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Abstract

:

When metamaterial structures meet functional materials, what will happen? The recent rise of the combination of metamaterial structures and functional materials opens new opportunities for dynamic manipulation of terahertz wave. The optical responses of functional materials are greatly improved based on the highly-localized structures in metamaterials, and the properties of metamaterials can in turn be manipulated in a wide dynamic range based on the external stimulation. In the topical review, we summarize the recent progress of the functional materials-based metamaterial structures for flexible control of the terahertz absorption and polarization conversion. The reviewed devices include but are not limited to terahertz metamaterial absorbers with different characteristics, polarization converters, wave plates, and so on. We review the dynamical tunable metamaterial structures based on the combination with functional materials such as graphene, vanadium dioxide (VO2) and Dirac semimetal (DSM) under various external stimulation. The faced challenges and future prospects of the related researches will also be discussed in the end.
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1. Introduction


The electromagnetic characteristics of optical elements, including fundamental elements and novel metamaterial structures, are determined by two factors: materials and structures [1]. For the bulk materials, the properties are based on the effects of permittivity (ε) and permeability (μ), which characterizes the polarizing capability of the material under the influence of electric and magnetic fields, respectively [2]. Metamaterials have provided novel routes for controlling electromagnetic waves and realized many excellent optical phenomena, including superlensing [3,4], electromagnetically-induced transparency [5], perfect absorption [6], polarization conversion [7], and so on. As particular subtypes, metamaterials can be treated to construct absorbers and polarization converters in terahertz frequency region, leading to near unity absorption and polarization conversion in a small or a broad frequency range. These metamaterial-based terahertz devices can be designed to break the thickness limitation of traditional quarter wavelength devices [8,9].



Dynamically manipulating electromagnetic waves based on switchable metamaterial structures can overcome the fundamental limitations of passive and static systems. In general, two main methods can be used to realize the tuning characteristics of the metamaterials. One method to achieve the tunability of the metamaterial is based on the mechanical reconfiguration. The implementation of this method is to tune the electromagnetic responses by changing the structures, including tuning the lattice constants, resonator structures, and spatial arrangements through external stimulation. Such changes can be applied to the entire spectrum region, but generally have a long response time [10,11,12,13,14]. The other method is to combine the metamaterial structures with the functional materials, including liquid crystals [15], black phosphorus [16,17], graphene [1], Dirac semimetal [18], phase change materials [19], and so on, treated as surrounding media or constituent materials. This method is to modulate the optical properties of the functional materials through external stimulation, thereby further realizing the dynamic control of metamaterials. Compared to the first method, the tuning method based on functional materials can perform a faster speed with narrower operation bandwidth caused by the material dispersion [2]. This paper emphasizes recent development of functional material (including graphene, vanadium dioxide (VO2), and Dirac semimetal (DSM))-based terahertz metamaterial structure for constructing absorbers, polarization converters and multi-functional devices in terahertz frequency band, which have no systematic summaries reported in relate review papers [1,2,6,15,20,21].



In this topical review, we demonstrate the results when terahertz metamaterial structures (mainly absorption and polarization conversion) are combined with functional materials (mainly graphene, VO2 and DSM). We try our best to show a comprehensive insight, including the common basic structure designs and the state-of-the-art research directions. The review is organized as shown in Figure 1. Section 2 introduces the graphene-based terahertz metamaterial absorbers and polarization converters. Section 3 and Section 4 summarize the VO2- and DSM-based absorbers, polarization converters and multi-functional structures. Section 5 is focused on the realization of above functions based on the combination of two different functional materials in one metamaterial structure. Finally, conclusions and perspectives are provided in Section 6.




2. Graphene-Based Terahertz Metamaterial Absorbers and Polarization Converters


Graphene is a kind of two-dimensional (2D) single-layer carbon atoms exhibiting special properties [22,23]. Graphene materials can be used as an excellent platform for metamaterial and provide strong confinement. Graphene plasmons, different from the surface plasmon polarities generated by gold and copper, exhibit low loss optical properties [24]. Furthermore, the Fermi energy and the related charge carrier density can be engineered through electrical gating and doping. Higher carrier mobility (above 10,000 cm2/(Vs)) has been obtained when graphene is grown by chemical vapor deposition (CVD) [25]. In addition, the mobility over 200,000 cm2/(Vs) has been achieved in the experiment by using suspended monolayer graphene [26]. Recent research demonstrates that by manufacturing the graphene layer on hexagonal Boron nitride (h-BN) substrate, the carrier mobility can reach 300,000 cm2/(Vs) at low temperature [27].



The combination of graphene and metamaterial structures allows the devices to provide better tunability. The material and structure can interact and reinforce each other; thus, the microstructures can improve the interaction of terahertz wave with the atomic thin layer of graphene, and the tunable material characteristics of graphene in turn manipulate the response of microstructures. In 2010, N. Papasimakis et al. were the first to combine the metamaterial with graphene to study the electromagnetic response of “trapped mode” plasmonic resonances [28]. They showed that the graphene dramatically changes the transmission characteristics of the designed structure, resulting in an increase in transmission of more than 250%.



In the terahertz frequency band, graphene demonstrates strong coupling effect with incident terahertz waves, and shows strong metallic characteristics when interacting with electromagnetic waves. Based on this, it allows incident waves with certain frequency to be resonantly absorbed or scattered on the graphene. Thus, the energy of electromagnetic field will be concentrated in a range of sub-wavelength range, resulting in strong graphene-based surface plasmon polaritons [29]. Since the above-mentioned advantages, graphene-based terahertz metamaterial absorbers have been extensively investigated in recent years.



2.1. Graphene-Based Terahertz Metamaterial Absorber


2.1.1. Single-Frequency/Band Terahertz Metamaterial Absorber


Treating the combination of graphene material and metamaterial structures, the tunable single-frequency/band terahertz metamaterial absorbers have been widely investigated. In general, the design methods and structures of the single-frequency/band graphene-based metamaterial absorbers are relatively simple. H. Xiong et al. reported a dynamical tunable terahertz graphene metamaterial absorber consisting of metal wire and continuous graphene film over the grounded dielectric absorber, as show in Figure 2a [30]. The frequency of the absorption peak increases from 6.91 THz to 8.1 THz, and the absorption decreases from −39.7 dB to −7.24 dB when the chemical potential increases from 0 to 0.4 eV. X. J. He et al. proposed a graphene-based metamaterial absorber to realize the active tunability of bandwidth, intensity and frequency [31]. The schematic diagram of graphene microstructure is given in Figure 2b. By varying reconfiguration state of two discs, the full width at half maximum (FWHM) bandwidth at 1.451 THz improves from 64 GHz to 96.8 GHz with no obvious resonant frequency shift, and the absorption amplitude at 1.461 THz achieves about 94% modulation depth. The resonant frequency of the absorption peak has a blueshift of 267 GHz. Furthermore, when the reconfiguration states switch between (0.09 eV and 0.12 eV) and (1.00 eV and 1.80 eV), the switching strength about 91.1% has been realized at 1.313 THz, with a corresponding switching contrast of 3961%. As illustrated in Figure 2c, Z. Yi et al. reported a switchable plasma metamaterial absorber composed of the graphene-based square-square-circle arrays [32]. Additionally, they used the structure as a refractive index sensor providing a sensitivity of 15,006 nm/RIU. Furthermore, we have designed switchable single-frequency terahertz metamaterial absorber containing a graphene microstructure layer, a silicon (Si) layer and a copper background [33]. The graphene microstructure is shown in Figure 2d, which contains four T-shaped graphene strips and a graphene square ring. By tuning the Fermi energy of graphene based on external bias voltage, the absorption and spectral characteristics can be changed.




2.1.2. Dual-/Multi-Band Terahertz Metamaterial Absorbers


For the graphene-based switchable terahertz metamaterial absorbers, another research focus is to realize dual-/multi-band absorption. Two main methods can be treated to increase the absorption peaks or bands. One approach is to use the single-layer graphene microstructure to obtain the multi-band absorption. In this case, two main forms of single-layer graphene microstructures, including discrete graphene patterns and continuous microstructures, are investigated.



For discrete graphene patterns, some classical structures, including graphene elliptic structure [34,35,36,37], square patches [38,39], four T-shaped graphene strips [40,41,42], different sizes of graphene microstructures in one unit cell [43], graphene ribbons [44,45], perforated graphene disk [46,47], L-shaped graphene resonator [48], hexagon graphene structure [49], and so on, are used to construct the multi-band absorbers. Additionally, metamaterial absorbers based on single-layer hybrid graphene-metal structures can be used to effectively generate the multi-band absorption characteristics [50]. G. Yao et al. used the periodically patterned elliptical nanodisks graphene structure to construct a dual-band perfect absorber [34]. The cross-elliptical graphene patterns are often used in the multi-band absorbers [36,37] (as shown in Figure 3a). M. L. Huang et al. presented a dual-band terahertz metamaterial absorber using square graphene patches [39]. This absorber can realize dual-band absorption based on the excitation of fundamental and second higher-order resonant modes on square graphene patches. A dual-band perfect metamaterial absorber containing two sizes of graphene disks in one unit cell has been designed [43]. The superposition of the specific absorption peaks is caused by different disks. The resonant frequencies can be switched by changing the graphene conductivity and the geometrical parameters of the disks. J. Li et al. investigated a switchable dual-band metamaterial absorber using monolayer perforated graphene disk array with a nearly 100% absorption at 4.7 THz and 10.7 THz [46]. They used the designed structure as a refractive index sensor with the sensitivities of 0.67 THz/RIU and 2.33 THz/RIU. Y. T. Zhao et al. proposed a switchable broad-band absorber/reflector using a hybrid graphene-gold structure [50], as illustrated in Figure 3b. By changing the chemical potential (Fermi level) of the graphene from 0 to 0.3 eV, the structure can be switched between reflector (reflection 82%) and absorber (absorption 90%) in a broad frequency band (0.53 to 1.05 THz). In Figure 3c, our group used two sizes of graphene square rings to achieve a dual-frequency tunable terahertz metamaterial absorber [51]. The absorber provides the absorption peaks of 99.8% and 99.9% at 0.74 THz and 1.71 THz. By tuning the Fermi energy of the graphene material through bias voltage, the absorption characteristics can be varied.



For continuous graphene microstructures, the size of graphene patterns generally needs to be consistent with the size of unit cell (periods), so that a continuous channel can be formed in the entire absorber, reducing the difficulty of processing and tuning [42,52]. Our group has conducted a lot of researches on absorbers based on continuous graphene microstructure. J. S. Li et al. presented a triple-band terahertz metamaterial absorber containing the umbrella-shaped graphene array [53]. The structure can show three absorption peaks at the frequencies of 0.506 THz, 1.638 THz, and 2.687 THz with the absorption of 0.998, 0.997 and 0.998. In Figure 4a, J. S. Li et al. reported a polarization-insensitive dual-band switchable graphene-based metamaterial absorber [54]. The graphene microstructure contains a graphene cross and graphene ring with four gaps. The frequency and intensity of the absorption peaks can be modulated based on the variation of chemical potential of graphene stimulated by external voltage. Later, in Figure 4b, we designed a switchable graphene-based metamaterial absorber using a single-layer continuous dumbbell-shaped graphene microstructure to achieve the narrow bandwidth and dual-band absorption [55]. The bandwidths of the two perfect absorption peaks are as narrow as 26.4 and 23.5 GHz with the frequencies of 224.2 GHz and 530.2 GHz, respectively.



For another, the patterned graphene microstructures will inevitably form truncated edges of graphene, which may result in edge effects, including unordered diffuse scattering losses [56,57]. To avoid these problems, the use of a single-layer nonstructured graphene film to form a multi-band metamaterial absorber is also a popular method [58,59,60]. L. M. Qi et al. used the nonstructured graphene film combined with simple dielectric resonators to obtain the broad-band and dual-band terahertz absorption [59]. The high absorption intensity of 80% can be achieved in the frequency band of 0.473–1.407 THz and 2.273–3.112 THz. Furthermore, the working function of the device can be changed between absorption (>80%) and reflection (>91%) by tuning the chemical potential of graphene. P. Jain et al. proposed a hybrid metal-graphene-based tunable polarization-insensitive metamaterial absorber to realize absorption with the properties of both broad- (absorption >90% in 4.57–6.45 THz) and dual-band absorption (6.86 TH and 7.20 THz) [60]. The normalized impedance and constitutive electromagnetic parameters of the metamaterial absorber are calculated based on the Nicolson-Ross-Weir (NRW) method to verify the absorption intensity. Two kinds of metamaterial structures with dielectric and metal resonators are given in Figure 5a,b.



Another method to achieve multi-band absorption is stacking the multiple layers of graphene structure with different shapes and sizes [61,62,63,64]. In 2018, R. Xing et al. designed a dual-band terahertz metamaterial absorber using graphene sheet and ribbons [65]. The graphene sheet is sandwiched by SiO2 layers and the graphene ribbons are placed on top. Based on the switchable properties of surface conductivity of graphene, the absorption can be modulated by changing the chemical potential of graphene. In 2019, Q. H. Zhou et al. designed a tunable dual-band terahertz metamaterial absorber based on cascade of a Salisbury-screen-like structure consisting of a structured graphene layer and a gold-graphene hybrid frequency selective surface (FSS) [66]. The hybrid FSS unit cell contains two gold layers separated by polyimide (PI) layer. The front gold layer is an annular aperture, and graphene material is uniformly deposited at the bottom of the annular aperture. The background layer is a gold cross structure. In 2021, P. Zamzam et al. proposed a four-band metamaterial absorber based on dual-layer graphene microstructures in the terahertz region [24]. Two layers graphene microstructures were stacked to form a four-band metamaterial absorber providing an average absorption of 99.43% at the resonant peaks of 2.7 THz, 3.19 THz, 3.99 THz and 4.46 THz when the Fermi energy is 0.9 eV.




2.1.3. Broad-Band Terahertz Metamaterial Absorbers


In the field of broad-band applications, researchers have also adopted a variety of implementation methods. Single-layer graphene microstructure [67,68] and multi-layer graphene microstructures [69,70,71,72] have provided efficient methods for increasing the absorption bandwidth.



The first method to construct broad-band metamaterial absorbers is based on geometrical single-layer graphene microstructure. Many classical discrete graphene patterns, including target-patterned graphene resonator [73], various graphene square resonators in one unit cell [74], graphene disks [75], hexagonal spider web structure [76] and so on, are used to construct broad-band metamaterial absorbers. Furthermore, some continuous graphene layers, including continuous graphene microstructures [67,77,78,79,80,81,82] and nonstructured graphene films [68,83,84], are also used to construct the broad-band terahertz metamaterial absorbers. Y. N. Jiang et al. proposed, fabricated, and characterized a terahertz metamaterial absorber treating patterned graphene [77]. The graphene microstructure is a kind of fishnet-patterned graphene microstructures. The optimized relative bandwidths obtained from simulation and measurement are 36.6% and 14%, respectively. The resonant frequency of −1.835 THz is obtained from simulation and experiment, which satisfies the Fabry-Perot resonance condition. In 2020, J. Z. Han et al. introduced a broad-band and switchable metamaterial absorber using a sandwiched graphene microstructure [78]. As shown in Figure 6a, a single-layer graphene microstructure with hollow-out squares is treated. Plasmonic coupling and hybridization inside the graphene microstructure can greatly broaden the absorption bandwidth. The simulation results show that the absorber can provide high absorption above 90% in the frequency band of 1.14–3.31 THz with a bandwidth of 97.5%. The absorption can also be tuned from 14% to almost 100% through changing the graphene Fermi energy from 0 to 0.9 eV. In Figure 6b, R. B. Zhong et al. presented an ultra broad-band metamaterial absorber with a Si semi-ellipsoidal shape on a single-layer nonstructured graphene film that is separated by a polydimethylsiloxane layer from a bottom gold background [83]. The excellent absorption characteristics are attributed to the graphene film and the shape variation of the Si semi-ellipsoidal structure, where some discrete graphene plasmon resonances and continuous multimode Fabry-Perot resonance will be generated. The absorption bandwidth can be extended and smoothed to achieve an ultra broad-band metamaterial absorber based on the coupling of the above two resonances. The high average absorption of 95.72% can be obtained in the ultra broad-band frequency band of 2–10 THz with the relative bandwidth of 133%.



The second method to construct broad-band terahertz absorber is to use multi-layer graphene microstructures [69,70,72,85,86,87,88,89]. In 2018, M. Rahmanzadeh et al. proposed a polarization-insensitive metamaterial absorber on the basis of multi-layer graphene microstructures to realize an extremely broad absorption bandwidth [71]. Three graphene layers, including square, cross, and circular shapes, have been used in the absorber. The optimized metamaterial device provides a high absorption above 90% in an ultra broad-band frequency range of 0.55–3.12 THz. In 2021, W. Liu et al. designed a kind of broad-band metamaterial perfect absorber based on the graphene and metal resonator structures [89]. The top-most pattern layer contains two concentric gold split rings and two graphene rings. The middle layer including a graphene film can be used as a Fabry-Perot cavity to improve the absorption. The bottom gold plate can be used as a reflector. High average absorption above 98.21% can be obtained in a broad-band frequency range of 4.22–7.48 THz.



Our group has designed various broad-band terahertz metamaterial absorber by treating the above methods. Wu et al. proposed a switchable and broad-band terahertz metamaterial absorber by treat a single-layer graphene-hollow-petal microstructure [90]. They used the modified Fabry-Perot resonant model to explain the mechanism. The reflection and transmission coefficients at two interfaces are calculated, and the multi-reflection process of the terahertz wave inside the dielectric layer are illustrated. A high absorption above 90% in the frequency range of 2.66–3.46 THz has been achieved. In Figure 7, J. Z. Sun et al. reported a broad-band terahertz metamaterial absorber using the asymmetric oval-shaped graphene patterns layer [91]. The absorption can be enhanced by magnetic dipole oscillations in the graphene microstructures. We have designed a broad-band graphene-based switchable metamaterial absorber composed of a graphene square ring and a combination of a graphene square ring and a solid square [92]. The optimized absorption is higher than 90% in the frequency band of 0.65–1.3 THz. Z. C. Zhai et al. proposed a broad-band metamaterial absorber based on Si strips on the continuous graphene film [93]. Based on the joint effect of Fabry-Perot resonance and the dipole mode oscillation generated by the interaction between the Si strips and graphene film, the design provides an absorption of 90% in an ultra broad-band frequency range of 0.73–1.95 THz. The operating band of the structure can be adjusted by varying the geometric parameters of Si strips and the Fermi energy of graphene.





2.2. Graphene-Based Terahertz Metamaterial Polarization Converter


Integrating the graphene into the metamaterial structures opens a novel method to manipulate the polarization in the desired methods. In actual application, graphene-assisted metamaterial structures have indeed exhibited huge application potential in the development of high-performing terahertz polarization converters. The basic principle to design polarization converters is to use an anisotropic subwavelength microstructure made of graphene or hybrid graphene/dielectric to support two plasma intrinsic modes along two orthogonal polarization directions [1]. By changing the relative amplitude and phase delay between the two intrinsic modes based on structure design and variation of graphene conductivity, many excellent polarization conversion structures are demonstrated. The review of this part is classified by the polarization conversion with single-function and multi-function structures.



2.2.1. Graphene-Based Single-Function Metamaterial Polarization Conversion


The graphene-based metamaterial has been widely investigated for switchable polarization manipulation with single-function in terahertz region, including linear-to-cross-linear (LTL) polarization conversion (some structures: reflective sinusoidally-slotted graphene sheet [94], reflective complementary cross-shaped graphene [95], reflective nonstructured graphene film [96], and so on), linear-to-circular (LTC) polarization conversion (some structures: reflective ‘I’-shaped gold structures combined with a graphene narrow strip [97], transmissive single-layer ellipse graphene patch [98], reflective I-shaped carved-hollow array [99], transmissive L-shaped graphene periodic patches [100], reflective graphene ribbon [101], reflective diamond-shaped graphene [102], and so on), circular-to-circular (CTC) polarization conversion (some structures: transmissive bi-layered complementary-oval-shaped graphene [103], transmission single-layer graphene split ring [104], and so on). In addition, some classical theories are treated to explain the mechanism of the graphene-based metamaterial polarization conversion. Y. Z. Chen et al. designed a broad-band switchable reflective polarization converter based on a single-layer complementary-cross-shaped graphene microstructure [95]. The high polarization conversion ratio (PCR) above 80% can be obtained in the frequency band of 2.15–4 THz. The physical origins are explained by field distributions and Fabry-Perot interference theory. The x-polarized component of incident terahertz wave impinging on the air-complementary-cross-shaped graphene interface is partially transmitted into the dielectric layer and partially reflected into the air. In Figure 8, R. Li et al. adopted multiple interference theory to design and investigate a graphene-assisted switchable broad-band terahertz metamaterial linear polarization converter [96]. The device provides high PCR (>0.97) and relative low ellipticity in a wide-band region of 2.68–3.93 THz. S. Quader et al. designed a broad-band LTC converter based on monolayer graphene gratings [101]. A broad-band LTC conversion with ellipticity higher than 0.95 can be obtained in the frequency range of 14–40 THz with the efficiency higher than 90%. They have derived the equivalent circuit model to explain the physical mechanism of the processes and results. For the x- and y-polarization, the cross-polarized reflection coefficients are negligible, thus the equivalent circuit model of the LTC polarization conversion structure can be separated for x and y directions. For x- and y-polarizations, the designed metamaterial structure can be modelled as a series RLC circuit and a series RL circuit, respectively. Y. Z. Cheng et al. designed a transmissive graphene-based switchable terahertz metamaterial CTC polarization converter consisted of metal gratings sandwiched with two layers of complementary-oval-shaped graphene microstructures [103]. Since the combined effect of anisotropic and Fabry–Perot-like resonance cavity enhanced effects, the converter can transform the incident right-handed circularly polarized terahertz wave to left-handed circularly polarized wave with high PCR of 99.9% at 1.1 THz.




2.2.2. Graphene-Based Multi-Functional Metamaterial Polarization Convention


Different from metamaterial absorbers, the graphene-based polarization converter can be used to achieve various functions in a single metamaterial structure. The polarization states of electromagnetic waves exhibit similar characteristics, and the amplitude and phase characteristics of different polarization states are relevant.



To achieve multi-functional metamaterial structures, most of the previously reported graphene-based metamaterial structures are used to achieve the LTC and LTL functions simultaneously [105,106,107,108,109,110,111,112,113,114]. These metamaterial structures can realize multi-frequency or broad-band LTL and LTC polarization conversion in a single metamaterial device. The quarter-wave plate (QWP) and a half-wave plate (HWP) can be constructed using the above-mentioned metamaterial structure. For example, in 2020, Y. Zhang et al. proposed a graphene-assisted switchable multi-functional metamaterial structure composed of metal strips placed on the polymer layer embedded with a nonstructured graphene film to manipulate the polarization characteristics of terahertz waves by external voltage [106]. The designed structure can be used as an adjustable QWP and HWP for both linearly and circularly polarized incident terahertz waves.



In addition, some different functions have also been integrated into a single graphene-based metamaterial device. J. X. Zhao et al. designed a three-layered metal-graphene-metal terahertz metamaterial structure to construct the switchable linear asymmetric transmission and polarization conversion through tuning the Fermi energy of graphene [115]. M. Sajjad et al. used double slotted graphene structure to construct multi-functional metamaterial polarization converter [116]. The device can achieve LTC polarization conversion and circular to cross-polarization conversion. D. B. Chen et al. designed a switchable broad-band polarization converter consist of periodically patterned graphene split-rings [117]. By designing different geometrical parameters, a polarization beam splitter and a transmissive focusing metamaterial structure were realized.



There are two main types of graphene microstructures in the metamaterial structures that are commonly used to achieve multiple functions, including single-layer graphene microstructures (discrete graphene patterns and continuous microstructures) and multi-layer graphene microstructures.



For single-layer discrete graphene patterns, many classical structures, including graphene patches [118], cross double-ellipse graphene patch [107], cross-shaped graphene patch [109], graphene ribbons [110,115], graphene disk with a hollow rectangle [108], graphene split-ring resonator [117], and so on, are used to achieve the polarization conversion function. In this case, Z. Liu et al. demonstrated that a layer of ion-gel lies on the top of graphene layer to serve as a transparent spacer layer, forming high capacitive properties between the top metal gate contacts and the underlying layer of the graphene microstructures [117]. Many single-layer hybrid graphene-metal metamaterial structures are also treated to realize the polarization conversions. In Figure 9, J. R. Zhang et al. designed a dual-functional tunable broad-band polarization converter using the hybrid graphene-metal metamaterial structure composed of anisotropic double-split gold ring and complementary double-split graphene ring [111]. The design can be switched between QWP and HWP in the frequency range of 1.38–1.72 THz by electrically changing the Fermi energy.



In addition, some continuous graphene layers, including continuous graphene microstructures (π-shaped hollows [113], cross-shaped graphene patch [109], reflective etched L-shaped structures on graphene [105], and so on) and nonstructured graphene films [106,114], are used to achieve the polarization conversion functions. These structures can effectively reduce the difficulty of manufacturing and electric tuning to a certain extent. M. Amin et al. presented a graphene-assisted metamaterial structure with L-structured unit cells to realize highly asymmetric radiation from the plasma polaron surface currents, resulting in linear and circular dichroism [105]. The LTC and LTL polarization conversion can be achieved at 1.85–2.81 THz and at 2.04–2.53 THz bands, respectively. Y. Zhang et al. proposed a graphene-assisted switchable multi-functional metamaterial structure composed of metal strips placed on the polymer layer embedded with a nonstructured graphene film to manipulate the polarization characteristics of terahertz waves by external voltage [106]. The designed structure can be used as an adjustable QWP and HWP for both linearly and circularly polarized incident terahertz waves. In general, the combination of nonstructured graphene layer with dielectric microstructure can provide an efficient method to construct tunable metamaterial structures with high efficiency and great flexibility since the high-contrast dielectric metamaterial exhibits greater flexibility in efficient operation compared to their plasma counterparts. S. N. Guan et al. proposed a hybrid nonstructured graphene film-dielectric metamaterial to be used a dual-functional polarization converter [114]. This device can be switched between a reflective HWP and a QWP using biasing voltage. Switching of the two functions is caused by the obvious dispersion of the orthogonal eigenmodes and the overlap of graphene and dielectric resonant modes.



The bandwidth of a metamaterial polarization converters can usually be improve based on the stack of multi-layer structures. In 2020, M. Sajjad et al. used double slotted graphene structure to enhance the bandwidth [116]. The proposed design can be used as an ultra broad-band (3.75–11.35 THz) LTL and CTC polarization converter with the PCR of 0.85. The bandwidth of the converter can be improved by increasing the graphene layers. In 2021, S. N. Guan et al. designed a reflective three-band metamaterial polarization converter consisting of an array of rectangular Si bars on a ten-layer graphene substrate [112]. The dynamical switch between the cross-linear polarization can cross-circular polarization can be achieved. Since it is no longer dependent on the plasma resonance in graphene, the reported hybrid metamaterial structure provides an alternative approach to construct switchable terahertz polarization converters with low stimuli voltage.






3. VO2-Based Terahertz Metamaterial Absorber and Polarization Converter


Dynamical reconfigurable and switchable metamaterial structures based on phase change materials exhibit a controllable degree of freedom in the application of light-matter interaction and information processing [119]. Phase change materials, including GST [120,121,122,123,124], GeTe [125,126,127], VO2 and so on, can be used to dynamically manipulate the metamaterial structures since the different optical and electronic characteristics of these materials can be achieved by changing their structural phases through a variety of external stimulation. As one of the phase change materials, VO2 material demonstrates great application value in the field of reconfigurable structures [128,129,130,131]. At around 68 °C, the structure of VO2 changes between the insulator monoclinic phase and the metal tetragonal phase. The phase transition is accompanied by significant variation in electrical and optical properties of VO2. Different from graphene material, dynamic properties can by realized based on the reversible phase transition from insulator phase to metal phase by integrating the VO2 material into the metamaterial structures. Several excitation methods, including thermal excitation [132], electrical excitation [133], and optical excitation [134], are usually treated to construct the VO2-based reconfigurable metamaterial devices in practical applications, such as metamaterial memory [135], modulator [136], filter [137], and so on. The review of this part is classified by the VO2-based metamaterial structures to realize absorption, polarization conversion and multiple functions.



3.1. VO2-Based Terahertz Metamaterial Absorber


Several VO2-based structures are proposed to design metamaterial absorbers in terahertz region. One method to use VO2 is that the VO2 can be used as a part of the notch resonant rings or microstructures, and the structural characteristics can be changed by external stimulus [138,139]. In Figure 10a, T. T. Lv et al. designed a thermally adjustable terahertz metamaterial absorber containing a series of orthogonal coupled split-ring metal resonators with embedding VO2 material in different gaps. The hybrid design and asymmetric VO2 strips arrangement exhibit a novel concept for flexible adjustable of absorption bandwidth and dynamic range based on the external thermal stimulation. The broad-band absorption (−220 GHz bandwidth) and dual-band absorption can be realized with different states of VO2 material [138]. Another method is to use VO2 as a complete structure to achieve the absorption function, including I-shaped resonators [140], resonant rings [141,142,143], split-ring-resonators [144], nonstructured VO2 film [145,146], and so on [147,148]. In Figure 10b, J. Huang et al. designed a tunable terahertz metamaterial absorber exhibiting two broad-band absorption characteristics [147]. The proposed design contains two VO2 patterns. The high absorption about 80% can be achieved in the frequency bands of 0.56–1.44 THz and 2.88–3.65 THz. Absorption intensity can be changed from 20% to 90% by varying the conductivity of VO2 through thermal stimulation. Our group designed a tunable terahertz metamaterial absorber with multi-defect combination embedded VO2 thin film [146]. The absorption intensity at f = 4.08 THz and f = 4.33 THz are 99.8% and 99.9%, respectively. The phase transition of VO2 can be controlled by changing ambient temperature, so that the absorption rates of two frequency points can be changed from 99.8% to 1.0%. A broad-band tunable metamaterial based on different radii of VO2 rings in a single unit cell is proposed by B. Z. Cao et al. [141]. When VO2 is in metal phase, the absorption above 90% has been achieved in the frequency band of 2.64–7 THz. When VO2 is in insulator phase, the design can be regarded as a perfect reflector.




3.2. VO2-Based Terahertz Metamaterial Polarization Converter


The VO2-based metamaterial structures can be used to exhibit polarization conversion characteristics [149,150]. In 2019, J. Li et al. designed coding metasurfaces using VO2 hybrid resonators for dynamically modulating terahertz waves, realizing the efficient modulation of the polarization and wavefront of the linearly and circularly polarized terahertz waves [149]. In 2021, F. Lv et al. designed a switchable chiral metamaterial structure to achieve asymmetric transmission polarization [150]. When VO2 is in insulator state, the structure exhibits asymmetric transmission and the LTL polarization conversion in the frequency ranges of 1.67–1.74 THz and 1.86–2.05 THz with low ellipticity and high PCR (>90%). Two typical structures with circular- and square- split ring are given in Figure 11a,b.




3.3. VO2-Based Terahertz Metamaterial Multi-Functional Structures


As described above, by changing the phase characteristics, VO2 can exhibit two completely different states (insulator and metal), so that two or more functions can be realized in a single structure. VO2-based metamaterial structures can perform absorption functions with different characteristics [151]. In 2020, Z. Y. Song et al. used the phase-transition characteristic of VO2 to design a multi-layer hybrid metamaterial with a switchable behavior between broad-band absorption and narrow-band absorption [151]. The structure is illustrated in Figure 12. When VO2 is in metal state, a broad-band frequency region of 0.393–0.897 THz with the absorption above 90% has been obtained. When VO2 is in insulator state, the designed structure can be used as a narrow-band absorber at the frequency of 0.677 THz.



The absorption and polarization conversion can also be obtained in a single metamaterial structure by using the insulator-to-metal phase transition of VO2-based metamaterial structures in terahertz region [152,153]. In Figure 13a, Z. Y. Song et al. presented a dual-functional design to realize the broad-band absorption and polarization conversion using a tunable VO2-assisted metamaterial structure [152]. When VO2 is in metal state, the proposed tunable metamaterial structure behaves as a broad-band absorber with the absorption above 90% in the range of 0.52–1.2 THz. When VO2 is in insulator state, a terahertz LTL polarization converter with the efficiency of 90% in the frequency band of 0.42–1.04 THz is achieved based on a simple anisotropic metamaterial structure. We proposed a switchable terahertz metamaterial structure to realize the transform between the broad-band absorption and LTC polarization conversion by treating the phase transition of VO2 [153]. As depicted in Figure 13b, a VO2 square ring and a nonstructured VO2 film are used in the structure. At high temperature, the device can function as a broad-band absorber with a high absorption (>90%) in 0.74–1.62 THz. At room temperature, the device functions as a broad-band LTC polarization converter in 1.47–2.27 THz.



Dynamically switchable half-/quarter-wave plates based on the phase transition of VO2 material have recently been investigated [154,155,156]. In 2020, J. Luo et al. proposed a metal-VO2 metamaterial structure with broad-band and functionally tunable polarization conversion [154]. A nonstructured VO2 film is used in the design. The designed structure can be switched between a HWP and a QWP in a broad-band frequency range of 0.66–1.40 THz with a relative bandwidth of 71.8%. The VO2-metal hybrid metamaterial for obtaining broad-band dynamically tunable half-/quarter-wave plate using the transition from the overdamped to the underdamped resonance [155]. By changing the VO2 conductivity, the structure can be switched between a HWP with PCR above 96% and a QWP with ellipticity close to −1 in the broad-band frequency range of 0.8–1.2 THz. In Figure 14, very recently, we designed a reflective dual-functional terahertz metamaterial structure realizing LTL and LTC polarization conversion based on the phase transition of nonstructured VO2 film [156]. When VO2 film is in insulator state, the PCR of the LTL converter is higher than 0.9 in the range of 0.912 to 2.146 THz. When VO2 film is in metal state, the ellipticity of the LTC converter is close to -1, while the axis ratio is lower than 3 dB in the range of 1.07–1.67 THz.



Due to the dielectric properties of the VO2 with insulating state, transmission function combined with other functions can also be realized [119,157,158,159]. In Figure 15a, L. L. Chen et al. introduced VO2 film into a multi-layer design to achieve the dual-function of absorption and high transmission [157]. When VO2 is in metal state, the proposed structure exhibits high absorption results from localized magnetic resonance. When VO2 is in insulator state, the proposed structure can be used as a transparent conducting metal. In 2020, J. S. Schalch et al. designed an electrically actuated, broad-band terahertz switch, which can be transformed from the transparent state with low reflection to the absorption state suppressing the reflection and transmission [158]. The structure is integrated with a nonstructured VO2 film performing the insulator-metal-transition. The terahertz time-domain spectroscopy measurement results demonstrate that a broad bandwidth of 700 GHz amplitude modulation with suppressed reflection and above 90% transmission can be achieved. In Figure 15b, C. X. Liu et al. proposed a terahertz metamaterial structure to realize the functions of optical buffering and absorption based on a phase-change VO2 film [159]. When VO2 is in insulator state, a significant delay can be observed when the incident pulses pass through the proposed structure. Once the VO2 film is switched to the metal state, the proposed structure can be used as a terahertz absorber with a maximum absorption intensity of 94% at 1.04 THz.





4. Dirac Semimetal-Based Terahertz Metamaterial Absorber and Polarization Converter


As a three-dimensional (3D) analogy of graphene, Dirac semimetal (DSM) not only provides the advantages of 2D material as photosensitive materials, but also has more significant advantages than graphene in resisting environmental defects or excessive conductive bulk states [160,161,162]. Since the crystalline symmetry protection of DSM prevents the formation of gaps [163,164,165], the carrier mobility can reach 9 × 106 cm2V−1s−1 [166], which is much larger than the value of graphene [26]. The dynamical change of the DSM conductivity can be realized by tuning the Fermi energy through alkaline surface doping [167,168]. Similar to graphene, the Fermi energy and relative permittivity of DSMs can also be dynamically changed using the external electric stimulation [169]. These properties ensure that DSMs can be used as a novel material to tune the frequencies and will exhibit great potential in photovoltaic devices, sensor, imaging, and communications [162]. Furthermore, DSM shows metallic characteristics when frequency is below Fermi energy and will show dielectric characteristics when frequencies is above Fermi energy [170]. The resonant frequency is mainly influenced by the real part of the permittivity, and the loss is influenced by the imaginary part [169]. The review of this part is classified by the DSM-based metamaterial structures to realize absorption, polarization conversion and multiple functions.



4.1. DSM-Based Terahertz Metamaterial Absorber


At terahertz frequency region, the DSM materials with metallic properties can be used as a Salisbury screen to construct absorbers more conveniently than graphene [162,171,172,173]. In Figure 16a, G. D. Liu et al. designed a bulk DSM-based tunable narrow-band terahertz metamaterial absorber [172]. The structure contains photonic slabs with a thick DSM film. The resonant frequency peak can be shifted from 1.381 THz to 1.395 THz with the absorption higher than 95% by adjusting the Fermi energy of DSM. Additionally, the narrow-band characteristic may be caused by the low power loss of guided mode resonance in the dielectric layer. A tunable triple narrow-band perfect absorber is proposed based on a square harmonic oscillator array containing four bulk DSM thin films and a DSM square ring [171]. The absorber can provide high absorption higher than 0.96 at 2.14 THz, 1.83 THz and 1.21 THz. The molecular perturbation theory has been used to confirm the mechanism of the absorber. The perturbation theory function can be treated to estimate the variation of the absorber resonant frequency since the material perturbation in the best films. As demonstrated in Figure 16b, another three-band terahertz metamaterial absorber treating a nonstructured bulk DSM film layer is designed [173]. Three absorption peaks at 0.80 THz, 1.72 THz and 3.38 THz with high absorption (>99.4%) are obtained. By adjusting the Fermi energy of the DSM film, the absorption peaks can be changed.




4.2. DSM-Based Terahertz Polarization Converter


In addition, DSM-based metamaterial structures can be used to construct terahertz polarization converter [174]. In 2019, L. L. Dai et al. proposed a DSM-based metamaterial structure featuring tunable and broad-band terahertz LTL polarization conversion in transmissive mode [174]. The single-layer DSM microstructure consists of two rotationally symmetric ‘E’ structures connected by a center line which are subtracted from the bulk DSM layer on top of the silicon dioxide (SiO2) layer. In the frequency range of 3.82–7.88 THz, the PCR almost keeps above 80%. The operation properties can be manipulated by tuning the Fermi energy of the bulk DSM. Figure 17 shows the typical two rotationally symmetric ‘E’ shapes.




4.3. DSM-Based Terahertz Metamaterial Multi-Functional Structure


Although absorption- and polarization-related metamaterial structures have been broadly investigated, they only perform independent single functions. A DSM-based terahertz metamaterial structure that features multiple functions in a single metamaterial structure is more popular [175]. A three-layer complementary strip DSM metamaterial structure is designed by L. L. Dai et al. to realize polarization rotation, polarization conversion and asymmetric transmission [175]. The polarization angle of linearly polarized wave can be rotated from 0° to 90° in 1.3–1.63 THz. For realizing the asymmetric transmission, the polarization conversion efficiency is above 98% and the asymmetric transmission parameter is above 50% in 1.3–1.63 THz.





5. Combination of Different Functional Materials


Based on the VO2 transition from an insulator dielectric state to a metal state and the tunable of DSM Fermi energy, several multi-functional metamaterial structures are designed to integrate different functions into a single metamaterial structure, including LTL and LTC polarization converter [176], asymmetric transmission and dual-directional absorption [177], polarization conversion and reflection device [178], different absorption characteristics [19], and so on. In Figure 18a, Y. P. Zhang et al. designed a dual-function metamaterial structure treating DSM and VO2 material [176]. When VO2 is in insulator state, the structure can be used as an asymmetric transmission device to realize a broad-band LTL polarization conversion with the PCR reaches 99% in 2.023–5.971 THz. When VO2 is in metal state, the structure can be used as a reflective device to realize broad-band LTC polarization conversion and linear polarization conversion at 4.053 THz. In Figure 18b, T. L. Wang et al. designed a switchable dual-functional terahertz metamaterial structure treating DSM films and VO2 [177]. The switch between the dual-functional asymmetric transmission and two-directional absorption can be achieved based on the insulator-to-metal phase transition of VO2 in the terahertz region. In each case, the operation characteristics can be adjusted by changing the Fermi energy of the DSM. In Figure 18c, C. H. Yang et al. presented a dual-functional polarization converter using the combination of DSMs and VO2 [178]. The design contains four parts: two DSM layers, a loss-free benzocyclobutene (BCB) layer, a copper grating, and a VO2 film. The resonant frequency can be dynamically adjusted by changing the Fermi energy of the DSMs. When VO2 is in insulator state, the design exhibits the transmissive polarization conversion. When VO2 is in metallic state, the proposed structure shows the reflective function maintaining efficient circular polarized wave chirality in a broad range. A switchable metamaterial absorber with three-band and broad-band properties treating the combination of DSM and VO2 has been reported [19]. By changing the phase state of VO2, the absorber presents three distinctive absorption peaks with absorption >98% (insulator state) and broad-band absorption (metal state). Since the tunable Fermi energy of DSM, resonant frequencies can be dynamically adjusted. The proposed design solution combines the bulk DSMs and VO2, which not only opens up a novel method for the realization of a switchable absorber from three-band to wide-band absorption, but also for the control of the resonant frequency and absorption amplitude in terahertz region.



By treating the manipulated characteristics through Fermi energy of graphene and the phase transition characteristics of VO2, some switchable multi-functional metamaterial structures can be constructed to realize different functions in a single metamaterial structure, including absorption with different characteristics [179,180,181,182,183,184,185,186], reflection and absorption [187,188], absorption and polarization conversion [189], and so on. In Figure 19a, H. L. Zhu et al. designed a tunable metamaterial structure to realize the broad-band and multi-band absorption treating the combination of graphene and VO2 [179]. The switchable functions can be realized depend on the phase transition of VO2. When VO2 is in insulator state, the structure provides high absorption (>90%) in a broad-band range of 1.06–2.58 THz. When VO2 is in metal state, the structure exhibits a three-band absorption at the frequencies of 1 THz, 2.45 THz and 2.82 THz. In addition, by tuning the Fermi energy of the graphene, the absorption bandwidth, intensity, and resonant frequencies can be adjusted. A tunable dual-functional metamaterial structure realizing terahertz anomalous reflection and broad-band absorption based on the combination of graphene and VO2 has been reported by Z. K. Zhou et al. [187]. The structure contains six layers of different materials. The top layer is VO2 patch. The middle layer contains Topas layer, VO2 film, graphene microstructure, and Topas layer. The bottom layer is a gold film. When the phase of VO2 varies from metal to insulator, the metamaterial structure can be switched from an anomalous reflector to a broad-band absorber. Additionally, the change of graphene Fermi energy can be used to adjust the absorption bandwidth and efficiency. In Figure 19b, a metamaterial structure has been designed to provide absorption and polarization conversion functions by treating the dielectric metasurface composed of VO2 and graphene array [189]. When temperature is high (340 K), the structure provides the absorption function and the absorption intensity can be controlled by the variation of temperature. At room temperature, the structure can be used as a polarization converter, and the characteristics can be adjusted by changing the voltage applied on the graphene.



Utilizing the properties of graphene and DSM, several metamaterial structures based on the combination of them exhibit switchable characteristics by modulating the Fermi energy of graphene and DSM material, resulting in the design of absorbers [169,190,191]. H. Xiong et al. designed a dual-controlled broad-band terahertz metamaterial absorber by integrating graphene and DSM into a single structure [169]. As shown in Figure 20, the structure contains a graphene microstructure, a bulk DSM microstructure, Al2O3 layer, and a gold background. The high absorption (>90%) can be realized in a wide frequency band of 4.79–8.99 THz. The control of the absorption characteristics can be achieved independently or jointly by changing the Fermi energy of graphene or DSM rather than reconstructing the structure.




6. Conclusions and Perspectives


In this topical review, we briefly reviewed the recent researches about functional materials-assisted metamaterial structures with switchable manipulation by external stimulations, focusing mainly on the terahertz metamaterial absorbers and polarization converters with different operation characteristics. We expatiated on the three functional materials including graphene, VO2, and DSM. For graphene materials, terahertz metamaterial absorbers and polarization converters are usually constructed with single-layer and multi-layer graphene microstructures. Graphene can be designed as discrete microstructures, continuous microstructures, or even nonstructured graphene films in the unit cells. By tuning the Fermi energy of graphene, the absorption and polarization conversion characteristics can be dynamically tuned. For VO2 materials, they are usually designed as a part of notch resonant rings or microstructures and as separate whole microstructures to construct the terahertz metamaterial absorbers and polarization converters. Different from graphene materials, since the VO2 exhibits insulator-to-metal transition characteristic, it will undergo a transition from the metallic state to an insulator state under various external field stimulations. Therefore, a single metamaterial structure based on VO2 material can be used to switch between different functions. As well as providing more freedom for designing metamaterial structures, the DSM is easier to use than graphene and compatible with current semiconductor manufacturing processes. The DSMs-based terahertz metamaterial structures provide a wonderful platform to design absorbers and polarization converters. Moreover, novel dynamical switchable metamaterial structures based on the combination of two different functional materials have also been discussed. Related researchers can find the most suitable structures and functional materials and integrate them into the single unit cell to design metamaterial functional devices. This topical review can serve as a useful guide for researchers to investigate the functional materials-assisted metamaterial structures, not limited to absorbers and polarization converters.



Despite excellent achievements have been obtained by treating metamaterial structures and functional materials, there is still space for further improvement in the related field to achieve novel functional materials-assisted metamaterial structures in place of traditional optical elements, which in turn causes new challenges to the exploration of structure design and functional materials selection. Some recently emerged mechanisms and novel materials, which enable metamaterials devices, including bound states in the continuum [192], 2D α-phase molybdenum trioxides (α-MoO3) [193,194], Ti nanorings [195], c-Si/ZnO Heterojunction ultrathin-film [196], and so on. Great technical challenges still exist, because some theoretically proven ideas are too complicated to be fabricated and are limited by existing manufacturing technologies. In terahertz frequency band, the functional materials-based metamaterial structure processing and nanoscale patterning resolution may be practically realized based on the multi-step fabrication and costly focused ion beam or electron beam lithography technologies [2,197]. In addition, further efforts should be made to bridge the gap between high efficiency in large processing areas and low cost. At present, the experimental realization of functional materials-assisted metamaterial structures mainly relies on expensive manufacturing methods, which are not suitable for mass production. Lastly, achieving small devices sizes at terahertz frequency band and conquering small effects at the nanoscale should be considered. On the one hand, reducing the size of resonator of the metamaterial structures when operating at terahertz frequency is a requirement for compact integrated circuits and new generation communication systems. On the other hand, when metamaterial microstructures exhibit nano-scale size, the physical characteristics, including melting point, oxidation, grain boundary effect, and so on, are different, resulting in the complicated designs.



In addition to the functional materials-based metamaterial structures summarized in this paper, we should bear in mind that we can integrate other various functional materials into the metamaterial structures to construct excellent dynamical switchable devices in terahertz frequency band, not limited to absorbers and polarization converters. In general, despite the daunting challenges, the rapid expansion of research into functional materials-based metamaterial structures demonstrate the great potential in the related researches. Furthermore, the switchable and versatile applications will promote the above-mentioned devices, which will be adopted by the experimental research in the near future.
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Figure 1. Organization structure of this review. 
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Figure 2. Graphene-based single-frequency/band terahertz metamaterial absorbers. (a) Metal wire and continuous graphene film; (b) two identical-sized graphene disc elements [31]; (c) square-square-circle graphene microstructure [32]; (d) four T-shaped graphene strips and a graphene square ring. Adapted with permission from Ref. [33], 2019, Copyright The author. 
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Figure 3. Graphene-based multi-band terahertz metamaterial absorbers using discrete graphene microstructures. (a) cross-elliptical graphene pattern [37]; (b) hybrid graphene-gold structure [50]; (c) double graphene square ring. Adapted with permission from Ref. [51], 2019, Copyright The author. 
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Figure 4. Graphene-based multi-band terahertz metamaterial absorbers using continuous graphene microstructures. (a) Graphene crossing and graphene ring with four gaps [54]; (b) dumbbell-shaped structure graphene [55]. 
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Figure 5. Graphene-based multi-band terahertz metamaterial absorbers using nonstructured graphene film. (a) dielectric-graphene-based structure; (b) Hybrid metal-graphene-based structure. 
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Figure 6. Graphene-based broad-band terahertz metamaterial absorbers. (a) structure designed by J. Z. Han et al. [78]; (b) a Si semi-ellipsoidal structure on a single-layer graphene film [83]. 
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Figure 7. Broad-band terahertz metamaterial absorber based on asymmetric oval-shaped graphene patterns [91]. 
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Figure 8. Graphene-based terahertz metamaterial polarization converter composed of graphene monolayer etched with pairs of rectangles [96]. 
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Figure 9. Metamaterial polarization converter structures based on double-split graphene ring [111]. 
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Figure 10. VO2-based metamaterial absorber structures. (a) Split-ring metal resonators with embedded VO2 material [138]; (b) two VO2 patterns [147]. 
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Figure 11. Metamaterial polarization converters based on (a) circular split ring resonator structure; (b) square split ring resonator structure. 
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Figure 12. VO2-based broad-band absorption and narrow-band absorption structure [151]. 
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Figure 13. VO2-based metamaterial structures realizing absorption and polarization. (a) Proposed by Z. Y. Song et al. [152]. (b) Proposed by our group [153]. 
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Figure 14. Nonstructured VO2 film-based metamaterial multi-functional polarization structure. Adapted with permission from Ref. [156], 2022, Copyright the author. 
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Figure 15. VO2-based transmissive metamaterial structures. (a) Structure designed by L. L. Chen et al. [157]; (b) structure designed by C. X. Liu et al. [159]. 
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Figure 16. DSM-based metamaterial absorbers. (a) Photonic slabs with a thick DSM film [172]; (b) bulk DSM film layer [173]. 
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Figure 17. Two rotationally symmetric ‘E’ shapes. 
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Figure 18. Multi-functional metamaterial structures based on the combination of VO2 and DSM. (a) LTL and LTC polarization converter [176]; (b) asymmetric transmission and dual-directional absorption [177]; (c) polarization conversion and reflection device [178]. 
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Figure 19. Multi-functional metamaterial structures based on the combination of VO2 and graphene. (a) Realizing absorption with different characteristics [179]; (b) realizing absorption and polarization conversion [189]. 
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Figure 20. Designed absorber based on the combination of DSM and graphene [169]. 
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