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Abstract

:

Recently, metasurfaces have been investigated and exploited for various applications in the THz regime, including modulators and detectors. However, the responsive properties of the metasurface in THz stay fixed once the fabrication process is complete. This limitation can be modified when integrating the phase change material (PCM), whose states are switchable between crystalline and amorphous, into the metasurface structure. This characteristic of the PCM is appealing in achieving dynamic and customizable functionality. In this work, the reflective metasurface structure is designed as a hexagonal unit deposited on a polyimide substrate. The non-volatile PCM chosen for the numerical study is germanium antimony tellurium (GST). Our proposed phase change metasurface provides two resonant frequencies located at 1.72 and 2.70 THz, respectively; one of them shows a high contrast of reflectivity at almost 80%. The effects of geometrical parameters, incident angles, and polarization modes on the properties of the proposed structure are explored. Finally, the performances of the structure are evaluated in terms of the insertion loss and extinction ratio.






Keywords:


metasurface; phase change material; THz radiation; GST












1. Introduction


Over the past decade, metamaterials and metasurfaces have attracted considerable attention from researchers in various research areas due to their fascinating and extraordinary properties. Such metamaterial is often defined as “The periodic structures have the ability to simulate homogeneous materials whose specific properties do not exist in natural materials” [1,2]. Since the discovery of unnatural properties from the pioneering works of V. Vecelago [3], J.B. Pendry, and D.R. Smith [4,5,6], interest in the metamaterials has grown. A number of unconventional features of metamaterials—for example negative refractive index [7,8,9], negative permittivity and permeability [10,11,12], cloaking [13,14,15,16], near-zero index [17,18,19,20,21], surface plasmon [22,23,24,25,26,27], and extraordinary transmission [28,29,30]—have been focused. One of the potential areas that exploits metamaterials and metasurfaces is in Terahertz (THz) radiation. The THz regime is the electromagnetic spectrum with a frequency in the order of 1012 Hz, placed in the gap between infrared and microwave, sometimes known as the “THz gap”, corresponding to the frequencies between 0.3 and 30 THz [31,32]. There are unique properties which make THz radiation an interesting spectrum: (i) non-ionizing radiation with less power compared to x-rays, so it does not have enough energy to damage a cell or living tissue [33,34,35], (ii) strong sensitivity to water molecules [36,37] which could be used to differentiate the hydration level in cancer and normal cell in biosensing [38,39], and (iii) having matching frequencies with the biomolecular bonding, as well as being sensitive to the hydrogen bond and van der Waals force [40,41,42]. Since there is a lack of a THz generation and detection in the development of this research field, the potentials of metasurfaces and metamaterials have been studied and investigated to fulfill the shortage, which has opened up an exciting research area called THz metamaterials and metasurfaces [43,44,45,46].



In a conventional THz device, once the fabrication process has been completed, the exotic properties are fixed and stay unchanged for the usage time. This is considered a limitation of the devices, as opposed to tunable or switchable performances after finishing the construction. One of the most attractive ways that allows the performances of the devices to be tunable is the scaling of the geometrical parameters [47,48,49,50]. However, the scaling method is impractical for an application of a device involving dynamic manipulations. The use of PCM is an interesting alternative. It can switch between crystalline and amorphous states. The attractive property of the PCM originates from the extensive difference in electromagnetic properties during the phase transition. This interesting behavior has opened up the field of switchable devices, whose operation can be executed in several ways such as electrical [51,52,53,54] or optical [55,56] methods. Nowadays, a chalcogenide alloy called germanium antimony telluride, Ge2Sb2Te5 (GST) has become an attractive PCM due to its non-volatile properties, meaning its state of the phase transition can be maintained without consuming any continuous external energy [56,57,58]. The operation of the GST, either in an amorphous or crystalline state, is triggered by applying voltage or laser pulses, which increases the local temperature of the GST either to above the melting temperature or in between the crystallization temperature and the melting point [59]. The promising applications of PCMs are switchable circular dichroism, switchable perfect absorbers or reflectors, and active terahertz photonic devices [60,61,62].



In this paper, the hexagonal metasurface was numerically studied in terms of the reflectance profiles both with and without PCM. The effects of the geometrical parameters, including hexagonal side, thickness of GST, and dielectric substrate, were thoroughly investigated. Moreover, the angle of incidence and the polarization mode were explored in terms of the sensitivity. The performances of the reflector were evaluated using key device parameters, the insertion loss, and extinction ratio.




2. The Proposed Hexagonal Unit Cell Structure


The schematic of the proposed unit’s cell structure and periodic pattern is illustrated in Figure 1. The honeycomb pattern in Figure 1b shows the appearance of the metasurface when arranged periodically. Figure 1a depicts the top view of a unit cell structure. The hexagon pattern is made from gold placed on top of a dielectric substrate, such as polyimide, which is non-dispersive and low absorptive at the operating THz radiations [63] with the relative permittivity of 3 + 0.18i [64]. Figure 1c shows the side view of the unit cell; it can be seen that there is a gold layer underneath the polyimide substrate, which is the continuous base layer.



The geometrical parameters of the proposed unit cell structure are composed of the sidelength of hexagonal (L) pattern with the sidelength of the periodicity (Λ). A polyimide sheet of thickness (T) was placed between two thin gold layers, considered here as the thin-film layer. The thickness of the metal layer is greater than the metal skin depth and, in this case, it can be numerically defined as the perfect electric conductor layer [65].




3. Numerical Results and Discussion


The numerical studies presented here were carried out using a finite element method (FEM) in COMSOL Multiphysics commercial software. The study starts with a flat gold hexagonal pattern without a PCM. After that, a GST-based PCM was integrated to the proposed structure. Then the geometrical parameters were optimized to observe their effects on the reflectance spectrum, and finally, the incident angle and polarization sensitivity were investigated.



3.1. Electromagnetic Modelling


In order to numerically investigate the proposed structure in this work, there are some involving equations to be considered. The crucial equation here is the Helmholtz equation:


  ∇ ×    μ r  − 1   × E   −  k 0 2     ϵ r  −   i σ   ω  ϵ 0      E = 0  



(1)




where the above equation is solved for the electric field at the operating angular frequency   ω = 2 π f   (which is THz regime in this work),    μ r    and    ϵ r    are the relative permeability and permittivity, respectively;  σ  is the conductivity of the medium,    k 0    is the free space wave vector, and    ϵ 0    is the permittivity in the vacuum. The reflection coefficient can be simply declared from the Fresnel’s equation. However, the metasurface structure is a three-layer structure, therefore, the Fresnel’s equation needs to be modified for the reflection coefficient as:


  r =    r  12   +  r  23    e  − 2 i δ     1 +  r  12    r  23    e  − 2 i δ      



(2)




where    r  i j     is the reflection coefficients from a normal Fresnel’s equation between the two layers, i and j.   δ =   2 π d    λ 0     n 2  cos  θ 2    (d is the thickness of the metasurface layer with the refractive index,    n 2  ,   and refracted angle,    θ 2   ) and    λ 0    is wavelength in free space. After that, the reflectance value (R) is defined as the modulus-squared of the reflectance coefficient and as the ratio between reflected and incident amplitude of the electric field [66,67], therefore,


  R =    r   2  =        E r     E i       2   



(3)








3.2. The Reflectance Profiles


The purpose of this study is to maximize the contrast of the metamaterial reflectance between the amorphous and crystalline states of GST. Initially, the geometrical parameters are optimized from our previous metamaterial structure [68]; the size of a hexagonal unit cell is designated as follows: L = 35 µm, T = 5 µm, and Λ = 70 µm, without the integration of the PCM. Figure 2b shows the structure of the device under the investigation of the resonant frequency on the reflectance spectrum. The reflectance profiles of the proposed hexagonal structures both with and without GST are shown in Figure 2a. The first resonant frequency, designated as the first mode (MD1) from the unit cell without GST, is located at 1.71 THz with its reflectivity of 0.90. This mode is spectrally wider than the second resonant frequency or the second mode (MD2), and its full width at half maximum (FWHM) is calculated as 1.28 THz. The second mode has a higher reflectivity (0.94) at 2.76 THz in comparison to the first one, and its FWHM is calculated as 0.25 THz, which is significantly narrower than the first mode.



Next, one-micron thick GST (t) is integrated into the unit cell structure by placing it on top of the gold periodic pattern, as shown in Figure 2c (GST layer is shaded in violet). The refractive index and extinction coefficient [69] of GST are shown in Figure 2d. The blue lines represent the indices when GST is in the crystalline state (c-state), with solid and dashed lines as refractive index and extinction ratio, respectively. Similarly, when GST is in an amorphous state (a-state), its refractive indices and extinction ratio are shown by red solid and dashed lines, respectively. After adding the GST to the unit cell structure, its reflectance spectra are shown in Figure 2a by blue lines. The numerical results indicate that the proposed phase change metasurface can provide two separate reflectance modes when the GST is in a-state, which is similar to the condition without GST (shown by a solid red line). Note that the MD1 curves overlap, so only the blue curve is visible. The reflectivity of the first mode is 0.90, which is located at 1.72 THz, and the second mode is located at 2.70 THz with a reflectance value of 0.96. When the phase changes from a-state to c-state, the simulation result is shown by a dashed blue line, as in Figure 2a. The first mode remains almost unchanged during the phase transitions. The resonant peak slightly shifts from 1.72 THz to 1.69 THz, with its reflectance value dropping to 0.85. However, a significant change in its reflectance profile value in the second mode is observed, decreasing from 0.94 to 0.16 at 2.70 THz. This gave a reflectance contrast (RC) of 0.78 between amorphous and crystalline states, which can be simply calculated as the difference between reflectance values of a-state and c-state at the considered frequency (RC = Ra − Rc).



The performance of the proposed hexagonal phase change metasurface can be evaluated by two important parameters, which can be defined as:


  I n s e r t i o n   L o s s   I L   = − 10     log   10    R a   



(4)




and


  E x t i n c t i o n   R a t i o     E R   = 10     log   10      R a     R c     



(5)




where    R a     and    R c     are the reflectance values at amorphous and crystalline states of GST, respectively, at the resonating frequency of the second mode. In order to optimize the performance of the unit cell reflector, the insertion loss needs to be minimized, while its extinction ratio needs to be maximized. The proposed structure in Figure 2 is found to provide the IL as 0.2 dB and the ER as 7.33 dB.



To understand the behavior of those two resonant frequencies, their field distributions are examined and shown in Figure 3. For the first mode MD1, during the a-state of GST, the side view of the magnetic field distribution in Figure 3a shows the power confinement mostly within the polyimide layer, and the presence of the maximum value is also evident in this dielectric material. Therefore, this mode can be called the magnetic dipole (MD) [70]. When GST switches from a-state to c-state, the magnetic field distribution remains confined in the polyimide layer, as shown in Figure 3b. Clearly, the first mode field distribution is mostly within the dielectric layer and has not been influenced by the GST phase transition. On the contrary, the maximum magnetic field distribution of the second mode appears in the GST layer when the GST is in a-state (Figure 3c). This is also known as the MD. However, when the GST is changed from a-state to c-state, there is a significant difference in the refractive index and extinction coefficient between the two states (as shown in Figure 2d) in the area where most of the energy is confined. This leads to a profound change in the magnetic field distribution for this mode, which then causes a decrease of the second mode, MD2, during the phase transition. To avoid the confusion between the magnetic dipole modes of these two resonances, the notations “MD1” and “MD2” modes are used to designate the magnetic dipoles for the first and the second peaks, respectively.




3.3. The Geometrical Parameter Effect


In this section, the geometrical parameters, including polyimide thickness, GST thickness, and hexagonal dimension, will be investigated to show the tunability of the proposed unit cell structure. The performance of the metasurface is again evaluated through insertion loss and extinction ratio values.



Initially, the polyimide thickness (T) is varied for T = 5 µm, 7 µm, and 9 µm, and corresponding reflectances are shown in Figure 4a using blue, green, and red lines, respectively. Reflectances for a-state and c-state of GST are shown by solid and dashed lines, respectively. As there is little change in the MD1, we then monitor only the MD2 around 2.5–3.0 THz to investigate the behavior of the peak and drop of MD2 during the phase transition. In a-state (solid lines), the resonant frequencies of MD2 are 2.70, 2.68, and 2.63 THz, corresponding to the reflectivity values 0.96, 0.93, and 0.91 for the T = 5, 7, and 9 µm, respectively. To see the effect of polyimide thickness, T, the resonant frequency and reflectance value of c-state represented in red and blue lines, respectively, are shown in Figure 4b. The reflectance of the MD2 mode is inversely proportional to the polyimide thickness as the frequency is shifted to the lower values, or polyimide becomes thicker. The minimum reflectivity value represented in the blue line (Figure 4b) is found to correspond to a polyimide thickness of around 8 µm. For the switching performance of MD2, showing the contrast between amorphous and crystalline phases, the result is investigated by insertion loss and extinction ratio using Equations (4) and (5), and the values are illustrated in Figure 4c. The relation between IL and T shows that when the thickness of polyimide increases, the insertion loss also increases, whereas the ER decreases. At the same time, a larger contrast between a and c-states occurs when the polyimide becomes thicker.



Next, the performances of the designed material were also studied as a function of the GST thickness (t). The variation of reflectance for GST thicknesses t = 0.6 µm, 0.8 µm, 1.0 µm, and 1.2 µm are shown in Figure 5a by blue, green, red, and yellow lines, respectively. Reflectances for a-state and c-state of GST are shown by solid and dashed lines, respectively. The frequency-dependent reflection graph is again focused on the region of the MD2, regarding the behavior of the switchable property. For a-state, the MD2 mode resonant frequency is shifted to a smaller frequency when the GST is thicker. For a-state, the MD2 peaks are found to locate at 2.73, 2.72, 2.70, and 2.68 THz with their reflectivity values of 0.94, 0.95, 0.96, and 0.98 for the GST thickness of 0.6 µm, 0.8 µm, 1.0 µm, and 1.2 µm, respectively. The overall performance of the MD2 in c-state illustrated in Figure 5b shows the shifted resonant frequency of MD2 represented by a red line. It shows that the resonant frequency increases and reaches a maximum value of 2.87 THz when the GST thickness increases from 0.8 to 1.0 µm. The following resonant frequency then decreases when the thickness of the GST is greater than 1.0 µm. The reflectivity value of MD2 in c-state is shown by a blue line (Figure 5b). It is evident that the reflectivity value decreases from 0.9 to 0.3 when the GST thickness increases from 0.5 to 0.9 µm. After reaching the minimum value, it subsequently increases when the GST thickness is greater than 0.9 µm. Next, the performance of the phase transition between two states is shown in Figure 5c, where insertion loss and extinction ratio are shown by red and blue lines, respectively. It is evident that for the thicker GST, the insertion loss is lower, whereas the ER becomes higher.



Next, variations of the reflectance spectrum from hexagonal sidelengths, L equal to 35 µm, 45 µm, and 55 µm, are shown in Figure 6a by blue, green, and red lines, respectively. The solid and dashed lines represent the reflectances when the GST is in a-state and c-state, respectively. We again focus only around 2.5 THz to 3.0 THz for the MD2 mode. In the a-state of the GST, the reflectivity values are 0.96, 0.98, and 0.99 at the resonating frequencies of 2.70, 2.71, and 2.71 THz for the hexagonal sides of 35 µm, 45 µm, and 55 µm, respectively. Moreover, it can also be observed that the bandwidth of the peak increases when the hexagonal side increases. For the c-state, the key performance of this state is shown in Figure 6b in which the red line represents the relationship between the resonating frequency of MD2 and the hexagonal sidelength. The relationship is in direct proportion until the L reaches 50 µm; after that, the resonating frequency remains almost constant as the dimension increases. The blue line shows the reflectivity value for each resonant peak in c-state. The reflectivity value increases when the hexagon is bigger. Figure 6c describes the performance of the MD2 due to the phase transition. Insertion loss in the red line and extinction ratio in the blue line similarly decrease as the hexagonal side gets larger.




3.4. The Effect of Incident Angle and Polarization Mode


In this section, the effect of the incident angle and the polarization mode will be explored. At the start of the numerical simulations, it is assumed that the incident electric field is in the y-direction and the wave vector, k representing the wave propagating is in the z-direction, perpendicular to the surface of the unit cell structure (shown in Figure 7b). Subsequently, the incident angle (θ) is varied from 0 to 80 degrees (90° is not considered because at this incident angle, the incident field is parallel to the structure) with respect to the z axis, as shown in Figure 7b. This makes the initial mode correspond to the transverse electric (TE) mode. In order to change from TE to transverse magnetic (TM) mode, the initial electric field has to be obtained in x-direction (in Figure 7b). Firstly, our numerical studies show the reflectance profile when the incident angle is varied. The MD1 maintains a high reflectivity for both a-state and c-state of the GST, as shown in Figure 7. The reflectance values for all incident angles above 90% are almost independent on the incident angle. In other words, the MD1 resonance of the proposed reflector can effectively be used in any angle of incidence. However, the second magnetic dipole is strongly sensitive to the incident angle for both a-state and c-state. Therefore, the proposed structure shows a potential for the angle of incidence measurement or a sensing application in which the sensitivity on the incident angle is a required condition.



Next, the effect of the polarization state of an incident beam is investigated and presented in Figure 8a with black, green, and red lines when φ is at 0°, 20°, and 90°, respectively. As shown in the figure, the polarization angles at 0° and 90° correspond to the TE and TM polarization modes, respectively. Here, solid and dashed lines describe the GST in a-state and c-state, respectively. When φ is 0° (TE), the solid black line shows two resonating reflectances at 1.71 and 2.76 THz. At the polarization angle of 20°, the reflectance is described by a solid green line. The reflectance is almost the same as TE mode, but there are two dips appearing around 1.5 THz (clearly be seen) and 2.7 THz (hardly be seen). When the polarization angle increases to 90° (TM), these two dips become more apparent.



They clearly show that the proposed metasurface reflector is strongly dependent on the polarization state. As can be seen in the solid red line (a-state), the TM mode illustrates two resonant dips: the first is at 1.47 THz with the trough going down to 0.01, and the second dip is located at 2.66 THz with a reflectance value of 0.05. The behavior of the dip occurring at the polarization angle of 20° can also be seen from the green line. Hence, the TM mode shows the possibility for sensing applications using the two sharp resonant dips with almost zero reflectivity in a-state. In c-state, the second resonant dip is shifted towards higher frequencies and the reflectance corresponding to the dip increases. In all, the promising usage should go to the first dip because its effective dip remains at a constant frequency.



To show the novelty of our structure, Table 1 presents a comparison of some significant characteristics of the phase change metasurface device in the THz radiation. This table contains information of the reflective type of band, the resonant frequency, nonvolatile or volatile property, contrasting value at the resonant frequency, and the complexity of the periodic pattern.



Our proposed reflective GST metasurface is a non-volatile structure. This has an advantage over a volatile PCM like vanadium dioxide, VO2 [75,76], in terms of the consumption of the external energy to reverse back to its stable state. Table 1 also shows that our proposed structure is a dual-band reflective metasurface located at 1.72 and 2.70 THz, corresponding to significantly differing contrast values of 5% and 78% for MD1 and MD2, respectively. In addition, due to a simple structure of the proposed metasurface, the fabrication process is expected to be less complicated than previous structures. The fabrication for our simple structure can be described as follows: The device fabrication process starts with the deposition of the metal layer (gold) on the silicon wafer by the thermal evaporation method and then a spin-coating technique is utilized to embed the dielectric layer (polyimide) on the metallic layer. Afterwards, the metal layer is deposited again on the dielectric layer. The hexagonal design is shaped by wet etching following the lithography. Finally, the GST layer can be placed on the structure using magnetron sputtering [77,78,79,80,81]. Lastly, the proposed reflective metasurface unit has a promising potential to be integrated into THz-based biosensing systems because of the compatibility between the resonant frequencies and the frequency response of organic molecules [82].





4. Conclusions


In this research, we firstly simulated a hexagonal metasurface with no PCM. The numerical result shows that the proposed structure provides two unique resonant frequencies in THz radiation with high values of reflectivity: 1.71 and 2.76 THz. After that, the phase change material, GST, was integrated into the proposed unit cell structure by placing it on top of the gold film. Initially, the amorphous state of GST was considered. The unit cell of the phase change metasurface provides two fixed resonant frequencies of 1.72 and 2.70 THz with a high reflectivity, and one of them still has high reflectance values after the phase transition. The field distributions of these two peaks clearly show differing magnetic field contours as identified by the magnetic dipoles (MD1 and MD2). The former is located in a polyimide layer, while the latter is confined in the GST layer. After the phase transition of GST from amorphous to crystalline state occurs, there is a minimum change in MD1. In addition, MD2 is found to be confined in the GST layer due to an abrupt change in the GST refractive index.



The effect of substrate thickness, phase change material thickness, and hexagonal sidelength were also investigated to observe the effect on the reflectance profile. The numerical study showed the shifting of frequency when the size of unit cell structure is changed. This confirms the ability to tune and optimize the performances of the proposed device. The performances of the proposed metasurface unit cell were evaluated by two important parameters: insertion loss and extinction ratio. The results showed that the thinner polyimide and thicker GST provide a better performance of the proposed structure. Finally, we showed that the properties of our proposed unit cell are polarization dependent and incident-angle insensitive.
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Figure 1. Schematic of the proposed hexagonal metasurface unit cell. (a) The top view of the unit cell structure. (b) The periodic pattern of metasurface and (c) the side view of the unit cell structure. 
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Figure 2. (a) Reflectance profile from the proposed hexagonal structure without PCM (solid red line) and with PCM as GST (blue lines); a solid line is a−state, and a dashed line is c−state. The side view of unit cell structures; (b) is without GST and (c) is with GST. (d) The refractive index and extinction coefficient of GST in both amorphous and crystalline states. 
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Figure 3. Side view representations of the designed materials. The MD1 when the GST is in (a) a-state and (b) c-state. The MD2 when the GST is in (c) a-state and (d) c-state. 
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Figure 4. (a) Reflectance spectra when the thickness of polyimide (T) is varied. Solid and dashed lines represent a-state and c-state of GST, respectively. (b) RMD2 and fMD2 when varying T. (c) IL and ER of MD2 when varying T. 
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Figure 5. (a) Reflectance spectra when the thickness of the GST (t) is varied. Solid and dashed lines represent a-state and c-state of the GST, respectively. (b) RMD2 and fMD2 when varying t. (c) IL and ER of MD2 when varying t. 
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Figure 6. (a) Reflectance spectra when the hexagonal sidelength (L) is varied. Solid and dashed lines represent a-state and c-state of GST, respectively. (b) RMD2 and fMD2 when varying L. (c) IL and ER of MD2 when varying L. 
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Figure 7. (a) The reflectance value of the MD1 the different incident angles from 0 to 80 degrees. (b) The schematic shows the component of initial incident field. (c) The field components and wave vector show the incident angle. 
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Figure 8. (a) The reflectance profile of polarization angles at 0°, 20°, and 90° corresponding to blue, green, and red lines, respectively. The solid lines are when GST is in a-state and the dashed lines are when GST is in c-state. (b) The field components and wave vector show the polarization angle. 
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Table 1. The comparison of various phase change metasurfaces operating in the THz regime.
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	Reference
	Type of Bands
	Center of Resonance [THz]
	Nonvolatile vs. Volatile
	Contrastingly Value
	Complexity





	[71]
	Multi
	0.35, 0.72, 0.84, 0.94
	Volatile
	≈50%
	Intermediate



	[72]
	Single
	89
	Nonvolatile
	94%
	Intermediate



	[73]
	Single/Broad
	2.5
	Volatile
	N/A 1
	Difficult



	[74]
	Dual
	1.98, 5.88
	Nonvolatile
	50%, 75%
	Simple



	This work
	Dual
	1.72, 2.70
	Nonvolatile
	5% 2, 78%
	Simple







1 The phase transition causes the spectrum change between single band and broadband; therefore, there is no contrast between phase transition. 2 This value is purposely minimized to maintain the MD1 mode.
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