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Abstract: Terahertz (THz) technologies have achieved great progress in the past few decades.
Developing active devices to control the THz waves is the frontier of THz applications. In this paper,
anew scheme of two-bit THz encoder is proposed. Different from the present THz modulators whose
spectra at different bands are varied simultaneously, our encoder can realize the individually efficient
modulation of every channel. The encoder comprises the double-sided graphene-based metamaterials,
in which the graphene structures on each side are connected to the external electrodes individually.
The well-designed metamaterials on the front and back sides determine the resonances at two different
bands (0.20 THz and 0.33 THz) separately. Through simulating the performance of this device by
changing the conductivities of the graphene on each side independently, we demonstrate two-bit
encoding realized by the dual-band modulation of transmission amplitude with electronic control,
and the modulation depth can reach as high as 79.6%. Our encoder can promote the development of
multifunctional and integrated devices, such as frequency division multiplexers and logical circuitry,
which will contribute to THz communications.

Keywords: terahertz metamaterials; graphene; encoder; active control

1. Introduction

Terahertz (THz) radiation is generally referred to the frequency range of 0.1 to 10 THz, which is
located between infrared and microwave bands in the electromagnetic spectrum. Due to its unique
spectral characterization of the rotational and vibrational resonances, and the thermal emission lines
of simple molecules, THz technologies have been an attractive research field, with applications for
physics, medicine, biochemistry, astronomy, manufacturing, space and defense industries [1]. In the
past few decades, THz technologies achieved great progress, especially in imaging, biological and
medical applications, THz time-domain spectroscopy (THz-TDS) and non-destructive testing [2].

Taking advantage of ultrafast optics, the development of THz sources and detectors is much
more mature. By contrast, the functional devices to manipulate THz waves are still been explored.
A remarkable method to control THz waves is employing metamaterials. Metamaterials are
usually referred to the elaborately arranged subwavelength structures [3], which can manipulate
electromagnetic waves artificially. Based on this concept, researchers designed many on-demand
functional devices, including flat lenses [4], polarization converters [5], filters [6], sensors [7],
waveguides [8], etc. The previous works mainly employed passive devices, which face the drawback of
single function and limited application scenarios due to the fixed established structures. Active devices
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can enrich their own functionalities by changing the material characteristics via controlling the
applied physical quantity, like pump power of laser [9], voltage or current [10,11], magnetic forces
or thermal [12], etc. Graphene is a competitive two-dimensional material for active control due to
its large conductivity range and ultrafast response [13,14]. Graphene-based metamaterials used as
waveguides [15], switches [16] and sensors [17] have shown their potential in developing optical
devices. Meanwhile, the THz devices integrated with graphene emerged the probability in active
control: Li et al. experimentally demonstrated an active diode for the THz waves consisting of a
graphene-silicon hybrid film [18], and Kindness et al. achieved active resonance frequency tuning of a
THz metamaterial by integrating metal-coupled resonator arrays with electrically tunable graphene [19].
Active devices are gradually being brought to the forefront of THz applications.

Another potential application of THz technology is THz communications. Compared to the
microwave circuits, THz devices have the advantages of miniaturization, wideband and agility [20,21].
Since THz communications may play an important role in next-generation communications, THz
coding technology will be of great significance. However, as one of the key components, THz encoder,
which can compile information on THz waves, is rarely studied. Different from the multiband
modulator whose spectra at different bands are varied simultaneously, an encoder needs to realize
the individual control of every channel. Though there are many researches about graphene-based
metamaterials whose transmittance can be governed by voltage [16,19,22], the independent control
of different bands is hardly demonstrated. Currently, most THz modulators are made of in-plane
metamaterials [23,24], where the problems caused by the interaction between different channels are
intractable. One is the intersection of different electrodes in wiring, which will increase the complexity
in fabrication. Another is the spatial arrangement of the metamaterials. If different resonators are too
close, their coupling cannot be ignored; if they are too distant, the efficiency of the modulation will be
reduced. So, developing an encoder is not a simple superposition of different modulators in one device.
To solve those problems, we design the THz encoder by applying dual-sided hybrid metamaterials,
which can separately control the voltages (front and back sides of our device) to achieve different
coding function. Compared with the present THz modulators, our encoder can not only maximally
enhance the coding number in the single chip, but also guarantee the modulation efficiency.

In this paper, we propose a two-bit THz encoder based on hybrid metamaterials, which can
independently modulate two different bands with high efficiency. The encoder consists of the
double-sided hybrid metamaterials patched with graphene deposited on the silicon substrate, where the
graphene structures on each side are connected to the external electrodes individually. Utilizing CST
(Computer Simulation Technology) microwave studio, we simulate the transmission spectra of the
device, and we demonstrate two-bit encoding based on the dual-band independent switches by
tuning the Fermi level of the graphene with voltage control. Using the double-sided metamaterials,
we successfully eliminate the coupling between different bands, and meanwhile, the modulation depth
can reach as high as 79.6%. Our encoder, with simple structure and easy operation, may contribute to
the promotion of multifunctional and integrated devices, such as frequency division multiplexers and
logical circuitry.

2. Device Design and Simulation

Our THz encoder was composed of hybrid graphene—-metal-silica metamaterials laying on the front
and back surfaces of the silicon substrate, respectively. We put two kinds of hybrid metamaterial-based
resonators (chosen as classical split ring resonators, SRRs) on each side of the device, respectively,
which determined the working bands of the encoder. Resonators on each surface were connected to the
external electrodes individually. Therefore, we could separately control the dual-band transmission
amplitudes via modulating the voltage applied on each side hybrid metamaterial.

The hybrid metamaterials were made of periodic unit cells diagramed in Figure 1a. The metallic
structures functioned as the electromagnetic resonators, the graphene strips linked with electrodes
worked as the controller, and the silica structures sandwiched between the metallic and graphene
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layers were to isolate the graphene strips and the silicon substrate [14]. The metallic structures on both
surfaces were SRRs, whose shapes were square split rings on the front side and circle split rings on the
other side. The closed ring-shaped silica structures were underneath the metallic layer, which were
attached with strips along y axis on both surfaces. The single-layer graphene strips paralleled to y axis
patch on the top of the metallic and silica structures of both side metamaterials.
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Figure 1. Structures of the unit cell: (a) The schematic of the unit cell, (b) the front and (c) the back
views of the unit cell.

The key indicator for an encoder is the modulation depth. We have optimized and determined
the geometrical parameters of two resonators by comparing their performance in modulation depth.
As shown in Figure 1, the dimensions of our encoder were as follows: For the square split rings shown
in Figure 1b, outer and inner lengths of the arms were L = 130 um and / = 100 pm, respectively, gap of
square split ring Sg = 10 um, width of silica (graphene) strip w; = 15 um, and the period of unit
cell P = 180 um; for the circle split rings shown in Figure 1c, outer and inner radii of the ring were
R =39 pym and r = 32 um, respectively, gap of circle split ring S, = 10 um, width of silica (graphene)
strip wy = 10 um, and the period of unit cell P/2 = 90 um; for all split rings, the thicknesses of the
metallic layer, silica layer and substrate were 0.2 ym, 0.3 ym and 1000 pm, respectively.

Figure 2 is the schematics of our device, which was formed of the unit cell array. We set aluminum
electrodes in the edges of y axis on the front and back surfaces of the chip, which were linked to the
pins of voltage control circuit Pina and Ping, respectively. The schematic of the whole device is shown
in Figure 2a (note that actually the entire device has more than 50 X 50-unit cells in the xy-plane and is
larger than the size of THz beam). Figure 2b,c strictly describe the structure and dimensions from the
front and back views of the device, which are the period arrays of the unit cell shown in Figure 1b and
1c, respectively. As shown in Figure 2d, the metamaterials on the front and back sides were connected
to the external voltage sources Vcp and Vcp, respectively, which could program the on—off commands
independently. The separated control circuits could shift the Fermi levels of the graphene on the
front and back sides individually, and therefore modulate the transmission amplitudes of dual-band
determined by the double-sided metamaterials.
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Figure 2. Structures of the device: (a) The schematic of the device; (b) the front view, (c) back view and
(d) lateral view of the device.

We simulated the transmission spectra using CST microwave studio in time domain, and
the incident THz waves were polarized along the y axis. The dielectric constants of silicon and
silica are 11.69 and 3.46, respectively, and the conductivity of metallic rings made of aluminum is
3.6x107 S/m [25,26]. The conductivity of graphene can be expressed by the Drude-like model [27,28]
o(w) = ie?Ep/ [nﬁz(w + iT_l)], where e and 7 are electron charge and Planck constant, respectively, and
Er represents the Fermi level of graphene. The relaxation time 7 can be calculated by T = uEr/ (evl%),
and in the THz regime, we set the carrier mobility y = 3000 cm?/V-s and the Fermi velocity vp = 1.1 X
10° m/s [27,28]. Hence, the conductivity of graphene can be varied by changing the Fermi level via
controlling external voltage [19,29].

Considering the manufacturing process, the chip can be feasibly fabricated by means of
conventional techniques. The fabrication of the chip is divided into four steps, roughly: Firstly,
grow metallic structures on the front and back surfaces of the silicon/silicon dioxide (55D) wafer using
photolithography and lift-off process [3]; secondly, the photoresist patterns and the metallic structures
together serve as a mask during the reactive ion etching (RIE) of the unneeded silica structures on both
sides of the SSD wafer [30]; thirdly, transfer the graphene to both sides of the chip and then pattern
the graphene strips using e-beam lithography and etching with a radio frequency oxygen plasma
asher [19]; finally, connect the electrodes to the external voltage source through leads [19].

3. Results and Discussion

3.1. Equivalent Circuit for the Resonators

To better understand the physical mechanism affecting the performance of the encoder,
we investigated the characteristics of the hybrid metamaterials on the front and back surfaces of the
device separately. Figure 3a shows the normalized transmission spectra of the front side metamaterial.
We simulated the results by varying the Fermi level of the graphene strips Er from 0.01 eV to 1 eV.
When the Er was 0.01 eV, the resonance at 0.20 THz (band A) was obviously excited, however, as the Er
increased, the resonance gradually weakened, and the bandwidth broadened. When the Ef increased
to 0.8 eV or higher, the resonance was almost vanished. Associated with the distributions of the
surface current density in the metallic layer shown in Figure 3b,c, we can see that the loop current was
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evidently stimulated within the square split ring when Er = 0.01 eV; as for the case when Er = 0.8 eV,
the distribution of current became symmetrical along the y axis. Similar results can be found in the
transmission spectra and the distributions of the surface current density of the back-side metamaterial
shown in Figure 3d-{, except that the resonance frequency was shifted to 0.33 THz (band B).

The behavior of the resonators can be explained with the theory of equivalent circuit [31,32].
For a metallic structure of split ring resonator (SRR), its gap capacitance and loop inductance can be
described by an equivalent capacitance C, and an equivalent inductance L,, respectively. In our work,
when the voltage (the difference between the gate voltage and the voltage shifting the Fermi level to
the Dirac point [22]) is not applied, the Fermi level of graphene is on the Dirac point. Therefore, the
conductivity of graphene is very low (i.e., the graphene is hardly electrically conductive) [33]. Hence,
the gap in the square/circle split ring is non-conducting. In this situation, the loop current shown in
Figure 3b/e for the square/circle split ring with Er = 0.01 eV can be modeled with LC equivalent circuit,
which is diagramed in Figure 3g/h, corresponding to the situation that the switch kg, is open. Thus, the
resonance frequency f of SRR can be expressed as [31,32]:

1
21t VL.C,

Here, the equivalent inductance L, is approximately proportional to the size of the SRR [34]. Due to the
different shapes of the resonator, the size can be reasonably converted with the area. Consequently, the
resonance frequency can be qualitatively estimated with f; ~ 1/L for the square split ring and f. ~ 1/R
for the circle split ring. Since R is smaller than L, the resonance frequency of the circle split ring will be
higher than that of the square split ring, which agrees with our results shown in Figure 3a,d. Besides,
the equivalent capacitance C, will also be affected by other parameters (gap, width or thickness of the
metallic structure) [34]. As we mentioned in Section 2, we optimized the geometrical parameters of
two resonators in order to obtain the good performance in modulation depth.

When the voltage is applied on the graphene strip, the Fermi level is shifted away from the
Dirac point [33]. Thus, the conductivity of graphene strip becomes large, and graphene switches to
be electrically conductive. Hence, the gap in the square/circle split ring is conducting to a certain
extent, and the strength of the resonance will generally weaken. When the Fermi level is tuned to
0.8 eV, the equivalent circuit for the square/circle split ring, as shown in Figure 3g/h, will be altered to
the RLC parallel resonance circuit, corresponding to the case that the switch kg, is closed. Here, rg,
is the equivalent resistance between the gap and Ry, is the equivalent resistance between the unit
cells. Due to the high conductivity of graphene, the initial LC resonance is broken: each capacitator is

f = 1)

connected in parallel with a low resistance, and the equivalent resistance between the unit cells is also
reduced. As a result, the resonance behavior is changed to the symmetrical current distribution shown
in Figure 3¢/f, which corresponds to the dipole mode whose resonance frequency will be blue shifted.
Note that if Er further rises to 1 eV, the new merged dipole mode will be resonated (obviously around
0.30 THz in Figure 3a for the square split ring) due to the metal-like conductivity of the graphene. As a
result, the transmission amplitude at higher frequencies will decrease, which will make trouble for
designing dual-band devices. This is why we choose 0.8 eV as the higher Fermi level corresponding to
“On” status for the encoder hereinafter.

For the cases that Fermi level is between 0.01 eV and 0.8 eV, the modulation of the transmission
dip also can be qualitatively explained with the theory of equivalent circuit. Take square split ring as
an example: According to the relation of quality factor Q to the parameters of the equivalent circuit
Q = r+C,/L., when the voltage is applied, the equivalent circuit is switched from initial LC resonance
circuit to RLC parallel resonance, and the parallel resistance 7y varies from infinity (because of the open
state of the switch ky) to a finite value. Consequently, Q will be reduced and the resonance at band A
will be weakened. These coincide with the simulated results shown in Figure 3a: When Fermi level
increases, the transmission gradually enlarges, and the bandwidth gradually broadens. The similar
analysis also can be applied to explain the results of the circle split ring and we will not discuss in detail.
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Figure 3. (a) Transmission spectra, distributions of the surface current density with (b) Er = 0.01 eV and
(c) Ep = 0.8 eV of the single metamaterial on the front surface. (d) Transmission spectra, distributions of
the surface current density with (e) Er = 0.01 eV and (f) Er = 0.8 eV of the single metamaterial on the back
surfaces. Equivalent circuit diagrams of the resonator in the (g) front and (h) back-side metamaterials.

3.2. Performance of the Encoder

Now, if we choose Er = 0.01 eV as the low transmission state, and Er = 0.8 eV as the high
transmission state, which corresponding to the situations without and with applying the voltage on
the graphene stripes, respectively, we can obtain two different states for each resonator. In this way;,
we can realize one-bit coding at one band. To double the number of bits, we should assemble two
resonators working at two different bands and meanwhile eliminate their coupling. We put the square
and circle split ring arrays on the front and back surfaces of the metamaterials, respectively, so that the
coupling between the two kinds of resonator can be effectively reduced. We have investigated the
coupling effect by changing the thickness of the substrate. When the front and back side metamaterials
were separated more than 500 um, the coupling effect nearly disappeared. The reason for choosing
1 mm-thick substrate in our device is that when we detect the transmission spectrum using THz time
domain system, we can get longer time signal and obtain more detailed information in the frequency
domain after Fourier transform.

After determining the optimized geometrical parameters and Fermi level values, we simulated
the performance of the encoder with double-sided hybrid metamaterials. Figure 4 demonstrates the
simulated normalized transmission spectra of the device showing four encoding statuses in frequency
domain, which corresponds to the different cases of the voltage control listed in Table 1. Here, for
the status of the controller, “On” or “Off” refers to the situations that Pin_a) is loaded with or
without voltages, respectively, and thus the corresponding Fermi level of the graphene is modeled
as 0.01 eV or 0.8 eV, respectively; for the transmission amplitude, we define the value as “Low” or
“High” depending on whether it is lower or higher than the threshold (chosen as 0.4). Apparently,
we achieve four encoding statuses—00, 01, 10, 11—via modulating the transmission amplitude of
bands A and B (resonated around 0.20 THz and 0.33 THz, respectively) by applying the voltages to the
structures on the front and back surfaces independently. Comparing to the transmission spectra of
each side metamaterials shown in Figure 3a,d, we can identify that the working bands A and B are
determined by the metamaterials on the front and back surfaces, respectively. Since the frequencies of
the resonance dips were barely moved, the coupling between the two metamaterials can be ignored.
In order to measure the effectiveness of our device, we extracted the modulation depth from the
transmission spectra (the value of modulation depth was calculated using the amplitude of codes 00
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and 11). As denoted in Figure 4, the modulation depth could reach as high as 79.6%, which indicates
our encoder has distinguished performance.
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Figure 4. Normalized transmission of the device in different encoding cases.

Table 1. Encoding status and the corresponding status of the controller and the transmission.

Code Voltage of Controller Transmission Amplitude
Pin_A Pin_B Band A Band B
00 Off ! Off Low Low
01 Off On Low High
10 On? Off High Low
11 On On High High

1 Status “Off” was simulated with Er = 0.01 eV. 2 Status “On” was simulated with Er = 0.8 eV.

Subsequently, we investigated the resonance details about different coding states. Figure 5a—d
shows the distributions of the surface current density in codes 00, 01, 10 and 11, respectively, in which
the top and bottom rows correspond to the resonances at 0.20 THz (band A) and 0.33 THz (band B),
respectively. Visibly, band A was dominated by the resonance in the square split rings, and band B was
governed by the resonance in the circle split rings. The resonance behaviors are almost identical to
those shown in Figure 3b—f. It is obvious that the resonances are strong when there is no voltage applied
to the structures (for example the situation of code 00), which coincide with the deep resonance dips in
the transmission spectra. If the voltage is applied to the structures (for example the situation of code
11), the resonances are much weaker, and the resonance dips will disappear in the transmission spectra.
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Figure 5. Distributions of surface current density in different codes at 0.20 THz (top row) and 0.33 THz
(bottom row): (a) code 00, (b) code 01, (c) code 10, (d) code 11.

3.3. Further Discussion

At last, we briefly discuss the issues about the potential applications. The applied voltage may
be a considerable indicator for graphene-based device. According to the references [16] and [22], we
can roughly estimate that the required voltage shifting Fermi level to 0.8 eV is about three hundred
volt. There are two possible methods to reduce the applied voltage. One is to choose lower Fermi
level as the “On” state, and the price is that the modulation depth will be diminished. The other is
to decrease the thickness of silica layer, and the required voltage for the same Fermi level may be
effectively reduced, but the breakdown voltage of the device will also drop off. Those solutions need
more investigations based on theory and experiment, which will be the key points in our future work.

According to our simulated results and discussion, we can infer that if the metamaterials laying
on different layers are distant enough, the interaction between them can be almost ignored. Thus, if we
arrange more resonators by means of multiplying the layers, the functionality of the device may be
efficiently expanded. Our scheme of encoder has potential in developing multibit device combined
with CMOS (Complementary Metal Oxide Semiconductor) technique in the future.

4. Conclusions

We propose a two-bit encoding device working at terahertz frequencies. The device assembles
the two graphene-based hybrid metamaterials with different shapes deposited on the front and back
surfaces of a silicon wafer. Using the external electrodes to change the conductivities of the graphene on
each side individually, we realize the active control of dual-band transmission amplitudes. The results
demonstrate that our device can function at 0.20 THz and 0.33 THz with good performance, and the
modulation depth can reach 79.6%. Comparing with the present THz modulators, our encoder can
not only maximally enhance the coding number in a single chip, but also guarantee the modulation
efficiency. The functionality of the device may also be expanded by arranging more separately
controlled resonators in multilayer structures. Moreover, the device proposed in this paper can also
be widely used in other bands. Our encoder may pave a new way to develop multifunctional and
integrated devices, such as multiband filter and sensor, frequency division multiplexer and logical
circuitry, which will promote the development of THz communications and other applications.

5. Patents

Shan Yin, Xintong Shi, Wei Huang, Ling Guo, Fangrong Hu, Wentao Zhang, Xianming Xiong.
A transmission-type terahertz two-bit encoding device and system. 2019210801324 (China).
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