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Abstract: Wireless data traffic has expanded at a rate that reminds us of Moore’s prediction for integrated circuits in recent years, necessitating ongoing attempts to supply wireless systems with ever-larger data rates in the near future, despite the under-deployment of 5G networks. Terahertz (THz) communication has been considered a viable response to communication blackout due to the rapid development of THz technology and sensors. THz communication has a high frequency, which allows for better penetration. It is a fast expanding and evolving industry, driven by an increase in wireless traffic volume and data transfer speeds. A THz modulator based on a hybrid metasurface was devised and built in this work. The device’s modulation capabilities were modelled and proved experimentally. The electrolyte is an ion-gel medium implanted between graphene and metasurface, and the active material is graphene. On the metasurface, the interaction between the THz wave and graphene is improved. Additionally, an external bias voltage was employed to actively regulate the THz waves by tuning the electrical conductivity of graphene. The results show that with a minimal bias voltage, the device can achieve a modulation depth of up to 73% at the resonant frequency. Furthermore, during the modulation process, the resonance frequency remains almost constant. As a result, the proposed gadget offers a unique tool for substantial THz amplitude modulation at low voltages.
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1  Introduction

Terahertz waves refer to electromagnetic waves with a frequency range between 0.1 and 10 THz, which are located between infrared and millimeter waves in the electromagnetic spectrum. The reason why terahertz waves can attract the attention of researchers is that their special spectral position and spectral characteristics make them useful in the fields of national economy and national defense construction such as material structure exploration and identification, security inspection, biomedical imaging, radar and ultra-wideband communication It has broad application prospects [1]. However, due to the high-efficiency emission sources operating in the terahertz band in the past, detectors and functional devices are few or expensive, the terahertz technology is still far from practical application. Now, great progress has been made in the research of terahertz emission sources and detectors, and various terahertz technologies have been gradually proposed, including photoconductive antennas, optical rectification, Semiconductor surface emission, air plasma four-wave mixing and metal thin film spin current and other technologies [2,3]. In contrast, functional devices for controlling terahertz waves are still lacking. Therefore, the development of compact, high-performance, high-design freedom, and high-efficiency functional devices in the terahertz band is an urgent problem to be solved, which is of great significance for promoting the development of terahertz science and technology. The emergence of metamaterials and metasurfaces provides an effective means to solve this problem.

Metamaterials refer to novel materials composed of subwavelength artificial microstructures, which can efficiently and freely manipulate the propagation of electromagnetic waves. Due to the randomness of the design of the microstructure and arrangement of metamaterials, metamaterials can achieve many functions that cannot be achieved by natural materials, such as negative refractive index, stealth, super imaging, etc., refreshing people’s understanding of electromagnetic wave manipulation [4]. These metamaterials are all three-dimensional structures, which are difficult to process and suffer from high losses in practical applications. In contrast, research on metasurfaces has attracted more attention. Metasurface refers to a two-dimensional metamaterial composed of subwavelength artificial microstructures arranged in an array at the interface. It can not only control the transmission of electromagnetic waves, but also control other parameters of electromagnetic waves, such as amplitude, phase, polarization, frequency, and wavefront, etc. [5]. Compared with three-dimensional metamaterials, the processing of metasurfaces is simpler, and because the length of the interaction with electromagnetic waves is drastically reduced and the loss is lower, it is more suitable for the fabrication of devices. Like metamaterials, research on metasurfaces has also arisen in the microwave and infrared bands, and has now almost extended to the entire electromagnetic spectrum [6]. For the terahertz band where functional devices are lacking, the emergence of metasurfaces undoubtedly opens up a new path for them. At present, in the terahertz band, many functional devices based on metasurfaces have been reported, such as filters [7,8], absorbers [9], modulators [10], polarization controllers [11], wavefront control [12], and so on. However, it can be noticed that most of these devices are passive, and it is expected that more active and controllable terahertz functional devices can be realized on this basis. For this reason, the emerging two-dimensional material, graphene, has attracted extensive attention of researchers.

As a typical representative of two-dimensional materials, graphene has been widely studied in many fields such as physics, chemistry, energy and materials due to its unique mechanical, thermal and electromagnetic properties [13]. Graphene is a two-dimensional planar material composed of a single layer of carbon atoms arranged in a honeycomb shape, and its thickness is about 0.3 nm. The ideal graphene has a tapered band structure with no bandgap and high carrier mobility at room temperature [14,15], which provides the possibility for the rapid operation of optoelectronic devices. Different from other materials, the electrical conductivity of graphene is jointly determined by interband transitions and intraband transitions [16]. In the visible light band, the photoconductivity of graphene is almost unchanged, and the absorption rate of visible light is only 2.3%, which is an ideal transparent electrode material [17]. In the terahertz band, the conductivity of graphene depends on the in-band transition. By moving the position of the Fermi level by voltage, chemical doping, etc., the size of its conductivity can be changed, and then its interaction with terahertz waves can be changed. strength. Based on the remarkable tunability of graphene’s electrical conductivity in the terahertz band, researchers have proposed many terahertz master devices using graphene as an active material. Example: Transferring graphene onto silicon-based silicon dioxide creates a terahertz amplitude modulator can achieve 15% modulation of terahertz wave under 50 V external bias voltage [18]. By etching graphene into periodic rectangular or L-shaped shapes, ultrathin, broadband, and tunable polarization-controlling devices operating at terahertz frequencies have been realized [19]. In addition, graphene-based terahertz absorbers have also been proposed [20−22].

As an active controllable material, graphene has shown great application prospects in the development of terahertz functional devices, but its thickness (nanoscale) limits the strength of its interaction with terahertz waves. Within a given range of graphene conductivity fluctuations, the stronger the plane electric field where graphene is located, the more sensitive the terahertz wave transmission is to the graphene conductivity. By combining graphene with a metasurface, the strength of the interaction between graphene and terahertz waves can be enhanced to a certain extent, that is, its ability to control terahertz waves is enhanced, thereby promoting the development of terahertz master devices. Reference [23] directly transferred graphene to a silicon substrate, and then combined it with a metasurface to achieve 60% modulation of terahertz waves at a relatively small voltage by using a method of optoelectronic hybrid modulation. Reference [24] designed an ultrathin broadband terahertz metamaterial absorber based on patterned graphene, which achieved more than 80% absorption of terahertz waves, and the absorption bandwidth reached 1.422 THz. Reference [25] proposed an electronically controlled terahertz polarization device composed of a chiral metasurface and graphene, which realized the polarization of right-handed circularly polarized light without changing the left-handed circularly polarized light. Reference [26] combined metal metasurfaces and graphene, and proposed a master terahertz metalens, which achieved a focal length from 10.46 to 12.24 mm under a bias voltage of 0~2 V.

The ionic gels formed by mixing polymers with ionic liquids have good electrical conductivity and large mechanical strength, and have received extensive attention in the study of electrically controlled graphene Fermi levels. In this paper, a terahertz amplitude modulation device is proposed based on artificial iongel and graphene metasurface. Unlike previously proposed terahertz modulation devices, this study embeds ion gels on metasurfaces and between graphenes, by applying an external bias, a nanometer-thick electric double layer is formed at the interface between graphene and ion gel, similar to a supercapacitor, which can greatly adjust the Fermi level of graphene, so a small voltage can significantly change the electrical conductivity of graphene to achieve the purpose of controlling terahertz waves. The experimental measurements show that the device can achieve a modulation depth of 64% under an external bias voltage of 3.0 V while keeping the resonant frequency almost unchanged. On this basis, the modulation depth can be further increased to 73% by increasing the number of graphene layers interacting with the metal structure to two layers. In addition, numerical simulations are carried out for devices composed of metal structures with different feature sizes, and the simulation results show that by adjusting the size of the metal structures, large-scale modulation of terahertz waves at different frequencies can be achieved. This low-voltage, large modulation depth THz AM device is of great significance to promote the development and practical application of THz technology.

2  System Modelling and Experimentations

Fig. 1a is a schematic diagram of the structure of the terahertz amplitude modulation device designed, which has a single layer of graphene, an ion gel and a metal metasurface in sequence on a quartz substrate. Among them, the metasurface is an “I”-shaped aperture structure, as shown in Fig. 1b. The structure size parameters are as follows: a=120 μm, b=100 μm, w=25 μm, thickness h=10 μm, period p=200 μm. First, the numerical simulation software CST is used to simulate the terahertz transmission spectrum of the metal metasurface structure without substrate. In the simulation, in order to be consistent with the experiment, the material is selected as metal nickel, and its conductivity is set to 1.44 ×107 S/m. The propagation direction k of the electromagnetic wave, the vibration direction E of the electric field and the vibration direction H of the magnetic field are shown in the inset of Fig. 1b. The solid line in Fig. 1b is the amplitude transmittance spectrum of the metasurface (here, the amplitude transmittance is defined as t=|E~st/E~rt|, where E~st is the terahertz of the sample transmission electric field, E~rt is the reference terahertz transmission electric field), f is the frequency, it can be seen that there is a resonance peak with a transmittance close to 1 at 0.73 THz. Further, the simulation of the terahertz amplitude modulation device composite structure is carried out. The dielectric constant ε of the ion gel used in the simulation is measured by the terahertz time domain spectroscopy system, as shown in Fig. 1c. Because the thickness of graphene is very thin, in the simulation, the single-layer graphene is set as a thin film with a thickness of 1 nm and a carrier relaxation time of 50 fs [27], the dielectric constant of the quartz substrate is set to 3.8 and the thickness is set to 1 mm.
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Figure 1: Proposed system evaluation. (a) sample structure, (b) spectrum and metasurface, (c) εr, (d) transmission spectra, (e) field distribution at 0 eV (f) field distribution at 0.5 eV

σ(ω)=σ(ω)intra+σ(ω)inter(1)

where,

σ(ω)intra=ie2kBTπh2(ω+iΓ){EFkBT+2ln⁡[exp⁡(−EFkBT)+1]}(2)

σ(ω)inter=ie24πh¯ln⁡[2EF−(ω+iΓ)h¯2EF+(ω+iΓ)h¯](3)

where ω is the circular frequency; e is the charge of the electron; h¯ is the reduced Planck constant; Γ is the carrier scattering rate; T is the temperature in Kelvin; kB is Boltzmann constant and EF is the Fermi level of graphene. In the visible and near-infrared bands, the photoconductivity of graphene is mainly determined by the interband transition, and is approximately constant, namely: σ(ω)=e2/4h¯. In the terahertz band, the inter-band transition is forbidden, and the photoconductivity of graphene is mainly determined by the intra-band transition, that is, σ(ω)=σ(ω)intra. Conductivity is actively controlled. Quartz is selected as a reference. Fig. 1d shows the transmission simulation results of the composite structure at different Fermi levels EF. Compared with the transmission spectrum of the single metal structure, the resonant frequency of the device is shifted from 0.73 to 0.52 THz, which is due to the introduction of the ion gel to change the medium environment around the metal resonant structure, thereby shifting its resonant frequency to low frequencies. At the same time, it can also be seen that when the Fermi level of graphene is 0 eV, the transmittance of the composite structure is about 0.61, which is lower than that of the metal structure alone, which is mainly due to the electrical conductivity of graphene itself and ion condensation. It is caused by the influence of the electrical conductivity of the glue on the resonance of metal metasurfaces. As the Fermi level of graphene gradually increases, the resonant frequency of the composite structure is almost unchanged, but the transmittance decreases continuously. When the Fermi level is 0.7 eV, the transmittance decreases to 0.25, and the device has a maximum modulation depth of 59%. Here, the modulation depth is defined as M=|(tEF = 0.7 eV−tEF = 0 eV/tEF = 0 eV)|×100%, where tEF = 0.7 eV and tEF = 0 eV represent the Fermi level at 0.7 eV and 0 eV, respectively transmittance of the device.

In addition, the modulation effects of the modulation devices composed of metasurfaces with different feature sizes (similar to the structure shown in Fig. 1b, the only difference is the value of the parameter a, where a is 100 and 140 μm, respectively) are evaluated. The simulation results are shown in Figs. 2a–2d. It can be seen that by changing the feature size of the metal structure, the operating frequency of the device can be adjusted in a wide range on the premise of maintaining the modulation depth. The resonant frequencies of these structures are located at 0.48 and 0.58 THz, respectively. Further, the electric field distributions of the two structures at their resonant frequencies are simulated, and their electric field distributions at 0 and 0.5 eV are shown in Figs. 2b–2c and Figs. 2e–2f, respectively. It can be seen that, as the Fermi level of graphene increases, the strength of the local electric field decreases continuously. It can be seen that by adjusting the parameters of the metasurface geometry, active modulation of the amplitude at different terahertz frequencies can be achieved. In order to further explain the modulation mechanism of the device, the electric field distribution on the surface of the metal structure at a frequency of 0.52 THz was simulated. The results when the Fermi level is 0 and 0.5 eV are shown in Figs. 1e–1f, respectively. It can be seen that the electric field is always localized at the center of the “I”-shaped pore structure, and as the Fermi level of graphene increases, the strength of the local electric field is significantly weakened, because the increase of the Fermi level will lead to graphite. The conductivity of the alkene layer increases, thereby enhancing the short-circuit effect on the resonance of the metal structure, weakening the strength of the local electric field, and thus reducing the transmittance of the device at the peak.
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Figure 2: Simulation evaluation of various parameters. (a), (d) transmission spectra, (b), (e) field distribution for 0 eV, (c) (f) field distribution for 0.5 eV

3  Fabrication and Measurement

3.1 Sample Preparation

The modulation effect of the device will be verified by experiments in the following. The structure of the experimental sample is shown in Fig. 3a, and its processing flow is as follows. First, an “I”-shaped aperture metasurface made of nickel was fabricated by traditional photolithography and chemical methods. Next, a single-layer graphene with a size of 1 cm × 1 cm was transferred to the surface of the quartz substrate by the commonly used wet transfer method [28−30], and a strip electrode in contact with the graphene was fabricated by silver glue, in which the graphite used in the experiment was used. The graphene was grown by chemical vapor deposition (CVD) method. Then, the ionogel spin-coating solution was uniformly spin-coated on the graphene surface using a spinner (at a speed of 3000 r/min), and then baked at 70°C for 24 h. The residual acetone solvent in the gel was removed, so far, a uniform ion gel film was formed on the graphene surface. After that, another strip electrode was fabricated on the upper surface of the ion gel using silver glue, and the fabricated metal structure was pasted on the ion gel, finally forming a composite structure. The spin coating solution was obtained by mixing polymer P (VDF-HFP), ionic liquid ([EMIM][TFSI]) and acetone in a mass ratio of 1:4:7 and stirring at 50°C for 2 h.
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Figure 3: Proposed system. (a) architecture, (b) transmission spectra, (c) depth of modulation against frequency, (d) depth of modulation against external bias voltage

3.2 Experimental Test

The Fermi level of graphene is closely related to the applied bias, that is, |EF|=h¯vFπN, where N=n02+α2|ΔVg|2, ΔVg=Vg−VCNP, vF is the Fermi velocity, and N is the total load where n0 is the carrier density without external bias, α is the electron charge gate capacitance, VCNP is the applied bias at the electrical neutral point (CNP) of graphene, and Vg is the actual applied bias. Therefore, the Fermi level of graphene can be adjusted by applying an external bias voltage, thereby achieving the purpose of modulating terahertz waves. The terahertz time-domain spectroscopy system [31] was used to measure the transmittance of the sample under different applied bias voltages. Fig. 3b shows the composite structure under different applied bias voltages and the transmittance spectrum. Compared with the resonant frequency of 0.52 THz obtained from the simulation, the resonant frequency of the sample obtained in the experiment is slightly shifted to the low frequency, which may be caused by the slight difference in the thickness of the gel. It can be seen from Fig. 3b that: Under the applied bias voltage of −0.5 V, the transmittance of the sample reaches the maximum, indicating that the graphene used in this sample is in the weak p-doped state, and reaches the electric neutral point at −0.5 V, which is consistent with the literature. The conclusions of [32] are consistent as the applied bias voltage increases from −0.5 V to 3.0 V, the resonant frequency of the device remains almost unchanged, but the transmission amplitude decreases continuously, which is consistent with the simulation results. In order to clearly show the modulation performance of the device, the modulation depth curves at different frequencies under 3.0 V external bias voltage are calculated (in this case, the modulation depth is defined as M=Δt/tCNP×100%=|tVg−tCNP|/tCNP×100%, where tVg is the transmission coefficient of the sample when the external bias voltage is Vg, and tCNP is the transmission coefficient of the sample at the electric neutral point), as shown in Fig. 3c, it can be seen that the modulation device effect is good in a wide frequency range, and the modulation depth at 0.51 THz reaches the maximum value of 64%, indicating that the interaction between graphene and metal structure is the strongest at the resonant frequency. In addition, the modulation depth of the device under different bias voltages at the resonant frequency of 0.51 THz is calculated, as shown in Fig. 3d. It can be seen that the modulation depth increases with the increase of the applied bias voltage, and at extreme value is reached at 3.0 V applied bias voltage. However, limited by the electrochemical window of the ion gel, continuing to increase the applied bias would risk damaging the device, so 3.0 V was the maximum applied bias applied in the experiment.

3.3 Experimental Test

In order to gain an in-depth understanding of the modulation mechanism, our group designed and fabricated a terahertz amplitude modulation device composed only of single-layer graphene and ion gel, the schematic diagram of which is shown in Fig. 4a. The device is the same as the sample with metal structure, the positive and negative electrodes are added on the surface of graphene and ion gel, respectively. Similarly, the transmittance of the sample was measured by the terahertz time-domain spectroscopy system. Fig. 4b is the transmittance spectrum of the sample under different applied bias voltages, and Fig. 4c is the sample under 3.0 V applied bias voltage. Compared with the THz AM device based on the metasurface/ion gel/graphene composite structure, the modulation depth of the THz AM device based on the graphene/ion gel structure is significantly reduced.
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Figure 4: Illustrations of the proposed THz device. (a) structure, (b) transmission spectra, (c) depth of modulation against frequency

Based on the above experimental results, it can be seen that the terahertz amplitude modulation device based on the artificial metasurface/ion gel/graphene composite structure can achieve a large modulation of the terahertz wave at a relatively small voltage, and the modulation effect is a metallic structure. Under the applied bias voltage, positive and negative ions gather at the interface of ion gel and graphene, forming an electric double layer (EDL) structure with nanometer thickness, and the applied bias voltage is large. Part of it falls in the electric double layer, forming a very strong electric field, so only a small voltage is needed to achieve a large modulation of the Fermi level [33], and then the effect of modulation of terahertz waves can be achieved. In addition, after adding the metal resonant structure, since the thickness of the ion gel is only a few micrometers, the graphene is still in the electric field localized by the metal structure [34], which enhances the interaction between the metal structure and graphene, thus further improving the modulation depth of the device.

4  Two-Layer Graphene-Based THz Device

4.1 Modulation Performance

In order to further increase the modulation depth of the device, on the basis of the above modulation device, our group designed and fabricated an amplitude modulation device composed of two single-layer graphenes, the structure of which is shown in Fig. 5a. In this structure, two single-layer graphene layers are placed on both sides of the metal resonant structure, and the two graphene layers are used as the positive and negative electrodes of the device, respectively. In the presence of an external bias voltage, an electric double layer is formed at the upper and lower graphene and ion gel interfaces, resulting in the rise of the Fermi level of one layer of graphene and the decrease of the Fermi level of the other layer of graphene, which leads to this phenomenon. The conductivity of the two-layer graphene increases with the increase of the voltage at the same time, and the two-layer graphene has a short-circuit effect on the resonance of the metal structure, so this structure can further increase the modulation of the terahertz wave. Similarly, the transmission spectra of the samples under different bias voltages were measured by the terahertz time-domain spectroscopy system, and the results are shown in Fig. 5b. It should be noted that the reference at this time is the transmission spectrum of two non-contact quartz plates. It can be seen that the resonant frequency of this device still appears at 0.51 THz, and the transmittances under 0 V and 3.0 V bias voltages are 0.60 and 0.16, respectively. In order to visually see the modulation performance of the device, the modulation depth at different frequencies is calculated (the modulation depth at this time is defined) as: M=Δt/tVg = 0×100%=|tVg−tVg = 0|/tVg = 0×100%, where tVg = 0 is the transmission coefficient of the sample when Vg=0, as shown in Fig. 5c. It can be found that the best modulation effect of the device also occurs at 0.51 THz, and the modulation depth here reaches 73%, which is a further improvement compared to the single-layer graphene modulation device. In addition, the modulation depths of the device under different bias voltages at the resonant frequency of 0.51 THz were also calculated, as shown in Fig. 5d.
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Figure 5: Proposed THz bilayer graphene device. (a) architecture, (b) spectra vs f, (c) depth of modulation against frequency, (d) depth of modulation against bias voltage

4.2 Modulation Speed

The modulation speed of the sample shown in Fig. 5a is measured, and the measurement device is shown in Fig. 6a. Among them, VDI is used to generate continuous terahertz waves with a center frequency of 0.51 THz, and an off-axis parabolic mirror (OAPM) collimates and focuses the continuous terahertz waves generated by VDI on the sample. After the Gaolai cell is placed on the sample, it is used to detect the terahertz power transmitted through the sample;
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Figure 6: Experimental evaluation of the proposed THz device. (a) setup for measurement, (b) result

The lock-in amplifier is connected to the Golay box to extract the variation of terahertz optical power. During the measurement, a square wave modulation voltage of 0~3V was applied to both ends of the sample electrode. Fig. 6b shows the change trend of the normalized optical power transmitted through the sample under the action of the square wave voltage of different frequencies. As the frequency of the voltage applied across the sample increases from 0 to 30 Hz, the optical power transmitted through the sample decreases continuously. Taking the point at 3 dB as the cut-off frequency of the device, it can be estimated that the modulation speed of the device is about 4.5 Hz, which can meet the needs of some practical applications.

5  Conclusion

This research article proposes a terahertz amplitude modulation device based on an artificial metasurface/ion gel/graphene composite structure. In this device, the ability of the metasurface to localize the surface electric field enhances the strength of the interaction between terahertz waves and graphene, and under an applied bias, the graphene-iongel interface forms an electric double layer with nanometer thickness, similar to For supercapacitors, the electrical conductivity of graphene can be greatly adjusted, on the one hand, its interaction with terahertz waves is changed, and on the other hand, the resonant ability of the metasurface is changed, and finally the effect of modulating the amplitude of terahertz waves is achieved. The design using double-layer graphene can achieve better modulation effect than single-layer graphene, which can achieve a modulation depth of 73% at the resonant frequency under an applied bias of 3.0 V, and the resonant frequency during the modulation process is 73% remained almost unchanged. In addition, the use of metasurfaces with different geometries or feature sizes can realize modulation functions at different frequencies. The active terahertz amplitude modulation device based on the metasurface/ion gel/graphene composite structure proposed by this research group can achieve a relatively large amplitude terahertz modulation under a small applied bias voltage, which is a promising candidate for emerging terahertz functional devices. development provides an effective way.
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