crystals MBPY

Article

Tunable and Polarization-Independent
Plasmon-Induced Transparency in a Fourfold
Symmetric Metal-Graphene Terahertz Metamaterial

Guangi Wang !, Xianbin Zhang 1'*, Xuyan Wei ! and Gaoqi Zhang 2

1 Department of Applied Physics, Xi’an University of Technology, Xi’an 710048, China;

gqwang@stu.xaut.edu.cn (G.W.); weixuyan113@stu.xaut.edu.cn (X.W.)
School of Automation, Central South University, Changsha 410083, China; wuli2@xaut.edu.cn
*  Correspondence: zhangxianbin@xaut.edu.cn; Tel.: +86-29-82066351

Received: 2 November 2019; Accepted: 25 November 2019; Published: 28 November 2019 ﬁgecf;t?sr

Abstract: The introduction of graphene into metamaterials allows for more flexible and convenient
control of electromagnetic waves. In this paper, one simple plasmon-induced transparency (PIT)
structure with tunability and polarization independence is investigated in the terahertz (THz) regime.
The simulation results indicate that the transparent window can be manipulated in a wide range
and even switched off by merely changing the Fermi energy of graphene. By continuously altering
the resonance intensity of the dark resonator using the graphene, the PIT resonance can be actively
manipulated. The behavior can be elucidated by the classical coupled two-particle model, which
corresponds well to the simulation results. Owing to the fourfold symmetric structure, the proposed
PIT device exhibits polarization-independent characteristics. This work provides design guidance for
metal-graphene THz modulators.
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1. Introduction

The terahertz (THz) wave is in the special region of transition, from macroelectronics to
microphotonics, on the electromagnetic spectrum, so it has abundant scientific connotations and
unique advantages, which means it has wide application prospects, such as terahertz radar, wireless
communication, and bioimaging [1-3]. However, compared with the development of terahertz
emission sources and detectors, there is a lack of functional devices for controlling terahertz waves.
Therefore, there is an urgent need to develop all kinds of high-performance terahertz functional
devices with a high degree of freedom and high efficiency, to promote the development of terahertz
technology. Metamaterials, a variety of artificial electromagnetic materials with exotic characteristics
relative to natural materials, provide a unique and efficient way to solve this problem. People
pay tremendous attention to metamaterials, because they can freely control electromagnetic wave
propagation and customize functional devices according to practical needs [4-6]. Among the various
metamaterials, the plasmon-induced transparency (PIT) metamaterials have been widely investigated
as an important strategy for modulating terahertz waves [7-16]. The PIT effect is a plasmonic analogue
of the quantum electromagnetically induced transparency (EIT) effect, which originates from the
destructive interference between bright and dark modes in a plasma system and can be flexibly
designed and implemented at room temperature.

Metal-based traditional PIT metamaterials can be modulated by carefully changing the geometric
parameters of their structure or by modifying substrates, and these ways are too complex to meet the
requirements of practical operation in modern compact and convenient THz devices. Therefore, it is
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essential to propose the active tunable PIT device for simple operation. Fortunately, in the THz regime,
graphene, as a kind of semimetal material with zero band gap, is the best choice for designing and
engineering dynamic, tunable PIT devices due to its excellent photoelectric properties [17-19] such as
supporting surface plasmas [20-22], lower intrinsic losses [23], and tunable surface conductivity [24-26].
Interestingly, the optical properties of graphene can be modified by applying many stimuluses such as
chemical doping, electrostatic gating, and optical pumping [27,28]. Generally, most of the tunable PIT
metamaterials are polarization-dependent on the incident terahertz wave (i.e., the response to a fixed
polarization), which strongly restrains their practical application in some areas. To address this issue,
the use of polarization-independent PIT metamaterials is proposed to achieve a uniform response
to arbitrary incident polarization [29-31]. However, the behavior of PIT metamaterials with optical
tunability and polarization independence, which can be achieved at a specific resonance frequency
without affecting the adjacent frequency spectra, has not been fully investigated.

In the present work, in order to obtain a tunable polarization-independent PIT effect in the THz
regime, one simple structure based on metal-graphene is proposed. By integrating graphene into the
metal architecture, the tunable property is realized. Here, one metallic closed square ring resonator
(CRR) and four identical split ring resonators (SRRs) form a symmetric structure. The numerical
simulation results show that the PIT peak can be fully manipulated at a specific resonance frequency by
varying the Fermi energy of graphene. Based on the classical coupled two-particle model, it is found
that the Fermi energy of graphene plays a decisive role in the manipulation of the transparent window.
In addition, the electric field distributions further reveal that the active tunability of PIT metamaterial
lies in the manipulation of the dark mode resonance intensity by the conductive graphene layer,
allowing for an adjustable current in the dark resonator. Most importantly, based on the symmetrical
structure, the proposed PIT device is polarization-independent for incident waves, which provides
an obvious advantage for engineering applications. This work provides a new degree of freedom to
manipulate PIT metamaterials with graphene and opens up avenues for engineering terahertz wave
modulation devices.

2. Proposed Structure and Methods

The polarization-independent PIT structure consists of a metallic closed square ring resonator
surrounded by four identical split ring resonators, each made of 200-nm-thick aluminum (Al). The
details of the geometrical sizes of the meta-atoms are described in Figure 1, and one can clearly see
that the structure has a fourfold symmetry (i.e., the structure rotates 27/4 radians around its geometric
center in the x-y plane, and the resulting image coincides with the original image). It is worth noting
that to investigate the active modulation in the PIT metamaterial, the graphene layer is covered on the
silicon (5i) substrate with relative permittivity ¢;; = 11.7. In the interesting THz regime, the lossy Al,
characterizing the optical properties, can be described by the Drude model as follows:
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where @, = 11.9 x 10*em™ and y = 6.6 x10?> cm™! are the plasma frequency and the damping
constant [32], respectively.
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Figure 1. (a) Top view (from z component) for the unit cell of the polarization-independent
plasmon-induced transparency (PIT) metal-graphene metamaterial. The geometrical parameters
are: P=150 um, L =71 um, I = 30 pm, W =5 pm, g =5 pm, and d = 5 pm. (b) Cross section of the unit
cell for the proposed structure.

The main reason why graphene is closely related to terahertz technology, is the unique optical
properties it possesses due to its intraband transition and plasma oscillation. Under incident light
radiation, the light absorption of graphene involves two processes: intraband transition and interband
transition, which can be described by surface conductivity. As the lower frequency of terahertz wave,
the interband transition is forbidden, and the intraband transition dominates. In the THz region, by
using random-phase approximation (RPA), the surface conductivity of graphene, which closely relates
to the Fermi energy, can be derived by the Drude-like model [33] as follows:

EZEP i
nh? w+i/T

Ogra = 2)
where e is the electron charge, Er is the Fermi energy referenced to the Dirac point in graphene, w is
the incident light radian frequency, 7 is the reduced Planck’s constant, and 7 = uEr/ (ev%) is the carrier
relaxation time. As can be seen from equation (2), the graphene conductivity characteristics can be
manipulated by adjusting the Fermi energy Er via chemical or electrostatic gating. Based on the
expression E oc [V, the external gate voltage Vy can smartly control the Fermi energy Er [31]. The
excellent photoelectric modulation performance of graphene can be used to manipulate THz wave
flexibly. In our work, the Fermi velocity is assumed to bevr = 1.1 x 10° m/s and the carrier mobility is
chosen as u = 3000 cm?/(V -5), as referenced from experimental measurements [34,35].

To demonstrate the tunable polarization-independent PIT effect, numerical calculations using
the finite-difference time-domain (FDTD) method were performed. The FDTD method is one of the
important methods for the numerical calculation of electromagnetic fields and requires less memory
for computing. For the unit cell, the periodic boundary conditions were employed in both the x and y
directions, and the perfectly matched layer (PML) boundary condition was utilized for the z direction
to maintain computational convergence. The linearly polarized terahertz wave propagated along the
negative z-axis, and a frequency-domain power monitor was placed at the bottom of the substrate to
detect the transmission parameters.

3. Results and Discussions

In order to explore the PIT effect in the proposed metamaterial, we numerically simulated
the transmission curves of the three arrays, including a CRR-only array, an SSRs-only array, and a
combination of both, as illustrated in Figure 2a. The terahertz wave is normally incident along the
z direction, and electric field polarization is along the y direction. The CRR shows typical electric
dipole resonance at 0.54 THz, whereas the SRRs support an inductive-capacitive (LC) resonance at
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0.58 THz. It is clear that the CRR-only array has a deeper and broader transmission curve than the
SSRs-only array, allowing for a good absorption of the terahertz wave. Thus, resonance from the CRR
acts as the bright mode, while resonance from the SSRs is regarded as the dark mode. When both the
CRR and the SRRs are combined to form the unit cell, an interesting phenomenon occurs in which a
sharp transmission peak emerges at 0.56 THz through near-field coupling between the CRR and SRRs.
The narrow transmission window caused by the destructive interference between the bright and dark
mode indicates a characteristic feature of the PIT effect.
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Figure 2. (a) Simulated transmission spectra for closed square ring resonator (CRR), split ring resonators

(SRRs), and CRR+SRRs, respectively. (b) Electric field distribution of the CRR at 0.54 THz. (c) Electric
field distribution of the SRRs at 0.58 THz. (d) Electric field distribution of the CRR+SRRs at 0.56 THz.

Furthermore, the induced electric field E = \/ |Exl? + |Ey|2 + |E,? distributions of the three arrays
at the resonant frequency are exhibited in Figure 2b—d. For the CRR structure, the electric field is
mainly concentrated in the two horizontal arms. For the SSRs structure, only two SRRs (aligned with
CRR in a horizontal direction) are excited by the incident terahertz wave, and the electric field is mainly
focused around the gaps of the two excited SRRs. For the combined CRR and SRRs structure (i.e., the
proposed PIT metamaterial), the enhancement of the electric field concentrates around the split gaps of
the two previously excited SRRs, while the electric field distribution at the CRR is strongly suppressed
because of the electromagnetic coupling effect, which indicate the destructive interference between the
bright and dark modes.

Next, single-layer graphene, a two-dimensional flat sheet, was integrated into the unit cell to
realize a tunable PIT effect. The transmission spectra corresponding to the unit cell without and with
single-layer graphene are plotted in Figure 3a. Without a graphene layer, there is a typical transparent
peak with a transmission amplitude of 0.97 at 0.56 THz. In the presence of a graphene layer under the
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metal structure, the transmission amplitude of the PIT window is gradually attenuated with the increase
of Fermi energy, which provides a way to control the PIT response. For example, the transmission
amplitude of the PIT peak changes from 0.69 with Er = 0.1 eV to 0.49 with Er = 0.3 eV without a
noteworthy frequency shift. With Er = 0.5 eV, the transparent window is eliminated completely, and
only a resonance notch remains at 0.52 THz in the transmission spectra. Finally, the transmission
amplitude of the PIT window experiences an on-to-off process by merely shifting Fermi energy without
reconstructing the metamaterial structure, which is more desirable for practical applications.
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Figure 3. Transmission spectra for the proposed PIT structure: (a) numerical simulation for incident
polarization in the y direction, (b) analytical calculation based on the classical coupled two-particle
model, and (c¢) numerical simulation for incident polarization in the x direction.

The aforementioned PIT effect modulation behavior is elucidated by the classical coupled
two-particle model. In the aluminum-based unit cell, the CRR is considered the bright particle, which
is strongly driven by the external electric field E = Egexp(iwt), and the SRRs represent the dark
particle, which is weakly coupled to the incident terahertz wave. Hence, the interplay between the
two particles, radiated by the incident terahertz wave, can be analytically described by the following
coupling differential equations [36-38]:

21(t) + 7131 () + wixg () + k222 () = Q1E/my, 3)

5&2(1?) + )/25(2(15) + w%xz(t) + szl(f) = QuE/mo>. 4)

Here, bright and dark particles are represented by subscripts 1 and 2, respectively. x(xp),
11(y2), w1(w2), Q1(Q2), and my (my) are the relatively balanced position displacement, damping rate,
resonance angular frequency, effective charge, and effective mass of particle, respectively. The coupling
coefficient between the two particles is represented by «. It is assumed that the expressions of relatively
balanced position displacements are x; = ¢1 exp(iwt) and xo = cp exp(iwt). The expressions for x; and
x2 as a function of angular frequency are first derived by solving the coupled equations (3) and (4),

as follows:
(512 + @? b + iwy,) BE
X = , ®)
x4 — (cuz - w% + iw)/l)(a)z - w% + ia)yz)
Xy = (KZ + %(wz - a)% +iwyy )) lelE 6)
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where A = Q1/Q and B = my /m; are dimensionless real constants characterizing the relative coupling
of the incident electric field with the bright and dark modes. The effective polarization of the system is
proportional to the displacement, and the electric susceptibility of the system is related to the effective
polarization. Therefore, the displacements of the bright and dark particles can be used to determine
the electric susceptibility of the PIT structure as follows:
X=X+ X = Ly = 20
g [AB+1)i2+A2 (wz—wg ) +B(wz—w%)

K A%yr+Byy @)
= 2B K4_(w2_w%+iw};1) (m2_m§+i(uy2)

K- (a)z—a)%Jriwyl ) (wz—ngria)yz)

+ iw

where K describes the proportionality factor, x represents the dispersion, and ); shows the absorption
within the medium. From this point of view, the transmission can be calculated through the equation
T=1- Xi-

The resultant transmission spectra through the metal-graphene PIT metamaterial is calculated
based on the classical coupled two-particle model, as shown in Figure 3b. The overall qualitative
agreement between the numerical simulation and calculation results is excellent, validating the
rationality of the analytical model. In the process of fitting the transmission spectra, we let A = 40,
B =1, considering the weak response of the dark resonator to the incident field in the PIT device. As a
result, other corresponding fitting parameters with different Fermi energies are plotted in Figure 4a.
Clearly, ¥ and y; maintain stable values as the Fermi energy changes; however, y, shows a drastic,
almost linear increase from y, = 0.001 THz for the absence of graphene to y, = 0.38 THz for the case
with Er = 0.5 eV. This indicates that the damping rate y, of dark SRRs, being an important parameter
accounting for the tunable PIT effect, is evidently enhanced with a higher Fermi energy. As the losses
in the dark resonator are significantly increased, the LC resonance intensity is evidently decreased.
In the PIT structure, the graphene layer with high conductivity, which acts as a channel of charge,
shorts the split gaps of the dark SRRs. As the graphene Fermi energy increases, the strong shorting
effect of graphene with high conductivity on the capacitive split gaps weakens the surface resonance
current of the dark resonator, reducing its LC resonance intensity and effectively suppressing the
destructive interference between the bright and dark resonators. With Ep = 0.5 eV, the dark mode
resonance intensity is too weak to maintain the appearance of PIT resonance. The tunable response is
attributed to the dampening of the dark resonator through the conductive graphene layer. Despite the
simplicity of the coupled two-particle model, the fitting results predict the function of the graphene
layer in the device structure and can be used to further optimize device performance.
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Figure 4. (a) Extracted fitting parameters of the classical coupled two-particle model for different Fermi
energies. (b) Calculated absorption spectra with different Fermi energies.
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Graphene is coupled with metallic metamaterials to enhance the controllability of the terahertz
wave by using a resonance or local electric field enhancement effect. In order to further explore
the function of graphene in the PIT active device, the absorption is calculated with the equation
A =1-T-R, where T and R denote the transmission and reflection, respectively. The absorbance
spectra, as shown in Figure 4b, are normalized with respect to a bare silicon substrate. In the absence
of the graphene layer, there is a very narrow absorption peak at about 0.56 THz, indicating small
losses in the coupling system. The absorption enhancement starts once the graphene is introduced.
By further increasing the graphene Fermi energy Er, the system losses rise, and the absorption peak
grows significantly in strength and linewidth. As a result, the absorption becomes more and more
prominent and uncouples the regime between the bright and dark resonators, causing the PIT effect
to disappear.

To reveal the tunable mechanism of the proposed metamaterial, the electric field distributions
under the incident electric field y-direction polarization are presented in Figure 5 at the PIT resonance
frequency. It can be observed that the case without a graphene layer and the case with different Fermi
energies for the integrated graphene have similar electric field distributions, despite the intensity
difference, which indicate the evolution process of the destructive interference between the bright and
dark modes. For the bare aluminum-based PIT structure, the electric field is mainly concentrated in
the dark resonator, due to the charge accumulating and electric field focusing caused by the capacitive
gaps of the two excited SRRs. The introduction of a metal-like graphene layer provides a charge
transmission channel for the capacitive split gaps in the dark mode SRRs. Therefore, the opposite
charges on both sides of the capacitive gaps are gradually neutralized and the LC resonance current is
weakened, resulting in a suppression of the resonance intensity in the dark resonator. As a result, the
weakening resonance intensity in the dark resonator leads to a decoherence effect, thereby weakening
the electric field strength in the dark resonator and enhancing it in the bright resonator. With the
maximum Fermi energy of 0.5 eV, there is an electric dipole resonance in the bright resonator, similar
to the bare bright resonator in Figure 2b, and the electric field is significantly reduced in the dark
resonator, indicating that the PIT resonance has been transformed into an isolated electric dipole
resonance. In the terahertz regime, graphene, as a conductive film, usually plays a pivotal role in the
split gap area, thanks to the obvious shorting effect in the narrow excited capacitive gap. It can be
inferred from the above analysis, that the tunability of the PIT metamaterial stems from modulation
resonance intensity of the dark mode via varying graphene Fermi energy. The demonstrated concept is
generic and applicable for other two-dimensional materials with variable conductive properties.

M
-75 0 75 -75 0 75 -75 0 75 DM

X (um) X (pm) X (nm)
(a) (b) (©)

Figure 5. Electric field distributions at the resonant frequency for the cases of (a) without a graphene
layer, (b) Er = 0.2eV,and (c) Er = 0.5eV.

In general, the dynamic response of optical excitation for subwavelength metamaterial elements is
sensitive to the polarization of incident light. In order to achieve polarization-independent behavior in
PIT metamaterials, the designed structure must have a specific symmetry to maintain the same response
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to any polarization of incident light [39]. An important advantage of the proposed structure is the
polarization-independent feature. It is evident from Figure 3a,c that the tunable PIT effect is identical
for both the x- and y-polarized incident waves. Owing to its fourfold symmetry [40,41], the proposed
PIT structure has an identical response for any incident polarization. This behavior can be explained
by the fact that an arbitrarily polarized wave can be orthogonally decomposed into x-direction and
y-direction polarized waves. The identical resonance curve structures are observed in the transmission
spectra for two orthogonal directions, due to the fact that each orthogonal component corresponds to
the same structure arrangement. With a change of the polarization angle of incident light, the relative
ratio of the two orthogonal components also changes, but the superposition result of electromagnetic
response remains unchanged, and the PIT resonance intensity is still constant, which has been verified
by the experimental measurements [8]. This polarization-independent PIT device is unaffected by the
incident polarization states, effectively expanding its practical application. For example, our device
can be conveniently utilized for terahertz sources with an unknown polarization state.

4. Conclusions

In summary, the tunable and polarization-independent plasmon-induced transparency in
metal-graphene metamaterial was investigated in the terahertz regime. This function can be achieved
by merely varying the graphene Fermi energy, which is difficult to obtain in conventional metal-based
metamaterial. The designed active device has been fully characterized via the numerical simulation
and the classical coupled two-particle model, showing a strength modulation of the PIT resonance and
identical response to arbitrary incident polarization. In the work, the shorted function of graphene
can be directly extended to other coupling systems including split ring resonators, to further develop
its applicability. The presented device architecture provides an interesting platform for further
comprehending intriguing light-matter interactions in metamaterials and offers new ideas for the
development of terahertz dynamic functional devices such as buffers, modulators, and sensors.
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