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Abstract: The coupling effects of surface plasmon resonance (SPR) from metamaterials induce varia-
tion in both the frequency and intensity of plasmonic modes. Here, we report an angular-dependent
THz modulator with hybrid metal-graphene metastructures. The metastructures composed of the
period gold split-rod arrays on top of a monolayer graphene, which show redshift modulation in the
THz region with an increasing incident angle due to the strong out-of-plane magnetic flux introduced
by the clockwise circular current at the oblique incidence. By utilizing graphene-based actively
tunable conductor with ion-gel electrical gating, the THz transmission can be significantly modified.
The modulation depth of the hybrid metal-graphene metastructure modulator can reach ~37.6%
at 0.62 THz with a gate voltage of —3 V. The theoretical modeling of transmitted dependency on
frequency and incident angle is demonstrated at different Fermi energies, which fits well with the
experimental results. This hybrid device can offer a useful method for THz applications (such as
angle sensors or angular-resolved spectroscopy), where angle-dependent modulation is needed.
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1. Introduction

The terahertz (THz) spectral region, serving as a bridge between electronics and optics,
has attracted tremendous interest over the past few decades for its potential applications in
noninvasive imaging [1], high-speed communications [2], and biology [3], etc. Benefiting
from the enormous progress in THz wave generation [4] and detection [5], a surging
demand for other active THz wave devices has emerged. THz modulators with high
efficiency [6,7] and fast speed [8,9] are considered as one of the vital components for
various applications.

Graphene, a two-dimensional structure arranged in a hexagonal lattice with sp?
hybridized carbon atoms, possesses exceptional gapless electronic band structure [10],
high mobility [11] and linear energy dispersion [12] for electronic and optoelectronic
applications [13,14]. The absorption properties of graphene in the visible to near-infrared
region are dominated by the optical conductivity originating from the interband transition,
which yield a constant absorption of 2.3% [15]. In the far-infrared and THz spectral region,
however, the frequency-dependent optical response of graphene is governed by intraband
transition [16], which can be changed by exploiting its tunable Fermi energy (Ey) and
well described by the Drude model [17]. Such unique characteristics make graphene a
promising material for THz modulators through electrical gating. However, graphene
has weak absorption due to the atomic thickness, which constrains the modulation depth.
Therefore, it is desirable to enhance the modulation strength in graphene by coupling with
a strongly localized field.

Metamaterials composed of discrete sub-wavelength structures have attracted enor-
mous attention for versatile applications, such as perfect lensing [18], invisible cloaking [19],
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perfect absorbers [20], and sensing [21]. These artificial materials can fully control the
properties of electromagnetic (EM) waves in terms of amplitude [22], phase [23], polar-
ization [24], and frequency [25], via their underlying structures [26,27]. Consequently,
research on the design and fabrication of metamaterials has been extensively focused on
a wide EM spectrum from the visible to THz spectral region. Meanwhile, metastructures
with broken symmetry are shown to exhibit narrow line width resonances yielding high-
quality factor, which can be designed by varying the parameters [28] and modifying the
coupling strength [29]. As metamaterials can exhibit a strong enhancement of near-fields, it
is achievable to modulate transmitted EM wave by employing graphene as an efficiently
active control to enhance localized field [30,31]. It is reported that with the electrostatic
doping method, the modulation depth of hybrid graphene-metastructure device can be
enhanced several times, which has been executed with an applied voltage of less than
3 V [32]. By integrating passive metamaterials with graphene, Balci et al. demonstrated
a new class of electrically controlled active metadevices working in broadband frequen-
cies [33]. However, angle-resolved hybrid graphene metastructures have remained elusive,
which can be engaged to acquire many significant physical peculiarities, such as spatial
dispersion [34], electromagnetically induced transparency (EIT) [35], and chirality [36].
More importantly, the symmetry of incident electromagnetic field distribution can be ini-
tiatively broken at oblique incidence, which leads to asymmetric surface current [37] and
thus contributes additional coupling in metamaterials [38]. Therefore, it is necessary to
conceive angular resolved spectroscopy of metastructures by using graphene to implement
the active modulation.

Here, we demonstrate an angular-dependent modulator with hybrid metal-graphene
metastructures in the THz region. By applying ion-gel doping, the transmission characteris-
tics of the gated hybrid metal-graphene metastructures can be tuned, which consequently
induces modulation of the transmitted wave. We observe that the resonance increases with
the incident angle due to the enhanced localized field in the split-rod arrays. The THz mod-
ulation enhancement of the hybrid device is verified by both experimental and theoretical
results, which shows dependency on the incidence angles and gating voltages. It turns out
that the maximum modulation depth can reach —37.6% with a gate voltage of —3 V at an
incident angle of 30°. Our results show that the hybrid metal-graphene metastructures can
be useful in various active devices for angle-dependent photonic applications.

2. Materials and Methods
2.1. Device Design and Fabrication

The configuration of the metamaterials is sketched in Figure 1a, which consists of
square gold split-rod arrays. Due to the metastructures displaying the four-fold symmetry,
the optical response under linear polarized excitation along the X- and Y-axes will be
coincident. Hence, we only discuss the optical properties of the device with linear polarized
incidence along Y-axis (TE mode). The geometric parameters are shown in Figure 1b, and
the metal metastructures of a gold split-rod array with period (Px and Py) of 120 um, length
(L) of 100 um, split width (w) of 10 um and split gap (g) of 6 um are designed to generate
the optical resonance at range of 0-1 THz, which is to fit with the operation wavelength of
our THz measurement setup.

Experimentally, the gold split-rod metamaterials are fabricated on a sapphire substrate
with further covered with chemical-vapor-deposition (CVD) graphene sheet, and the
fabrication diagram is displayed in Figure 2. We use a 475 pm-thick sapphire substrate with
size of 1.5 cm x 1.5 cm. After ultrasonic cleaning with acetone and isopropanol separately,
the sapphire substrate is spin-coated with a positive resist (polymethyl methacrylate) and
baked at ~180 °C for 2 min. Subsequently, a 10-nm thick Al film is deposited with e-beam
evaporator to make the substrate conductive, and the e-beam lithography process is used
to fabricate a designed pattern on the sample with the dose of 1500 pC/cm? and a beam
resolution of 0.1 um. After e-beam lithography, the sample has to be immersed in AZ351
(buffered NaOH and typically used in 1:4 dilution) for 10 min to remove Al firstly and
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developed in a solution made of Methyl Iso Butyl Ketone (MIBK):Isopropanol (IPA) = 1:3 for
1 min. The morphology of the gold metamaterials is depicted in Figure S1 (Supplementary
Materials), which agrees well with the designed structure. The 5/50 nm-thick Ti/Au metal
layer is then deposited on the surface with acetone applied to proceed the lift-off process.
Subsequently, a graphene film is transferred to the metastructure/sapphire substrate by
utilizing the wet etching process, following on deposition of electrode metal layer. The
doping reagent for graphene is an ion-gel layer with high transmission in the mid-infrared
region [39], which can be spin-coated on the surface of the sample. The ion-gel is prepared
with 0.56 g of ionic liquid ([EMIM][TFSI]) dissolved in a mixture of 22 mg of PS-PEO-PS
(10—44—10 kg mol 1) triblock copolymer and 20 mL dichloromethane. By using the mask
with apertures, the electrode with proper scale can be obtained by engaging with the e-beam
evaporation. Finally, wire-bonding technology is used to apply the electrical connection,
and the scheme of the measured device is shown in Figure 3.

Figure 1. (a) Schematic of gold split-rod metamaterials consisting of square gold split-rod arrays at
oblique incidence under polarized wave along the x direction. (b) The geometric parameters of the
proposed metastructures are shown as follows: Py = Py = 120 pm, Ly = Ly = 100 um, ¢ = 6 um, and
w =10 um.

r leanin, ; g
Substrate cleaning Hybrid metal-graphene metastructure devices
reagent: alcohol and acetone time:20 minutes
_ in-coating photoresist (PMMA A4
. L = ( J Wire-bonding
baked temperature: 180 C  baked time: 2 minutes

E-beam evaporation of conducting layer E-beam evaporation of electrode layer

materials: Al thickness: 10 nm materials: Ti/Au thickness : 50 nm/5 nm
E-beam lithography Transfer process of graphene
dose: 1500 pC/cm’ beam resolution: 0.1 pm wet etching method
Removal of conducting layer Lift-off process
reagent: AZ351 time: 10 minutes reagent: acetone time: 12 hours
Development E-beam evaporation of metal layer
reagent: MIBK:IPA= 1:3 time: 1 minute materials: Ti/Au thickness : 50 nm/5 nm

Figure 2. Fabrication diagram of hybrid metal-graphene metastructure.
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Sapphire
Figure 3. Schematic of hybrid metal-graphene metastructure device.

2.2. Terahertz Measurement and Characterization

An angular-solved THz-time domain spectroscopy (TDS) setup is used to measure the
transmission properties at oblique incidence from the hybrid metal-graphene metastructure.
The source laser is a Ti/Sapphire laser (Spectra Physics, MaiTai, CA, USA) with a pulse
width of 200 fs and repetition rate of 75.9 MHz at 800 nm, which further impinge onto
a photoconductive switch integrated on low-temperature grown GaAs (LT-GaAs) at an
average power of 30 mW. The switch is biased at 40 V and produces the linear polarized
THz pulses that propagate in a nitrogen-purged environment through the sample, with
probe detection performed via an LT-GaAs-based photoconductive switch as well. The
spot size of the THz pulse is approximately 3 mm with a frequency resolution of ~50 GHz.
By rotating the sample, the incident angle of the light is typically set to 0-30° for the
angular-resolved THz transmission measurement.

The morphology of the metastructure is characterized by field emission scanning
electron microscopy (SEM, ZEISS GeminiSEM 300, ZEISS, Jena, Germany). Graphene
properties are characterized by Raman spectroscopy (Laboratory Ram HR800, CA, USA,
excitation wavelength at 532 nm). The electrical properties of the device are measured
using a sourcemeter (Agilent 2400 and 2401).

2.3. Computational Method of Graphene

In calculations, the optical conductivity of graphene (c) can be described by altering
the Fermi energy (E;) of graphene using the Kubo formula, which is present with both
intraband and interband transitions [40,41]:

O¢ = Ointra + Ointra (1)
i€2ka [~E¢/
o 7/ (kpT)]
Ointra nﬁz(w + iZF) [Ef/<khT) + 2111(1 te )] 2

ie? 2Ef — ((U + i47TF)ﬁ

Tinter = 4y 1“(2Ef T(w T an)i’ ®

where k; and T is the Boltzmann constant and temperature, # is reduced Plank constant,
I' is the carrier relaxing time, e is the charge of an electron, and w is angular frequency,
respectively.

In the lower THz region, the optical conductivity of graphene is mainly governed by
the intraband transition due to the Fermi level of graphene increasing above half of the
photo energy. Here we only consider graphene with the Ef > fiw, hence the conductivity
of graphene can be simplified to the Drude-like model [42]:

ezEf 1
og(w) = nh? w4+ i1

)
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where the carrier relaxing time I' defined by I' = uE¢/ evp? depends on the carriers

mobility # and the Fermi velocity vr. Here, we employ u of 10,000 cm?/(Ves) and v of
1.1 x 10® m/s throughout the entire calculations.

3. Results and Discussion
3.1. The Simulated Results of the Metal Metastructure

By using the frequency domain solver of CST Microwave Studio, the numerical
calculations at oblique incidence can be performed with the unit cell boundary condition
only supplying in X- and Y-directions. In simulations, the thickness of the metal and
substrate are 50 nm and 2 um, respectively. The permittivity of gold in the THz region
is described by the Drude model with a plasma frequency of w, = 1.37 x 10'® s~! and
damping constant wy = 4.08 x 10'% s~1, respectively [43]. The dielectric constant of sapphire
is approximately set as 11.7 [44]. The transmission spectra of the pure metamaterials are
calculated, as shown in Figure 4a. It turns out that the transmission dip appears at around
0.64 THz at normal incidence, while the peak width broadens and shows slightly redshift
with a rising incident angle. A snapshot of the current flow and the z-component of the
magnetic field at the resonance frequency under oblique incidence is present in Figure 4b.
Intuitively, the electric component of the incident light is paralleled to the plane of the
metastructure under TE wave excitation, however, the magnetic field can couple to the
capacitance of the split-rod metamaterials and induce a circular current in it, accounting
for a magnetic dipole perpendicular to the surface plane of at ~0.64 THz. These metal split-
rods provide inductances (L) and the split gaps serve a capacitance (C), which means the
transmission dip (at 0.64 THz) is ascribed to the magnetic dipole mode. It is observed that
the magnetic component of the incident light can induce a stronger circular current. This
behavior is derived from the asymmetric incident electromagnetic fields on the plane of the
split-rod metastructures, which can further produce phase delay between the adjacent unit
cells along the x-direction. The electric component of the incident light interacts with the
left arm of split-rod array firstly and induces charge accumulation at the left arm, which
can counteract the external magnetic field.

(a) (b)

— ()°
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—_—20°
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0.2 1 —40°

Transmission
o
S
1

0.0 — T
03 04 05 06 07 08
Frequency (THz)
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_47
H, (10 V/m)

Figure 4. (a) Normalized transmission at oblique incidence under polarized wave along the x-
direction. (b) Current flow (shown by arrow) and z-component of the magnetic field distribution at
the resonance frequency (f = 0.64 THz) with an incident angle of 30°.

By investigating the electromagnetic response of the split-rod arrays, it is obvious that
the gold split-rod metamaterials can be viewed as an LC resonance in which the effective
inductance arises from the loop formed by the split-rod and effective capacitance due to
the gap region between split-rod arms. The degree of asymmetry is increased by increasing
the incident angle and further leads to the redshift of the resonance frequency. As a result,
the electric field can effectively couple to the metastructures and induces a circular current,
which accounts for a magnetic dipole perpendicular to the plane of metastructures.
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3.2. The Electrical Response of the Hybrid Metal-Graphene Metastructure Device

Due to the fact that carrier doping in graphene can be controlled with the gate voltage
(Vy), the electrical measurement is employed to study the chemical doping states of the
device and helps to define the charge neutral point (CNP) of graphene, as given in Figure 5a.
In the measurements, we use a source—drain voltage of V;; = 1.0 V. It is apparent that
the leakage current (Igs) (black line) is stabilized around zero, while the source-drain
current (I;;) (blue line) varies conspicuously with the applied gate voltage. This behavior
reveals that the electric doping of graphene can be efficiently tunable, and the Fermi
level of graphene can be adjusted approaching the Dirac point with a gate voltage of
0.5V (i.e., Vcnp = 0.5 V), which implies a natural p-type doping of our graphene samples.
It is worth noting that the asymmetry response in the hole and electron transportation
regions is observed, which is affected by current leakage through the electrical gating [45].
The calculated resistance of the graphene device is given in Figure 5b, which increases
sharply from ~800 2 to 3600 () with the gate voltage changing from —3 V to 0.5 V. This
reveals that the electric doping of hybrid metal-graphene metastructure device can be
efficiently regulated. Moreover, since the Fermi energy of graphene can be manipulated
via an external voltage Vy, the theoretical relation between Ef and V; is given by [46]:

Ef = hvpy/ma |Ve — Venp|, where a = 1.45 x 1013 /m?V is the capacitance per charge of the
ion-gel [39]. According to this equation, the graphene Fermi energy could be effectively
tuned from 0.05 to 0.3 eV by applying a top gate voltage from 0.5 V to —3 V. The inset
in Figure 5b shows the Raman spectrum of graphene, indicating the film is identified as
a monolayer. The thickness of graphene is measure via atomic force microscopy (AFM,
Bruker, Dimension Icon, Bruker, Billerica, MA, USA), which confirms the monolayer
structure in our experiment (Supplementary Materials).

(a)

(b)
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Figure 5. (a) The leakage current (Igs) and the source-drain current (Iy) of the hybrid metal-graphene
metastructure device with different gate voltages. (b) The resistance of the measured device. The
inset depicts the Raman spectrum of graphene film.

3.3. The Modulation Performance of the Hybrid Metal-Graphene Metastructure Device

The THz transmittance spectra of the pure metastructure fabricated on the sapphire
substrate without graphene at different incidence after Fourier transformation of initial
signal are presented in Figure 6a. The curves with different colors are measured with
incident angle from 0° to 30°, and all spectra are normalized to the bare substrate. The result
reveals a resonance peak at around 0.64 THz, and the absorption of bare metastructures
enhances a little with the increasing incident angle, which fits the trend well with the
simulation result (Figure 4a). This extremely sharp resonance of the sample without
graphene layer indicates a strong LC resonance in the gold split-rod metamaterials. The THz
transmittance spectra of the gated metal-graphene metastructure device at Voyp =05V
under different incidence are depicted in Figure 6b. When there is a graphene layer on the
the surface of the metastructures, the resonance shrinks on a large scale but still shows a
relatively deep and narrow resonance at ~0.62 THz. This is because the graphene behaves
like a conducting layer in hybid metal-graphene metastructures. Once the graphene is
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placed under the surface of metastructure, it connects the ends of each split and enhances
the losses in metastructures, which weakens the coupling effect between split-rods. The
small but perceptible redshift of the LC resonance is due to the high permittivity of graphene
associated with the relatively high conductivity arising from the sample fabrication and
high carrier mobility. Meanwhile, the transmission of hybrid metal-graphene metastructure
device decreases as the incident angle increases, which has a minimum value at the center
of the resonance frequencies.
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Figure 6. (a) Transmission spectra of the pure metastructure device at oblique incidence. (b) Trans-
mission spectra of the gated metal-graphene metastructure device with different gate voltages of 0.5V,
() 0V, (d) =1V, (e) =2V, and (f) —3 V, respectively. All spectra are normalized to the bare substrate.

Figure 6¢c—f present the transmission of gated metal-graphene metastructure device
with Vo 0of 0V, =1V, =2V and -3V, which also indicate the resonance of hybrid metal-
graphene metastructure device strongly rely on V,. The transmission of the device at
the resonance frequency is promoted with increasing gate voltage and shows redshift at
6 = 30°. By increasing the V¢ away from CNP, the highly doped graphene provides a direct
conducting channel that shorts the charge oscillations across the slit, which significantly
suppresses the local field enhancement. It can be seen that the existence of graphene
strongly affects the optical response of the whole system, which contributes to the rising of
the transmission, whereas the resonance peak still appears with voltage applied. It is worth
noting that the transmission of the hybrid device cannot be tuned with further increases
in the V. This result is attributed to the doping saturation of ion-gel, which means the
carriers concentration of graphene shows little difference when V, continues to increase.

In order to evaluate the modulation of the gated metal-graphene metastructure device
more comprehensively, the modulation depth (MD, —AT/To = (Ty — To)/To, Tg and Ty
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represent the transmission of the device with applied at V¢ and Vyp) is defined as the
relative transmittance normalized to the value near the CNP for a selection of spectra for
Vene = 0.5 V under normal incidence, as shown in Figure 7a. Clearly, it can be derived that
the modulation depth increases with a growing gate voltage, which can obtain —22.3% at
0.62 THz with V¢ = —3.0 V under normal incidence. The relative transmittance with incident
angles of 10°, 20°and 30° are present in Figure 7b—d. With the rising of incident angle, the
relative transmittance shows a similar trend as that at the normal incidence and can be
further enhanced by the higher gating. The modulation depths at resonance frequencies
center are calculated to be 28.9%, —34.5%, and —37.6% corresponding to incident angles of
10°, 20°and 30°, respectively. These results suggest an angle-dependent modulation of the
hybrid metal-graphene metastructure device.

(a) (b)
30 30
—~ 154 ~ 154
S 2 ]
2 0 ‘é 04
o B (8] -
E -154 —ovV E -154 —ov
? 30' — 1 $ 1 — 1V
-304 —n° —_2V -30- —1n° —_—2V
1 6=0 - 1 6=10 o
'45 T I T I T I T '45 T I T I T I T
0.4 0.5 0.6 0.7 0.8 0.4 0.5 0.6 0.7 0.8
© Frequency (THz) 2 Frequency (THz)
30 30

0=20° 6=30° —
-45 1 & T & T = -45 = 1 & T & T ¥
0.4 0.5 0.6 0.7 0.8 0.4 0.5 0.6 0.7 0.8
Frequency (THz) Frequency (THz)

Figure 7. (a) Relative transmittance normalized value near the CNP for a selection of spectra (with
Venp = 0.5 V) with incident angle of 0°, (b) 10°, (c) 20° and (d) 30° with gate voltage of 0.5V, 0V,
—1V, =2V, and -3V, respectively.

3.4. Angular-Dependent Modulation

To verify the angular-dependent modulation more intuitively, we investigate the
transmission dip as a function of incident angle, as shown in Figure 8a. The transmission dip
shows an approximately linear decay with the promoting incident angle, and the dropping
trend of pure metastructures is similar to the hybrid metal-graphene metastructure device.
By raising the incident angle, the transmission dip at resonant frequencies center can
be derived as 0.354, 0.321, 0.276 and 0.251 with V; = —3.0 V corresponding to incident
angles of 0°, 10°, 20°, and 30°, respectively. Moreover, the modulation depth of the hybrid
metal-graphene metastructure device with Ve = —3 V is depicted in Figure 8b, which
demonstrates that the modulation depth around the resonance frequencies center can
be promoted with the increasing angle. The angular-dependent modulation of hybrid
metal-graphene metastructure device with smaller Vy is given in Figure S3 (Supplementary
materials), which shows a similar trend to that of Vy = —3 V. It can be seen that the
modulated characteristics show a strong dependency on the incident angle and the gate
voltage. With an incident angle of 30°, the modulation depth can reach maximum (—37.6%)
at around 0.62 THz with Vo = —3.0 V.
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Figure 8. (a) Transmission dips with respect to the incident angle. (b) Relative transmittance
normalized transmittance with V¢ = —3.0 V under oblique incidence.

3.5. Mechanism of Angular-Dependent Modulation

To gain a better understanding of the physical mechanisms of the angular-dependent
modulation characteristics, the simulated transmission spectra of hybrid metal-graphene
metastructure device are applied by numerical results versus the incident angle and the
Fermi energy of graphene layer, as shown in Figure 9a,b. It is clear that the transmission
dips are promoted with the enhancement of Fermi energy, but decrease with the increasing
incident angle. These results are well-consistent with the spectra obtained in the experi-
mental results in Figure 6. The slight resonance frequency difference for each result can be
ascribed to the reason that the introduction of defect and quality reduction from graphene
during the fabrication process is ignored, which is replaced by an ideal nanofilm close to
surface of the metastructures in simulations. Due to screening the interaction between the
incidence and artificial resonators, the near-field intensity for both magnetic and electric
would be weakened.

b
()1'0
= ——005eV
0.8
=
.0 0.6
7R
(2]
'E 0.4+
B i .
024 o 024 o=
5] 6=0° 8027 e=30°
00f——T——T—— 7 00 +——T7T—TF——T7—
04 05 06 07 0.8 0.4 0.5 06 07 0.8
Frequency (THz) Frequency (THz)

Figure 9. (a) Simulated THz transmission spectra with various Fermi energy of graphene probed
with incident angle of 0° and (b) 30°. (c—j) The z-component distributions of the magnetic fields and
x-component distributions of electric fields in the hybrid metal-graphene metastructure device by
varying the incident angle for the LC resonance dip, respectively.
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Figure 9¢,d show the z-component magnetic field and x-component electric field at fre-
quencies centered within resonant modes under normal incidence, respectively. It is evident
that the magnetic fields are mainly localized at the edge of individual split-rods with TE
mode, which lead to a magnetic dipole perpendicular to the surface plane of metamaterials.
Hence the circulating currents can be excited, which naturally induces opposite electrical
fields in the x-direction. Similarly, the distribution of magnetic fields at oblique incidence
shows further localization at the edge of individual split-rods as portrayed in Figure 9e,
which indicate that the stronger resonant mode is produced by the asymmetric incident
electromagnetic fields. Figure 9f depicts the induced circulating currents under oblique
incidence is also in-phase, which is evidenced by the more destructive electric resonance
modes. That is to say, the interaction between the graphene and metamaterials can be more
strongly coupled at larger incident angle, which consequently makes the transmission dip
much deeper. Indeed, this mode coupling with a substantially different phase variance
is generally viewed as the LC effect by perturbating the symmetry by incidence-induced
phase difference. Since the electrical control of modulated characteristics can be obtained
by changing the Fermi energy of graphene, Figure 9g—j present the field distribution of the
hybrid metal-graphene metastructure device under normal and oblique incidence when the
Fermi level of graphene expands to 0.25 eV. It is worth noting that the near-field intensity
for both magnetic and electric fields decrease with increasing Fermi energy, due to the
high screening effect of graphene film causing the uncoupled interaction of LC resonance.
Therefore, the angular-dependent modulation of hybrid graphene metastructure can be
modified via both the incident angle and the gate voltage, which can make this device a
reasonable application in narrow band switches/sensors and free us from the geometric
restructure in most metamaterial-based devices.

4. Conclusions

In conclusion, in this work we investigate the angle-dependent modulation of electro-
static gating for a hybrid metal-graphene metastructure device. Through an experiment
performed on an angle-resolved TDS setup, the maximum angular-dependent modulation
depth is obtained as —37.6% with V, = —3 V at an incident angle of 30°. To further reveal
the physical mechanism of the modulation properties, a theoretical analysis for transmitted
dependency on the incident angle and Fermi energy of graphene is proposed. It is observed
that the LC resonant model is employed to describe the near-field interaction in this hybrid
device, which agrees well with the experimental results. The distribution of magnetic
and electric fields further illuminates that the modulated behaviors lie in the recombina-
tion effect of the conductive graphene. These results prove that the angular-dependent
modulation of the gated graphene-metastructure device can potentially provide a plat-
form for strong light-matter interactions. Further tunable modulation of graphene-based
metastrctures can be achieved by applying vertical or broadside coupling, which can be
effective routes through exploiting the interlayer near-field electromagnetic coupling. Our
works indicate that the graphene-based optical modulator can be used under multi-angle
incident conditions.
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