreed to the published version of the manuscript.

Funding: K.D., M.J.K., H.J.J., D.A.R. acknowledge funding from EPSRC (EP/S019324/1 MQIC). S.H.
acknowledges funding from EPSRC (EP/P005152/1). S.K., R.W., H.B., R.D., D.A.R. acknowledge
funding from EPSRC (EP/P021859/1 HyperTHz).

Data Availability Statement: The data presented in this paper can be accessed at https://www.
repository.cam.ac.uk/handle/1810/330254 (accessed on 5 November 2021).

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A. Equivalent RLC Model

The current induced in the bright and dark SRRs (named as i1 and i2, respectively)
that flows through the bottom and top loops can be obtained from the voltage in the bright
SRR V1 and the dark SRR V2 based on Kirchhoff’s law:

[
i1
i2

]
=

[
jωL1 + R1 +

C1+Cc
jωC1Cc

1
jωCc

1
jωCc

jωL2 + R2 + RG + C2+Cc
jωC2Cc

]−1[
V1
V2

]
(A1)

Appendix B. Group Delay Characteristics of Coupled SRR with Different Materials

Table A1. Maximum group delay, EIT bandwidth, and maximum group delay-EIT bandwidth product (DBP) of different
hybrid circuits at σ0 = 0 mS.

@ 0 mS Device Number Max Group Delay
(ps)

EIT Bandwidth
(THz)

Max Delay-EIT
BandWidth Product
(DBP)

Nb (4.5 K)/Au 1 0.548 0.107 0.05863
Nb (10 K)/Au 2 0.444 0.106 0.04706
Au/Nb (4.5 K) 3 1.287 0.134 0.17245
Au/Nb (10 K) 4 0.565 0.125 0.07062
Au/Au 5 0.396 0.105 0.04158
Nb (4.5 K)/Nb (4.5 K) 6 2.87 0.161 0.46207
Nb (10 K)/Nb (10 K) 7 0.874 0.132 0.1118

Table A2. Maximum group delay, EIT bandwidth, and maximum group delay-EIT bandwidth product (DBP) of different
hybrid circuits at σ0= 0.9 mS.

@ 0.9 mS Device Number Max Group Delay
(ps)

EIT Bandwidth
(THz)

Max Delay-EIT
BandWidth Product
(DBP)

Nb (4.5 K)/Au * 1 —— —— ——–
Nb (10 K)/Au * 2 —— —— ——–
Au/Nb (4.5 K) 3 0.410 0.094 0.03854
Au/Nb (10 K) 4 0.210 0.086 0.01806
Au/Au 5 0.114 0.016 0.00182
Nb (4.5 K)/Nb (4.5 K) 6 0.555 0.099 0.05494
Nb (10 K)/Nb (10 K) 7 0.242 0.079 0.01911

* These hybrid circuits show no positive group delay and, correspondingly, no EIT window at σ0 = 0.9 mS.

https://www.repository.cam.ac.uk/handle/1810/330254
https://www.repository.cam.ac.uk/handle/1810/330254


Nanomaterials 2021, 11, 2999 15 of 17

References
1. Singh, R.; Zheludev, N. Superconductor photonics. Nat. Photonics 2014, 8, 679–680. [CrossRef]
2. Braginski, A.I. Superconductor Electronics: Status and Outlook. J. Supercond. Nov. Magn. 2018, 32, 23–44. [CrossRef]
3. Keller, J.; Scalari, G.; Appugliese, F.; Mavrona, E.; Rajabali, S.; Süess, M.J.; Beck, M.; Faist, J.J.; Su, M.J.; Beck, M. High Tc

Superconducting THz Metamaterial for Ultrastrong Coupling in a Magnetic Field. ACS Photonics 2018, 5, 3977–3983. [CrossRef]
4. Duan, S.; Wu, J.; Shen, Z.; Guan, Y.; Jia, X. Tunable and high quality factor Fano and toroidal dipole resonances in terahertz

superconducting metamaterials Tunable and high quality factor Fano and toroidal dipole resonances in terahertz superconducting
metamaterials. Mater. Res. Express 2020, 7, 046001. [CrossRef]

5. Delfanazari, K.; Muskens, O.L. Light-matter interactions in chip-integrated niobium nano- circuit arrays at optical fibre communi-
cation frequencies. arXiv 2021, arXiv:2106.11961.

6. Delfanazari, K.; Muskens, O.L. On-chip visible light communication-band metasurface modulators with niobium plasmonic
nano-antenna arrays. arXiv 2021, arXiv:2107.09939.

7. Liu, M.; Yin, X.; Ulin-Avila, E.; Geng, B.; Zentgraf, T.; Ju, L.; Wang, F.; Zhang, X. A graphene-based broadband optical modulator.
Nature 2011, 474, 64–67. [CrossRef]

8. Delfanazari, K.; Puddy, R.K.; Ma, P.; Yi, T.; Cao, M.; Gul, Y.; Farrer, I.; Ritchie, D.A.; Joyce, H.J.; Kelly, M.J.; et al. On-Chip Andreev
Devices: Hard Superconducting Gap and Quantum Transport in Ballistic Nb–In0.75Ga0.25As-Quantum-Well–Nb Josephson
Junctions. Adv. Mater. 2017, 29, 1701836. [CrossRef]

9. Delfanazari, K.; Puddy, R.K.; Ma, P.; Yi, T.; Cao, M.; Richardson, C.; Farrer, I.; Ritchie, D.A.; Joyce, H.J.; Kelly, M.J.; et al. On-chip
Hybrid Superconducting-Semiconducting Quantum Circuit. IEEE Trans. Appl. Supercond. 2018, 28, 1100304. [CrossRef]

10. Ben Shalom, M.; Zhu, M.J.; Fal’ko, V.I.; Mishchenko, A.; Kretinin, A.V.; Novoselov, K.S.; Woods, C.R.; Watanabe, K.; Taniguchi, T.;
Geim, A.K.; et al. Quantum oscillations of the critical current and high-field superconducting proximity in ballistic graphene. Nat.
Phys. 2016, 12, 318–322. [CrossRef]

11. Bretheau, L.; Wang, J.I.J.; Pisoni, R.; Watanabe, K.; Taniguchi, T.; Jarillo-Herrero, P. Tunnelling spectroscopy of Andreev states in
graphene. Nat. Phys. 2017, 13, 756–760. [CrossRef]

12. Smith, D.R.; Pendry, J.B.; Wiltshire, M.C.K. Metamaterials and negative refractive index. Science 2004, 305, 788–792. [CrossRef]
[PubMed]

13. Kurter, C.; Tassin, P.; Zhang, L.; Koschny, T.; Zhuravel, A.P.; Ustinov, A.V.; Anlage, S.M.; Soukoulis, C.M. Classical analogue of
electromagnetically induced transparency with a metal-superconductor hybrid metamaterial. Phys. Rev. Lett. 2011, 107, 043901.
[CrossRef] [PubMed]

14. Li, Z.; Ma, Y.; Huang, R.; Singh, R.; Gu, J.; Tian, Z.; Han, J.; Zhang, W. Manipulating the plasmon-induced transparency in
terahertz metamaterials. Opt. Express 2011, 19, 8912. [CrossRef] [PubMed]

15. Boiler, K.-J.; Imamoglu, A.; Harris, S.E. Observation of electromagnetically induced transparency. Phys. Rev. Lett. 1991, 66,
2593–2596. [CrossRef]

16. Nakanishi, T.; Otani, T.; Tamayama, Y.; Kitano, M. Storage of electromagnetic waves in a metamaterial that mimics electromagnet-
ically induced transparency. Phys. Rev. B 2013, 87, 161110. [CrossRef]

17. Gu, J.; Singh, R.; Liu, X.; Zhang, X.; Ma, Y.; Zhang, S.; Maier, S.A.; Tian, Z.; Azad, A.K.; Chen, H.T.; et al. Active control of
electromagnetically induced transparency analogue in terahertz metamaterials. Nat. Commun. 2012, 3, 1151. [CrossRef]

18. Kindness, S.J.; Jessop, D.S.; Wei, B.; Wallis, R.; Kamboj, V.S.; Xiao, L.; Ren, Y.; Braeuninger-Weimer, P.; Aria, A.I.; Hofmann, S.; et al.
External amplitude and frequency modulation of a terahertz quantum cascade laser using metamaterial/graphene devices. Sci.
Rep. 2017, 7, 7657. [CrossRef]

19. Wang, F.; Pistore, V.; Riesch, M.; Nong, H.; Vigneron, P.B.; Colombelli, R.; Parillaud, O.; Mangeney, J.; Tignon, J.; Jirauschek, C.;
et al. Ultrafast response of harmonic modelocked THz lasers. Light Sci. Appl. 2020, 9, 51. [CrossRef]

20. Kindness, S.J.; Almond, N.W.; Michailow, W.; Wei, B.; Delfanazari, K.; Braeuninger-Weimer, P.; Hofmann, S.; Beere, H.E.; Ritchie,
D.A.; Degl’Innocenti, R. A Terahertz Chiral Metamaterial Modulator. Adv. Opt. Mater. 2020, 8, 2000581. [CrossRef]

21. Delfanazari, K.; Klemm, R.A.; Joyce, H.J.; Ritchie, D.A.; Kadowaki, K. Integrated, Portable, Tunable, and Coherent Terahertz
Sources and Sensitive Detectors Based on Layered Superconductors. Proc. IEEE 2020, 108, 721–734. [CrossRef]

22. Welp, U.; Kadowaki, K.; Kleiner, R. Superconducting emitters of THz radiation. Nat. Photonics 2013, 7, 702–710. [CrossRef]
23. Delfanazari, K.; Asai, H.; Tsujimoto, M.; Kashiwagi, T.; Kitamura, T.; Ishida, K.; Watanabe, C.; Sekimoto, S.; Yamamoto, T.; Minami,

H.; et al. Terahertz oscillating devices based upon the intrinsic josephson junctions in a high temperature superconductor. J.
Infrared Millim. Terahertz Waves 2014, 35, 131–146. [CrossRef]

24. Delfanazari, K.; Asai, H.; Tsujimoto, M.; Kashiwagi, T.; Kitamura, T.; Yamamoto, T.; Sawamura, M.; Ishida, K.; Tachiki, M.;
Klemm, R.A.; et al. Study of coherent and continuous terahertz wave emission in equilateral triangular mesas of superconducting
Bi2Sr2CaCu 2O8+δ intrinsic Josephson junctions. Phys. C Supercond. Appl. 2013, 491, 16–19. [CrossRef]

25. Ozyuzer, L.; Koshelev, A.E.; Kurter, C.; Gopalsami, N.; Li, Q.; Tachiki, M.; Kadowaki, K.; Yamamoto, T.; Minami, H.; Yamaguchi,
H.; et al. Emission of coherent THz radiation from superconductors. Science 2007, 318, 1291–1293. [CrossRef]

26. Delfanazari, K.; Asai, H.; Tsujimoto, M.; Kashiwagi, T.; Kitamura, T.; Yamamoto, T.; Wilson, W.; Klemm, R.A.; Hattori, T.; Kad-
owaki, K. Effect of bias electrode position on terahertz radiation from pentagonal mesas of superconducting Bi2Sr2CaCu2O8+δ.
IEEE Trans. Terahertz Sci. Technol. 2015, 5, 505–511. [CrossRef]

http://doi.org/10.1038/nphoton.2014.206
http://doi.org/10.1007/s10948-018-4884-4
http://doi.org/10.1021/acsphotonics.8b01025
http://doi.org/10.1088/2053-1591/ab85fa
http://doi.org/10.1038/nature10067
http://doi.org/10.1002/adma.201701836
http://doi.org/10.1109/TASC.2018.2812817
http://doi.org/10.1038/nphys3592
http://doi.org/10.1038/nphys4110
http://doi.org/10.1126/science.1096796
http://www.ncbi.nlm.nih.gov/pubmed/15297655
http://doi.org/10.1103/PhysRevLett.107.043901
http://www.ncbi.nlm.nih.gov/pubmed/21867006
http://doi.org/10.1364/OE.19.008912
http://www.ncbi.nlm.nih.gov/pubmed/21643144
http://doi.org/10.1103/PhysRevLett.66.2593
http://doi.org/10.1103/PhysRevB.87.161110
http://doi.org/10.1038/ncomms2153
http://doi.org/10.1038/s41598-017-07943-w
http://doi.org/10.1038/s41377-020-0288-x
http://doi.org/10.1002/adom.202000581
http://doi.org/10.1109/JPROC.2019.2958810
http://doi.org/10.1038/nphoton.2013.216
http://doi.org/10.1007/s10762-013-0027-y
http://doi.org/10.1016/j.physc.2012.12.009
http://doi.org/10.1126/science.1149802
http://doi.org/10.1109/TTHZ.2015.2409552


Nanomaterials 2021, 11, 2999 16 of 17

27. Kadowaki, K.; Tsujimoto, M.; Delfanazari, K.; Kitamura, T.; Sawamura, M.; Asai, H.; Yamamoto, T.; Ishida, K.; Watanabe, C.;
Sekimoto, S.; et al. Quantum terahertz electronics (QTE) using coherent radiation from high temperature superconducting
Bi2Sr2CaCu2O 8+δ intrinsic Josephson junctions. Phys. C Supercond. Appl. 2013, 491, 2–6. [CrossRef]

28. Delfanazari, K.; Asai, H.; Tsujimoto, M.; Kashiwagi, T.; Kitamura, T.; Yamamoto, T.; Sawamura, M.; Ishida, K.; Watanabe, C.; Seki-
moto, S.; et al. Tunable terahertz emission from the intrinsic Josephson junctions in acute isosceles triangular Bi2Sr2CaCu2O8+δ
mesas. Opt. Express 2013, 21, 2171. [CrossRef]

29. Tsujimoto, M.; Yamamoto, T.; Delfanazari, K.; Nakayama, R.; Kitamura, T.; Sawamura, M.; Kashiwagi, T.; Minami, H.; Tachiki,
M.; Kadowaki, K.; et al. Broadly tunable subterahertz emission from Internal Branches of the current-Voltage characteristics of
superconducting Bi2Sr2CaCu2O8+δ single crystals. Phys. Rev. Lett. 2012, 108, 107006. [CrossRef]

30. Xiong, Y.; Kashiwagi, T.; Klemm, R.A.; Kadowaki, K.; Delfanazari, K. Engineering the Cavity modes and Polarization in Integrated
Superconducting Coherent Terahertz Emitters. In Proceedings of the 2020 45th International Conference on Infrared, Millimeter,
and Terahertz Waves (IRMMW-THz), Buffalo, NY, USA„ 8–13 November 2020; pp. 866–867. [CrossRef]

31. Kalhor, S.; Ghanaatshoar, M.; Kashiwagi, T.; Kadowaki, K.; Kelly, M.J.; Delfanazari, K. Thermal Tuning of High-Tc Superconduct-
ing Bi2Sr2CaCu2O8 Terahertz Metamaterial. IEEE Photonics J. 2017, 9, 1–8. [CrossRef]

32. Kalhor, S.; Ghanaatshoar, M.; Delfanazari, K. On-chip Superconducting THz Metamaterial Bandpass Filter. In Proceedings of
the 2020 45th International Conference on Infrared, Millimeter, and Terahertz Waves (IRMMW-THz), Buffalo, NY, USA, 8–13
November 2020; pp. 1–2. [CrossRef]

33. Kalhor, S.; Ghanaatshoar, M.; Delfanazari, K. Guiding of terahertz photons in superconducting nano-circuits. In Proceedings of
the 2020 International Conference on UK-China Emerging Technologies (UCET), Glasgow, UK, 20–21 August 2020; pp. 27–29.
[CrossRef]

34. Zhang, C.; Wu, J.; Jin, B.; Jia, X.; Kang, L.; Xu, W.; Wang, H.; Chen, J.; Tonouchi, M.; Wu, P. Tunable electromagnetically induced
transparency from a superconducting terahertz metamaterial. Appl. Phys. Lett. 2017, 110, 241105. [CrossRef]

35. Srivastava, Y.K.; Manjappa, M.; Cong, L.; Krishnamoorthy, H.N.S.; Savinov, V.; Pitchappa, P.; Singh, R. A Superconducting
Dual-Channel Photonic Switch. Adv. Mater. 2018, 30, 1801257. [CrossRef]

36. Cao, W.; Singh, R.; Zhang, C.; Han, J.; Tonouchi, M.; Zhang, W. Plasmon-induced transparency in metamaterials: Active near field
coupling between bright superconducting and dark metallic mode resonators. Appl. Phys. Lett. 2013, 103, 101106. [CrossRef]

37. Jin, B.B.; Wu, J.B.; Zhang, C.H.; Jia, X.Q.; Jia, T.; Kang, L.; Chen, J.; Wu, P.H.; Science, S. Enhanced slow light in superconducting
electromagnetically induced transparency metamaterials. Supercond. Sci. Technol. 2013, 26, 74004. [CrossRef]

38. Zhang, Y.; Li, C.; Tu, X. Tuning electromagnetically induced transparency of superconducting metamaterial analyzed with
equivalent circuit approach. Prog. Electromagn. Res. M 2020, 91, 29–37. [CrossRef]

39. Limaj, O.; Giorgianni, F.; Di Gaspare, A.; Giliberti, V.; De Marzi, G.; Roy, P.; Ortolani, M.; Xi, X.; Cunnane, D.; Lupi, S.
Superconductivity-Induced Transparency in Terahertz Metamaterials. ACS Photonics 2014, 1, 570–575. [CrossRef]

40. Li, C.; Wu, J.; Jiang, S.; Su, R.; Zhang, C.; Jiang, C.; Zhou, G.; Jin, B.; Kang, L.; Xu, W.; et al. Electrical dynamic modulation of THz
radiation based on superconducting metamaterials. Appl. Phys. Lett. 2017, 111, 092601. [CrossRef]

41. Jung, H.; Jo, H.; Lee, W.; Kim, B.; Choi, H.; Kang, M.S.; Lee, H. Electrical Control of Electromagnetically Induced Transparency by
Terahertz Metamaterial Funneling. Adv. Opt. Mater. 2019, 7, 1801205. [CrossRef]

42. Kim, T.T.; Kim, H.D.; Zhao, R.; Oh, S.S.; Ha, T.; Chung, D.S.; Lee, Y.H.; Min, B.; Zhang, S. Electrically Tunable Slow Light Using
Graphene Metamaterials. ACS Photonics 2018, 5, 1800–1807. [CrossRef]

43. Kindness, S.J.; Almond, N.W.; Michailow, W.; Wei, B.; Jakob, L.A.; Delfanazari, K.; Braeuninger-Weimer, P.; Hofmann, S.; Beere,
H.E.; Ritchie, D.A.; et al. Graphene-Integrated Metamaterial Device for All-Electrical Polarization Control of Terahertz Quantum
Cascade Lasers. ACS Photonics 2019, 6, 1547–1555. [CrossRef]

44. Degl’Innocenti, R.; Kindness, S.J.; Beere, H.E.; Ritchie, D.A. All-integrated terahertz modulators. Nanophotonics 2018, 7, 127–144.
[CrossRef]

45. Maier, S.A. Plasmonics Fundamentals and Applications; Springer Science & Business Media: Berlin/Heidelberg, Germany, 2007;
ISBN 9780387331508.

46. Kindness, S.J.; Almond, N.W.; Wei, B.; Wallis, R.; Michailow, W.; Kamboj, V.S.; Braeuninger-Weimer, P.; Hofmann, S.; Beere,
H.E.; Ritchie, D.A.; et al. Active Control of Electromagnetically Induced Transparency in a Terahertz Metamaterial Array with
Graphene for Continuous Resonance Frequency Tuning. Adv. Opt. Mater. 2018, 6, 1800570. [CrossRef]

47. Wang, D.; Zhao, W.; Gu, X.; Chen, W.; Yin, W.; An, A. Wideband Modeling of Graphene-Based Structures at Different Temperatures
Using Hybrid FDTD Method. IEEE Trans. Nanotechnol. 2015, 14, 250–258. [CrossRef]

48. Gusynin, V.P.; And, S.G.S.; Carbotte, J.P. On the universal ac optical background in graphene. New J. Phys. 2009, 11, 095013.
[CrossRef]

49. Anlage, S.M. The physics and applications of superconducting metamaterials. J. Opt. 2011, 13, 024001. [CrossRef]
50. Anlage, S.M. Microwave Superconductivity. IEEE J. Microw. 2021, 1, 389–402. [CrossRef]
51. Ordal, M.A.; Long, L.L.; Bell, R.J.; Bell, S.E.; Bell, R.R.; Alexander, R.W.; Ward, C.A. Optical properties of the metals Al, Co, Cu,

Au, Fe, Pb, Ni, Pd, Pt, Ag, Ti, and W in the infrared and far infrared. Appl. Opt. 1983, 22, 1099. [CrossRef]
52. Cui, T.J.; Smith, D.R.; Liu, R. Metamaterials: Theory, Design and Applications; Springer: Heidelberg, Germany, 2010; ISBN

9781441905727.

http://doi.org/10.1016/j.physc.2013.04.011
http://doi.org/10.1364/OE.21.002171
http://doi.org/10.1103/PhysRevLett.108.107006
http://doi.org/10.1109/IRMMW-THz46771.2020.9370587
http://doi.org/10.1109/JPHOT.2017.2754465
http://doi.org/10.1109/irmmw-thz46771.2020.9370663
http://doi.org/10.1109/UCET51115.2020.9205480
http://doi.org/10.1063/1.4985618
http://doi.org/10.1002/adma.201801257
http://doi.org/10.1063/1.4819389
http://doi.org/10.1088/0953-2048/26/7/074004
http://doi.org/10.2528/PIERM19122101
http://doi.org/10.1021/ph500104k
http://doi.org/10.1063/1.4997097
http://doi.org/10.1002/adom.201801205
http://doi.org/10.1021/acsphotonics.7b01551
http://doi.org/10.1021/acsphotonics.9b00411
http://doi.org/10.1515/nanoph-2017-0040
http://doi.org/10.1002/adom.201800570
http://doi.org/10.1109/TNANO.2014.2387576
http://doi.org/10.1088/1367-2630/11/9/095013
http://doi.org/10.1088/2040-8978/13/2/024001
http://doi.org/10.1109/JMW.2020.3033156
http://doi.org/10.1364/AO.22.001099


Nanomaterials 2021, 11, 2999 17 of 17

53. Tassin, P.; Zhang, L.; Koschny, T.; Economou, E.N.; Soukoulis, C.M. Low-loss metamaterials based on classical electromagnetically
induced transparency. Phys. Rev. Lett. 2009, 102, 6–9. [CrossRef]

54. Sensale-Rodriguez, B.; Yan, R.; Kelly, M.M.; Fang, T.; Tahy, K.; Hwang, W.S.; Jena, D.; Liu, L.; Xing, H.G. Broadband graphene
terahertz modulators enabled by intraband transitions. Nat. Commun. 2012, 3, 780–787. [CrossRef]

55. Srivastava, Y.K.; Manjappa, M.; Krishnamoorthy, H.N.S.; Singh, R. Accessing the High-Q Dark Plasmonic Fano Resonances in
Superconductor Metasurfaces. Adv. Opt. Mater. 2016, 4, 1875–1881. [CrossRef]

56. Srivastava, Y.K.; Manjappa, M.; Cong, L.; Cao, W.; Al-Naib, I.; Zhang, W.; Singh, R. Ultrahigh-Q Fano Resonances in Terahertz
Metasurfaces: Strong Influence of Metallic Conductivity at Extremely Low Asymmetry. Adv. Opt. Mater. 2016, 4, 457–463.
[CrossRef]

57. Caloz, C.; Itoh, T. Electromagnetic Metamaterials: Transmission Line Theory and Microwave the Engineering Approach; John Wiley & Sons:
Hoboken, NJ, USA, 2005; ISBN 9780471669852.

58. Capolino, F. Theory and Phenomena of Metamaterials; CRC Press: Boca Raton, FL, USA, 2017; Volume 8, ISBN 978-1-4200-5425-5.
59. Amin, M.; Farhat, M.; Bag, H. A dynamically reconfigurable Fano metamaterial through graphene tuning for switching and

sensing applications. Sci. Rep. 2013, 3, 2105. [CrossRef]
60. Wu, J.; Jin, B.; Wan, J.; Liang, L.; Zhang, Y.; Jia, T.; Cao, C.; Kang, L.; Xu, W.; Chen, J.; et al. Superconducting terahertz metamaterials

mimicking electromagnetically induced transparency. Appl. Phys. Lett. 2011, 99, 161113. [CrossRef]
61. Liu, C.; Liu, P.; Yang, C.; Lin, Y.; Liu, H. Analogue of dual-controlled electromagnetically induced transparency based on a

graphene metamaterial. Carbon N. Y. 2019, 142, 354–362. [CrossRef]
62. Liu, C.; Zha, S.; Liu, P.; Yang, C.; Zhou, Q. Electrical Manipulation of Electromagnetically Induced Transparency for Slow Light

Purpose Based on Metal-Graphene Hybrid Metamaterial. Appl. Sci. 2018, 8, 2672. [CrossRef]

http://doi.org/10.1103/PhysRevLett.102.053901
http://doi.org/10.1038/ncomms1787
http://doi.org/10.1002/adom.201600354
http://doi.org/10.1002/adom.201500504
http://doi.org/10.1038/srep02105
http://doi.org/10.1063/1.3653242
http://doi.org/10.1016/j.carbon.2018.10.061
http://doi.org/10.3390/app8122672

	Introduction 
	Design of the Hybrid Photonic Integrated Circuits 
	Results and Discussion 
	Superconducting THz Photonic Circuits without Graphene Patches 
	Integration of Graphene with Superconducting THz Photonic Circuits 
	Modulation of THz Waves in Hybrid Graphene Superconducting Photonic Circuits with Temperature 
	Modulation of THz Waves in Hybrid Superconducting Photonic Circuits with Voltage 
	The Equivalent RLC Circuit Model of Hybrid Graphene Superconducting THz Photonic Circuits 
	Active Control of Slow Light Effect in Hybrid Superconducting THz Photonic Circuits 

	Conclusions 
	Equivalent RLC Model 
	Group Delay Characteristics of Coupled SRR with Different Materials 
	References

