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A hybrid metamaterial with the integration of molybdenum disulfide (MoS;) overlayer is proposed to manipulate
the terahertz (THz) wave. The simulated results indicate that the introduction of MoS; layer could significantly modify the
resonant responses with large resonance red-shift and bandwidth broadening due to the depolarization field effect, especially
for the structure on the small permitivity substrate. Additionally, the wide-band modulator in off-resonant region and a
switch effect at resonance can be achieved by varying the conductivity of MoS; layer. Further theoretical calculations based
on the Lorentz coupling model are consistent with the simulated results, explicating the response behaviors originate from
the coupling between MoS; overlayer and the metastructure. Our results could provide a possibility for active control THz
modulator and switchable device based on the MoS, overlayer and advance the understanding of the coupling mechanism

in hybrid structures.

Keywords: terahertz metamaterial, MoS,, coupling mechanism, switchable device

PACS: 41.20.Jb, 42.15.Eq, 42.25.Bs, 42.25.Dd

1. Introduction

The transition metal dichalcogenides have earned exten-
sive attention in recent years due to the potential application
for novel semiconductor devices. This family of compounds
displays abundant electronic properties ranging from semi-
conductor, semimetal, metal, and even to superconductor de-
pending on the choice of transition metal,!!! one of which is
MoS, with outstanding optical and electronic properties. >
The bulk MoS; crystal is an indirect bandgap semiconductor
but it can be transformed into a direct semiconductor in the
monolayer limit, which makes it attractive for photolumines-
cent applications.®! After the established synthesis and fab-
rication strategies, MoS, has been employed in field effect

transistors, [©] integrated circuits, (71 optoelectronic devices, (8.9]

(10-13] valleytronics,“‘” van

171

light generation and harvesting,
der Waals heterostructures,!>1°1 and mimic synaptics. !

Metamaterials are the artificially structured composite ar-
rays of subwavelength structures. Their extraordinary physical
properties cannot be obtained in natural materials, such as neg-
ative refractive index,!'®!°) sub-diffraction imaging,?! perfect
absorption, !l and electromagnetic cloaking.*>?3! Those spe-
cial properties originate from electromagnetic interaction be-
tween incident radiation and those man-made structures. 24-26]
Especially, the MoS;-metamaterial integrated devices have
been exploited to manipulate electromagnetic resonant behav-
iors combined with the excellent properties of MoS; layer and
the novel functionalities of metamaterials.®>”! Such hybrid
structures with optically controlled conductivity of MoS, can

fCorresponding author. E-mail: qlzhou@cnu.edu.cn
© 2022 Chinese Physical Society and IOP Publishing Ltd
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realize tunable sharp Fano resonances and tailored plasmon-
induced transparency in the THz range. Few studies have
been carried out to explore the influence of MoS, on other
resonance modes, as well as the coupling mechanism between
MoS, layer and metamaterial. Split ring resonantor (SRR)
as a classical metamaterial structure, which has both elec-
trical and magnetic responses with two different resonance
modes defined as inductance—capacitance (LC) resonance and

(28291 has become the basic building block

dipole resonance,
for intensive research of THz metamaterials and other hybrid
metaphotonic devices. Those studies have successfully illus-

t,1301 ultrafast all-optical

trated the manipulation of slow ligh
switch,[3! dynamical resonance frequency shift,*?! and con-
trollable all-optical modulation speed.333# It is obvious that
the SRR is a fundamental and important structural unit to fur-
ther develop and expand the THz device functions.

Here, we have proposed the hybrid MoS,/SRR structures
to investigate the overlayer induced change and optical con-
trol in transmission spectra from the simulated and theoreti-
cal calculations. Compared with the other two substrates, we
have found the remarkable change with large red-shift at res-
onant frequencies and broad bandpass in non-resonant region
after covering the MoS, layer onto SRR with SiO; substrate.
The simulated results have proved the introduction of MoS;
could significantly engineer the transmitted spectra due to de-
polarization field effect verified by the simulated electric field
distributions. In addition, a 38% broad band modulation from
0.95 THz to 1.95 THz and 100% modulation of the resonances
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with a switchable effect can be achieved via tuning conductiv-
ity of the MoS; overlayer. It is worth noting that the LC res-
onance is more easily tailored than the dipole resonance with
the varied conductivity of MoS,. We have further utilized the
coupled Lorentz oscillator model to theoretically calculate the
influence of MoS, on the THz response spectra accompanied
with resonance red-shift, bandwidth broadening, and intensity
change, which originate from the coupling and damping be-
tween MoS; overlayer and SRR structure. Our results imply
that the conductivity-engineered switchable device and con-
trollable broad band THz modulator could be implemented
through hybrid MoS, metastructures.

2. Simulated results and theoretical discussion

For exploring the resonant behaviors of our proposed
hybrid MoS, metamaterial, numerical calculations are per-
formed based on the finite integration method with the peri-
odic boundary conditions. The schematic structure and the
unit cell of the hybrid MoS,/SRR structure are depicted in
Fig. 1 with three layers including MoS; layer, gold arrays, and
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substrate. In our simulation, the thickness of Au is 200 nm
and the substrate is 250 pm. A MoS;layer with the thickness
of 400 nm is covered on SRR structure surface. The periodic
length is 50 pm in both x and y directions. The THz wave
polarizing along x axis is normally incident to the structure
surface, as shown in Fig. 1(a). Here, GaAs, Si, and SiO; with
dielectric constants of 12.9, 11.56, and 3.75, respectively, are
used as substrates, and Au (lossy metal) with conductivity of
3.56x107 S/m is considered to form the metallic SRR array.
The permittivity of MoS; is set to be 12.25.[°]

(a) MoS; " Au  Substrate  (b) 20Qnm 400 nmf
3 pm
et 5 pm
' «>
El g
— (=}
] e '
<@ é
« |
Q«S" Sl -y,ﬁ 31 pm -
- 50 pm

Fig. 1. (a) Hlustration of the MoS,/SRR structure with incident THz wave.
(b) The schematic diagram of unit cell of the SRR highlighting the structural
dimensions. The top-right insert is the cross-section of the unit cell.
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Fig. 2. THz transmission of SRR and MoS,/SRR hybrid structures on semiconductor (a) and SiO; (b) substrates, respectively. The simulated
surface currents (c) and electric field distributions (d) of SRR/SiO; without and with MoS, overlayer at LFRM and HFRM.

As plotted in Fig. 2(a), when the polarization of the in-
cident THz wave is parallel to the gap-bearing side of SRR,
the THz transmission responses of SRR without and with
MoS,; exhibit remarkable spectral variations. The transmis-
sion spectra of SRR structure on Si and GaAs substrates reveal

two resonant responses, corresponding to low frequency reso-

nant mode (LFRM) at ~ 0.59 (Si substrate) and ~ 0.56 THz
(GaAs substrate), and high frequency resonant mode (HFRM)
at ~ 1.67 (Si substrate) and ~ 1.58 THz (GaAs substrate), re-
spectively. In addition, there is a broad transmission window
of 0.75 THz in non-resonant region lying between the above

two resonances. When the SRR metamaterials are covered
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with MoS,, the spectral responses can be modulated signifi-
cantly. The transmission of LFRM and HFRM is slightly in-
creased in resonant region and decreased in off-resonant re-
gion. The red-shift frequencies of LFRM and HFRM are also
clearly and quantitatively recorded in Table 1. It is evident
that the optical properties of metastructures on Si and GaAs
substrates are similar in the THz region.

Then we further choose SiO; substrate, which has a large
difference in dielectric constant compared with the above two
substrates, to study the influence of the dielectric environment
on the SRR arrays. The simulated results are presented in
Fig. 2(b) for the SRR/SiO, structure. Without and with the in-
troduction of MoS, overlayer, the THz transmission variation
and resonant frequency shift of LFRM and HFRM are illus-
trated in Table 1. Additionally, a broadening of resonant line-

shape can be observed, corresponding to values of full width
at half maximum (FWHM) from 0.11 THz to 0.13 THz for
LFRM, and 0.21 THz to 0.30 THz for HFRM, respectively.
In the off-resonant regions, as shown in the black shadow,
the bandwidth of the transmission window is much broader
than that in Fig. 2(a), showing 1.47 THz without overlayer and
1.11 THz with MoS,, respectively. Based on the above obser-
vations, it can be concluded that the THz response variation
of SRR/SiO, without and with MoS; overlayer is more sensi-
tive than those on Si and GaAs substrates, accompanied with
large transmission change and frequency red-shift in resonant
region, and wider transmission bandwidth in off-resonant re-
gion. Our obtained results also indicate the overlayer material
has the ability to tune the THz spectral responses via changing
the surrounding dielectric environments.

Table 1. THz transmission and resonant frequency shift of LFRM and HFRM without and with MoS, overlayer.

Substrate T rrm SRR (%) Tirrm M0S;-SRR (%) ATigrm (%) Afirrm (THz) Tarrm SRR (%) Tiprm M0S2-SRR (%) ATurrm (%) Afurrm (THz)

Si 12.26 19.82 7.56 0.06 791 9.95 2.04 0.09
GaAs 12.07 19.11 7.04 0.04 7.79 9.84 2.05 0.08
SiO; 12.29 23.43 10.53 0.15 7.84 10.95 3.11 0.34

To better understand the influences of the introduced  frequency.!*®! Importantly, under the influence of THz elec-

MoS; on the transmission spectra and the physical process
involved, we have performed the simulation of the surface
currents and electric field distributions of SRR/SiO, structure
without and with MoS, overlayer, as shown in Figs. 2(c) and
2(d), respectively. It can be observed LFRM stems from LC
resonance with a circular current and its electric field is highly
concentrated around the gap. HFRM primarily arises from
the dipole resonance with linear current and its electric field
is mainly distributed at the gap and both ends of the bottom
edge. The surface current intensities as well as the electric
field intensities all decrease after covering the overlayer. It is
known that the resonant frequency of LFRM can be defined
as 1/ 27+/LC, where the inductance L is mainly determined by
the geometry of SRR and the capacitance C is highly relevant
to both the gap dimension and the surrounding medium. (%3]
With the introduction of MoS,, the average permitivity of hy-
brid sample is increased to enhance the total capacitance, re-
sulting in the red-shift of LFRM. That means this red-shift
depends on the dielectric property of the overlayer near the
gap of SRR. Furthermore, MoS, could make the positive and
negative charges neutralize near the gap to reduce the cur-
rents intensity and the resonant electric field, which causes
the increased transmission of LFRM in MoS; hybrid structure.
HFRM as a plasmonic dipole can be approximately described
with the resonant frequency of 1/ (47d /€ ),!***! where d
is the arm length and &, is the average dielectric constant
of surrounding medium. Similarly, the &y, will increase af-
ter covering MoS; layer, leading to the red shift of resonance

tric field, MoS, dielectric layer will be polarized accompanied
with the generation of polarized charges, which could induce
the depolarization field and weaken the original applied elec-
tric field. The depolarization field will restrict the electrons’
movement in SRRs driven by the incident THz wave.[37-38
Then the resonant electric field intensities at HFRM are largely
reduced, leading to the weakening of dipole resonance to en-

hance the THz transmission at resonant mode.

3. Tunable transmission behaviors

Since the introduction of MoS; can significantly mod-
ify the transmitted behaviors, it provides us a pathway to ac-
tively tune the spectra to achieve THz modulator and opti-
cal switch devices via controlling the overlayer conductivity.
Hence, we have simulated the THz transmission response of
MoS,/SRR/Si0O; structure with different electrical conductiv-
ities of MoS; overlayer, as indicated in Fig. 3. The spectra ex-
hibit the redshift in frequency and decreased resonant response
when the electrical conductivity is increased to 1200 S/m, as
depicted in Fig. 3(a). Here, we define the relevant parameters
AT 1on, AngRM, and AT Frpp- AT non indicates the transmission
variation in off-resonant region corresponding to the absorp-
tion of THz wave response Anon. AT\, and AT %, repre-
sent the depths of the resonant lineshapes related to Apprv at
LFRM with zero and non-zero conductivities of MoS, over-
layer, respectively. For the HFRM, the definition is similar. It
is extracted that the A prm, AurrM, and Apon are 0.09, 0.30,

014101-3
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and 0.19, respectively under the conductivity of 1200 S/m. In
addition, we have presented more detailed spectral change in
the conductivity range of 100 S/m to 3800 S/m, as plotted in
Fig. 3(b). For the resonant region, the LFRM can be quenched
when the conductivity is further increased to 3500 S/m, while
the HFRM still remains a weak resonance. This suggests the
LC mode of LFRM is more sensitive to the surface permittivity
surrounding, leading to a switch effect in resonance. For the
off-resonant region, the transmission gradually decreases and
the corresponding absorption increases 38% in the broad range
from 0.95 THz to 1.95 THz, seen from black shadow area in
Fig. 3(b), showing that an option for controllable THz modu-
lator in a wide bandwidth could be realized. It is also worth
noting that the significant transmission difference in resonant
and off-resonant regions has strong correlation with the over-
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layer conductivity, namely the varied conductivity of MoS;
overlayer is responsible for the changes in THz response. To
further figure out the appeared switch effect in the hybrid
MoS,/SRR structure, figures 3(c) and 3(d) exhibit the numeri-
cally calculated simulated electric field distributions in the hy-
brid structure at the LFRM and HFRM with the tuned MoS,
conductivity of 0, 300, 1200, and 3500 S/m, respectively. The
results show the increased conductivity of MoS; layer leads to
the decreased electric field in the capacitance gap as well as the
reduced electric field around the arm in SRR structure, which
eventually causes the weakening of HFRM and quenching of
LFRM. The annihilation of electric field at higher conductivity
implies the switching-off of the LFRM in the hybrid metama-
terial system.
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Fig. 3. (a) and (b) Simulated amplitude transmission spectra with different electrical conductivities of MoS; overlayer and the definition of the
parameters of AT o, ATfﬁ-{{M, and AT°%fry- (¢) and (d) Simulated electric field distributions in the hybrid metamaterial at LFRM and HFRM,

respectively.

Then we have extracted the conductivity-dependent ab-
sorption of THz wave responses to explore the quantitive re-
lation between spectral evolution and the tunable MoS, over-
layer. It can be seen that Apprv and Agprm can be expressed
by the decreased exponential fittings, as given in Fig. 4(a).
The curve of LFRM reaches zero faster than that of HFRM,
also implying that the LC resonance is more susceptible to the
overlayer conductivity than the dipole resonance. However,
Anpon can be well fitted by an exponential growth function,
showing the remarkable absorption of THz wave enhance-
ment in off-resonant region with the increased conductivity
of MoS; overlayer. Meanwhile, the dependency between the

resonant frequency shift and the overlayer electrical conduc-
tivity is plotted in Fig. 4(b) for LFRM and HFRM, respec-
tively, showing monotonic increasing linear relationships with
much larger frequency shift at HFRM. The resonant linewidth
changes linearly as well, as presented in Fig. 4(c). It is indi-
cated that the lineshape is significantly tuned with the conduc-
tivity of surface layer. Hence, we further analyze and study the
active modulation performance of MoS;/SRR/Si0O; structure.
We define the peak to dip transmission amplitude modulation
depth of LFRM as [(AT 3w — AT /AT ] % 100%,
as shown in Fig. 4(d).

The modulation depth of HFRM is similar. We have
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found that the modulation depth can be tuned to 90% at
HFRM. For LFRM, this modulation is much higher and can
achieve 100% by increasing the conductivity to 3500 S/m,
which infers the occurrence of a switchable resonant be-
haviour. This effect could serve as a tunable MoS,-based
switch device when the conductivity of MoS, is tuned under

the external field. It is evident that the tunable THz behav-
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iors strongly depend on the properties of MoS; layer. Hence,
we further discuss the influence of its thickness on the ampli-
tude transmission. Our simulated results exhibit the remark-
able red-shift of LFRM and HFRM with the increased thick-
ness. The resonant intensity is reduced slightly at LFRM and
nearly unchanged at HFRM. Additionally, the bandwidth of
the off-resonant region has a narrowing trend (not shown).
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Fig. 4. (a) Extracted THz absorption response of the hybrid structure with different overlayer conductivities. Influence of the overlayer con-
ductivity on the resonant frequency shift (b), bandwidth of resonant regions (c), and modulation depth (d) for LFRM and HFRM, respectively.

The solid lines are the fitting curves.

4. Theoretical coupling mechanism

For better understanding these phenomena and explaining
the coupling mechanism in the hybrid metamaterial, a Lorentz

coupling mode]133-36:3]

is used to explain the variations in
transmission spectra and quantitatively reveal the interaction
between MoS, and SRR in THz region. This coupling model

can be expressed as

i1+ 7141 4+ 0fx) +vipx) = ajel?, (D

¥ + 1adn + @3 x2 + V1px) = age'?, ()

where x1, x2, Y1, Y2, @1, @, are the amplitudes, damping rates,
and resonance frequencies for the metamaterial and MoS;
overlayer, respectively. V1 represents the coupling coefficient
between their resonances. The geometric parameters a; and
a, indicate the strength of each material coupling to the inci-
dent THz field. Here, we consider the steady-state solutions
for the displacement of the oscillators are x; = C| el® and
xy = C>e®". The amplitude of first oscillator has the form

C aj ((1)22 —w*+ i}’z(D) —apnv 3)
' (0 -0+ in0) (0l -0 +ipo) - v

Then the THz response intensity of metamaterial with-
out and with the MoS, overlayer can be obtained by plotting
the curve of |Cy|, as depicted in Figs. 5(a) and 5(b) under the
initial values of y = 0.025, @ = 1.0, a; = 2.0, p» = 0.01,
@y = 1.3, a; = 1.1, and v, = 0.5. Notably, the variation of
THz response intensity in resonant region is consistent with
the simulated observation of THz transmission of SRR struc-
ture without and with MoS; overlayer illustrated in Fig. 2(b),
showing a red-shift accompanied with the reduction in reso-
nant absorption and broadening in bandwidth. To understand
the influence of the coupling and damping of MoS; on meta-
materials, we further modify the parameters vj> and 75, as
shown in Figs. 5(c) and 5(d), respectively, while keeping other
parameters constant. It is evident that v, determines both fre-
quency shift and the intensity of the resonance, showing the
stronger coupling leads to the larger red-shift and lower peak
intensity. Damping rate 9» as an important parameter mainly
affects the shape as well as the bandwidth of the resonance
with the higher damping for broader spectral response.

In Fig. 6(a), further calculations suggest that the THz re-
sponse peak intensity is exponential decay with the v, (black
triangles). However, the THz intensity in off-resonant region

014101-5
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is exponential growth with the v, (blue dots). The red squares
and its fitting curve show the linear dependency between the
red-shift frequency and coupling strength. Similar to the influ-
ence of V7, the THz response intensity in the resonant region
also exhibits exponential decay with 7, as shown in Fig. 6(b).
In addition, the linear increasing of resonant bandwidth with
P is illustrated by FWHM. It is worth highlighting that the
above observed tendency agrees well with the simulated re-
sults depicted in Fig. 4, implying a stronger coupling effect
with higher v, will occur in the hybrid structure with the in-
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5. Conclusion

In summary, we propose a hybrid structure composed of
MoS; layer and SRR arrays on different substrates to effi-
ciently control THz wave. The simulated results indicate that
the hybrid MoS,/SRR/Si0, is more susceptible to THz field,

showing large frequency red-shift and bandwidth broadening.
Our studies also elucidate that the top cover MoS;layer with
varied conductivity could distinctly manipulate the THz re-
sponse. Specifically, this hybrid structure can realize a 38%

wide-band modulator in off-resonant region, 90% modulation
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of dipole resonance, and 100% modulation depth of LC res-
onance with a switch effect. In addition, a Lorentz coupling
model is employed to theoretically investigate the influence
of MoS; on the THz response spectra and the coupling inter-
action between MoS; overlayer and SRR structure. We find
the characteristics of conductivity-induced changes in trans-
mission spectra with frequency red-shift, bandwidth broaden-
ing, and variation of THz response intensity mainly originate
from the coupling and damping between MoS; overlayer and
the SRR arrays. Our work will provide an option for tunable
THz modulators, switchable devices and other THz functional
components for THz wave manipulation based on MoS, ma-
terial.
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