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Abstract

:

A tunable demultiplexer with three output channels infiltrated by liquid crystal (LC) is presented, which is based on a metal-insulator-metal (MIM) waveguide. The operating frequencies of the three output channels can be tuned simultaneously at will by changing the external bias electric field applied to the LC. By analyzing the Fabry-Pérot (FP) resonance modes of the finite-length MIM waveguide both theoretically and numerically, the locations of the three channels are delicately determined to achieve the best demultiplexing effects. Terahertz (THz) signals input from the main channel can be demultiplexed by channels 1, 2 and 3 at 0.7135 THz, 1.068 THz and 1.429 THz, respectively. By applying an external electric field to alter the tilt angle of the infiltrating LC material, the operating frequencies of channels 1, 2 and 3 can be relatively shifted up to 12.3%, 9.6% and 9.7%, respectively. The designed demultiplexer can not only provide a flexible means to demultiplex signals but also tune operating bands of output channels at the same time.
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1. Introduction


Demultiplexing technology is employed to convert a signal containing multiple signal streams back into the original separate and unrelated signals. Demultiplexer in the terahertz range is under active development nowadays [1,2]. In this frequency range, lots of devices, like switches, modulators, sensors, etc., have emerged in recent years to facilitate ultra-wideband communications [3,4,5].



However, the rapid development of communication systems is always short of devices that can match their evolving performance requirements. Therefore, tunable materials are playing a key role in developing optic-electric devices that are flexible and easy to use. Graphene is widely used in adjustable devices owing to the diversity of its tunable parameters [6,7,8]. With adjustable permeability by magnetic fields, ferrite is also attractive for devices in the terahertz or optical range [9,10,11]. Since the liquid crystal (LC) is fluid, it is better used for volume devices, like waveguides [12], or flexible components, like wearable filters [13].



In recent years, nematic liquid crystals (NLCs) have been widely used in tunable optic-electric devices, because the optical axis of NLC molecules can be controlled by an external electric field or a magnetic field. The NLC’s controllable dielectric properties, wide range of operating frequencies and multiple ways of being adjusted are attractive for design tunable devices [14,15]. In the gigahertz band, LC has been tailored in a filter or amplifier to adjust their operating bands [16,17]. In the optical band, LC has found its usage in switches, sensors, waveplates, etc. [18,19,20]. Recently, there has been growing interest in utilizing the LC for devices working in the terahertz range [21,22,23]. In addition to the extension of the applied frequencies using the LC, ways to adjust the LC are also diversified. Electrical control of the tilt angle of the LC is a prevailing method because it can be fully used as a tunable medium for convenience and effectiveness [24,25]. By applying an external magnetic field, dielectric parameters of the LC can also be adjusted without any direct contact with the devices employing it [26,27]. The temperature stability of the LC is always required to keep the devices operating effectively. The temperature sensitivity of the LC can also be used to change its properties to realize tunable devices, even though its temperature response is relatively slow [28,29].



Among various devices that achieve tunability by using the LC, metal-insulator-metal (MIM) and insulator-metal-insulator (IMI) waveguides are preferable as the infrastructure due to their simplicity and effectiveness. This is because the metal plates forming these waveguides are well suited to applying a bias voltage to adjust the tilt angle of the LC infiltrated in the waveguide. For example, some recently devised tunable optical resonators and switches are based on the prototype of the LC-infiltrated MIM waveguides [30,31]. As a cladding material of IMI waveguides, the LC has also found its application in surface plasmon polaritons (SPP) filters or transmission devices [32,33]. Considering the advantages of the MIM waveguide, it is also preferred as the infrastructure of the demultiplexer presented here.



In this paper, we present an LC-infiltrated tunable demultiplexer with multiple slots as output channels, which is biased by an external electric field (E). The propagating property of a MIM waveguide is closely related to dielectric parameters of the intermediate layer sandwiched by two metal layers. Thus, employing LC as the infiltrating material of the MIM waveguide can provide an efficient method of tuning the transmission characteristics of the waveguide. Meanwhile, etching slots on a metal plate of the MIM waveguide introduces multiple output channels of the device. To determine the optimistic locations of the output channels, the field distribution of Fabry-Pérot (FP) resonances of the finite-length MIM waveguide is theoretically and numerically investigated. Thus, the demultiplexing effects of the devices can be tuned by changing an external bias electric field that can adjust the tilt angle of the LC infiltrated in the MIM waveguide. Such a device in micrometer scale can provide an effective and flexible way of demultiplexing signals in the terahertz range.




2. Theoretical Basis


In the terahertz frequency range, LC can be treated as a lossy and dispersive media [23,34]. We employ the polynomial model to fit the refractive index (n) and absorption coefficient (α) of E7, which is used as the LC material throughout the paper. As for the dielectric properties of E7, it has a positive dielectric anisotropy (Δε > 0). The ordinary refractive index (no) and extraordinary refractive index (ne) of E7 are 1.56 and 1.70, respectively, at the operating frequency of 1 THz and temperature of 26 °C [35,36]. With the electric field E > 7 kV/m, the E7 reaches a maximum value that is the extraordinary refractive index (ne) of 1.70. The refractive index of E7 is a value that can be controlled between 1.56 and 1.70, depending on the external electric field. Its dielectric properties have been studied experimentally in reference [35]. Fitting the dielectric properties of E7 in the terahertz range by the polynomial model, the lossy and dispersive characteristics of the LC presented in this paper would be accurate and reasonable. The polynomial model is employed and shown below:


nE(ω)=∑i=0Mnki,Eωi



(1)






αE(ω)=∑i=0Mαhi,Eωi



(2)




where nE and αE are the refractive index and absorption coefficient of the LC under the bias electric field E, respectively; Mn and Mα are the order of the polynomials for nE and αE, respectively; ki,E and hi,E stand for the coefficients in the fitted polynomials for the refractive index and absorption coefficient, respectively. Owing to the simplicity and effectiveness of the polynomial model, it was chosen to model the dielectric properties of E7 in the terahertz range. Figure 1 presents our fitted results based on Equations (1) and (2) (Mn = 5, Mα = 16), which are in good agreement with the experimental ones in reference [35]. Throughout the paper, the bias electric field of the LC is selected from 0 kV/m, 3 kV/m, 5 kV/m or 7 kV/m, which can tune the dielectric properties of the LC. The external electric field is set in the range of 0 to 7 kV/m, since when E > 7 kV/m the refractive index of E7 has already reached the maximum value that is the extraordinary refractive index (ne = 1.70) [35]. Due to the numerous parameters in the polynomial fit, the fitting parameters of E7 with order Mn equals to 5 and Mα equals to 16 are listed in Table A1 and Table A2 of Appendix A.



Sandwiched by the upper and lower metal plates, the main channel forms a planar waveguide where electromagnetic (EM) waves propagate. Figure 2 shows the schematic of the MIM waveguide.



Across the upper and lower metal plates, a voltage is applied to tune the dielectric properties of the LC. The voltage induces an electric field in the main channel and tilts the LC molecules, thereby changing the dielectric properties of the LC. When the strength of the electric field applied to the main channel varies, the main body of the LC molecules tends to tilt with different angles, leading to different permittivities of the LC and hence different propagation characteristics of EM waves in the main channel.



Under the geometry shown in Figure 2, the TM mode dominates in the MIM waveguide. The propagation constant of a planar waveguide is determined by the width of the main channel as well as the dielectric property of the LC and metal forming the channel. Taking the dielectric property of the LC into consideration, the dispersion relation of the planar waveguide can be obtained as follows [37]:


tanh(k1W2)=−k2ε1k1ε2



(3)






ki2=kz2−k02εi   ,i=1,2



(4)




where kz is the propagation constant of EM waves in the z direction; k1 and k2 are the wave number in the LC and metal in the x direction, respectively; k0 is the wave number in the free space; ε1 and ε2 are the relative permittivities of LC and metal, respectively. The relative permittivity of LC can be obtained using its refractive index n and absorption coefficient α by the following equation:


ε1=(n−jαc4πf)2



(5)







Meanwhile, copper is used as the metal in our device throughout the paper. In order to express the properties of copper accurately, its relative permittivity is given by the Drude model:


ε2=ε∞−ωp2ω2−jγω



(6)




where ωp and γ are the plasma frequency and collision frequency of copper, respectively, and ε∞ stands for the dielectric constant at infinite frequency. For copper in the terahertz range, ωp, γ and ε∞ are set to 1.123 × 1016 rad/s, 2.196 × 1012 Hz and 1, respectively [38].



By numerical computation, the dispersion curves of the LC-infiltrated planar waveguide are shown in Figure 3, where the geometry of the waveguide is L = 240 µm and W = 5 µm. The propagation constant is normalized in terms of kunit = 2π/L. Figure 3 shows that the propagation constant can be changed with different bias electric fields of the LC. For a fixed frequency, the propagation constant is larger with a higher bias electric field.



The limited length of the MIM waveguide will induce reflections that lead to the so-called FP resonance and thus multiple peaks in the transmission spectrum. The resonance in the transmission spectrum should follow the FP cavity resonant condition [39]:


kzL=mπ



(7)




where kz is the propagation constant along the main channel of the MIM waveguide, L is the longitudinal length of the waveguide, and m = 1, 2, 3,…, ∞ is the order of the FP mode. By representing kz by 2π/λ in Equation (7), where λ can be substituted by c/(f⋅Re{neff}), the FP resonant frequencies of mode m can be expressed as:


fFP,m=mπc2πRe{neff}L



(8)




where Re{neff} is the real part of the effective refractive index seen by EM waves propagating along the MIM waveguide.




3. Analysis and Results


In order to study the transmission spectrum and field distribution of the LC-infiltrated device, the finite element method based commercial software, COMSOL Multiphysics, is adopted in our simulations throughout the paper. It is capable of handling dispersive media and is thus suitable for the full-wave simulation of the LC-based devices. The dielectric properties of LC, which is fitted by Equations (1), (2) and (5) under different bias electric fields, can be described by using COMSOL, and then the performance of LC-based devices can be analyzed in the terahertz range.



To start the numerical simulation of the demultiplexer, the geometry of the main channel is chosen to be L = 240 µm, W = 5 µm, as shown in Figure 2. Copper is chosen as the metal surrounding the main channel where the LC material of E7 is infiltrated.



3.1. MIM Waveguide with Only the Main Channel


In the first place, an MIM waveguide with the main channel infiltrated by the LC is investigated. Thus, the FP effect on resonance frequencies of the MIM waveguide can be verified. In addition, different voltages are applied to change the dielectric properties of the LC and investigate their influence on the resonance.



With different bias electric fields of the LC, the transmission spectra of the MIM waveguide are simulated and shown in Figure 4.



In case the bias electric field of the LC equals zero, there are four resonant frequencies at 0.3553 THz, 0.7098 THz, 1.067 THz and 1.425 THz, corresponding to modes 1, 2, 3 and 4, respectively. While the bias electric field is increasing, the resonances of different modes are all shifted to lower frequencies. This is due to the increase of the effective refractive index neff seen by EM waves propagating along the MIM waveguide. Since Figure 3 shows that a larger bias electric field will lead to a larger kz, based on a well-known kz = ω/c neff, the larger kz of the MIM waveguide means the larger neff seen by the propagating EM waves. Consequently, under a larger bias electric field, the fFP,m of the MIM waveguide governed by Equation (8) has a trend of shifting to lower frequencies. Such a phenomenon can be used for a tunable filter by controlling the bias electric field of the LC, if there is just one main channel in the MIM waveguide.



In order to inspect the field distribution under different modes, their normalized Hy field strength in the xoz plane with zero-biased electric field of the LC is presented in Figure 5. Due to the intrinsic characteristic of FP resonance depicted in Equation (7), the number of periods of the field distribution is the same as the mode number m. In fact, the peak field distribution of mode m under resonance is identical under different bias electric fields of the LC, which depends only on the geometry of the resonator. The demanded resonance of the mode m can be easily achieved by setting the MIM waveguide to operate under its m-th resonant frequency, which is given by Equation (8). From Figure 5, it can be seen that the maximum field of mode m appears at the z-coordinate of pm, which can be expressed by:


pm=(n+12)Lm



(9)




where L/m stands for the period length of the mode m, and n = 0, 1, 2,…, m-1 is the number of periods in front of the peak field.




3.2. Demultiplexer Formed by the MIM Waveguide with Multiple Output Channels


With a bias voltage capable of tuning the transmission spectrum of an LC-infiltrated MIM waveguide, it is feasible to design a reconfigurable demultiplexer based on the MIM waveguide as long as its multiple output channels are properly designed. To achieve this, we need to make use of the variation of resonant frequencies of the LC-infiltrated waveguide owing to the change of the bias electric field of the LC. In Section 3.1, we concluded that under different bias electric fields of the LC, the field distributions of the mode m can be the same given that the operating frequency satisfies Equation (8). Therefore, the location of the output channel corresponding to the m-th mode can be chosen to be the location where the mode m has a peak field distribution. By allocating the output channel at this location, the maximum field will exist here when the operating frequency of the MIM waveguide satisfies Equation (8). Thus, the spectrum of the output channel set at this location will have a peak at the frequency fFP,m corresponding to the resonant frequency of the m-th mode. Moreover, by adjusting the bias electric field, the frequency of the spectral peak of the output channel can be changed. Therefore, the passband of the output channel can be tuned by the bias electric field of the LC. Following the same principle, multiple output channels on the MIM waveguide can be set. Their passbands can be controlled simultaneously by adjusting the bias electric field of the LC, ultimately forming a tunable demultiplexer with multiple output channels.



According to the above analysis, the output-channel location should be set at the positions where the maximum field of the mode m occurs. It is worth noting that the number of output channels is set to three to avoid too small intervals between them and prevent unwanted mutual couplings. Figure 6 shows the allocation of the output channels of the MIM waveguide whose dimension is the same as that shown in Figure 2. With three output channels etched on the upper copper plate, the voltage is applied between the four segments of the upper copper plate and the lower copper plate.



Here, three output channels corresponding to modes 2, 3 and 4 are deployed. Their coordinates along the z axis are set to 179 µm, 120 µm and 99 µm, respectively. According to the resonant frequencies from low to high, the ports at 179 µm, 120 µm and 99 µm are named channels 1, 2 and 3, respectively. In order to minimize the cross talk between these output channels, the locations of output channels have been chosen delicately. In this way, the amplitude of transmission spectrum obtained by one output channel can be maximized at its resonant frequency while those of other output channels are minimized as much as possible. Following this criterion, the values of n in Equation (9) are all set to 1 for channel 1, 2 and 3 (or mode 2, 3 and 4). Then, the locations of the channels are meticulously tuned according to multiple simulations. Finally, the coordinates of the output channels 1, 2 and 3 along the z axis were optimized to be 179 µm, 120 µm and 99 µm, respectively. For the output channels, they have the same width D that equals 0.25 µm, which is much smaller than the width of the main channel. It should be noted that the voltage across the sidewalls of all output channels are zero. However, since the output channels are much narrower compared to the main channel, those channels infiltrated with the zero-biased LC have little effect on the field distribution of the main channel.



By numerical simulation of the field distribution in the demultiplexer, the spectra of the three output channels are obtained and shown in Figure 7. With the bias electric field applied, the LC with changed refractive index in the channels in the MIM waveguide shifts the resonant frequencies of all output channels obviously. Figure 7 shows the effects of the bias electric field on the spectra of the output channels. In Figure 7a, for example, the resonant frequency of channel 1 is successfully shifted from 0.7315 THz to 0.6414 THz when the bias electric field changes from 0 kV/m to 7 kV/m. The elaborated effects of the bias electric field of the LC on the spectra of the output channels are listed in Table 1. It can be concluded that the larger bias electric field of the LC shifts the resonant frequencies of all output channels to the lower resonant frequencies, resulting in a tunable demultiplexer. This is because, when a higher bias electric field is applied, the effective refractive index, neff, of the MIM waveguide is larger, which can be deduced from kz = ω/c neff and Figure 3. Consequently, the resonant frequencies governed by Equation (8) can be shifted to lower values due to the larger neff. It should be noted that, although the dimensions of the main and output channels of the demultiplexer are well below the wavelength of the terahertz wave, a fraction of signals can still be transmitted and demultiplexed. Previous research on the LC-infiltrated FP resonator-based filter experimentally showed that around 20% of terahertz signals could be filtered and outputted, where the channel dimension was well below the operating wavelength [40].



Figure 8 shows the |Hy| distributions of the output channels as well as the main channel in dB scale. For the sake of intuitive and clarity, the intensity of |Hy| field in Figure 8 is represented by height as well as color. The demultiplexing effect can be observed from Figure 8. Taking channel 1 at the z coordinate of 179 µm as an example, the field amplitude in the output channel 1 is higher at 0.7315 THz, as shown in Figure 8a, compared to those at 1.068 THz and 1.429 THz, as shown in Figure 8b,c respectively. Other output channels can also have a peak amplitude of fields at its corresponding resonant frequencies, thus rendering a good demultiplexing effect. Because different bias electric fields of the LC still lead to the identical peak location of the m-th resonant mode, Figure 8 just reflects the field distribution with zero-biased electric field of the LC. It should be noted that the absolute amplitude of Hy field at 1.068 THz is relatively smaller than those at other frequencies in Figure 8. This is because the actual field response of the MIM waveguide at different frequencies may vary.





4. Conclusions


This paper has presented a demultiplexer tunable in the terahertz range with three output channels designed on an MIM waveguide incorporating the LC. Based on the FP resonance of the MIM waveguide and the field distribution under different resonant modes, the operating modes as well as the locations of the three channels can be determined. By applying an external electric field across the copper plates of the MIM waveguide, the dielectric property of the LC infiltrated in the main channel of the MIM waveguide can be changed, and thus the demultiplexer can be tunable. Numerical simulations demonstrate that channels 1, 2 and 3 can demultiplex signals from the main channel at frequencies of 0.7315 THz, 1.068 THz and 1.429 THz, respectively. By applying electric field from 0 kV/cm to 7 kV/cm on the MIM waveguide, the operating frequencies of the output channels 1, 2 and 3 can be shifted relatively as large as 12.3%, 9.6% and 9.7%, respectively. Such an LC-infiltrated MIM waveguide with output channels can achieve desired demultiplexing results in the terahertz range. The demultiplexer presented here is also a meaningful reference for demultiplexing signals in the optical and microwave ranges, because the tunability of the LC material is still valid in those frequency ranges.







Author Contributions


X.-S.L. conceived the idea, analyzed the data, and wrote the paper. N.F. revised the manuscript and supervised the whole work. Y.-M.X. analyzed the simulations and revised the manuscript. L.-L.C. and Q.H.L. provided suggestions and revised the manuscript.




Funding


This work was supported by the National Natural Science Foundation of China (61505035, 11734012, 11574218), the China Scholarship Council, the National Key Research and Development Plan (2016YFB1200402-019), and the Guangdong Science and Technology Plan (2015B090923004).




Conflicts of Interest


The authors declare no conflict of interest.





Appendix A




[image: Table]





Table A1. Polynomial fitting of the refractive index of E7.






Table A1. Polynomial fitting of the refractive index of E7.





	Parameters
	E = 0 kV/m
	E = 3 kV/m
	E = 5 kV/m
	E = 7 kV/m





	k0,0
	1.61
	1.64
	1.67
	1.69



	k1,0
	1.51 × 10−1
	3.48 × 10−2
	1.18 × 10−2
	2.35 × 10−2



	k2,0
	−3.66 × 10−1
	−8.00 × 10−2
	−2.48 × 10−2
	−7.55 × 10−3



	k3,0
	3.05 × 10−1
	3.85 × 10−2
	5.59 × 10−3
	−2.53 × 10−2



	k4,0
	−1.06 × 10−1
	−1.54 × 10−3
	5.00 × 10−3
	1.93 × 10−2



	k5,0
	1.34 × 10−2
	−1.45 × 10−3
	−1.66 × 10−3
	−3.73 × 10−3
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Table A2. Polynomial fitting of the absorption coefficient of E7.






Table A2. Polynomial fitting of the absorption coefficient of E7.





	Parameters
	E = 0 kV/m
	E = 3 kV/m
	E = 5 kV/m
	E = 7 kV/m





	h0,0
	7.50 × 101
	3.51 × 102
	2.11 × 102
	−2.38 × 101



	h1,0
	−2.29 × 103
	−8.81 × 103
	−5.41 × 103
	3.37 × 102



	h2,0
	2.92 × 104
	9.56 × 104
	5.96 × 104
	−1.29 × 103



	h3,0
	−2.09 × 105
	−5.96 × 105
	−3.75 × 105
	−4.85 × 103



	h4,0
	9.38 × 105
	2.39 × 106
	1.52 × 106
	6.04 × 104



	h5,0
	−2.83 × 106
	−6.59 × 106
	−4.17 × 106
	−2.46 × 105



	h6,0
	5.98 × 106
	1.29 × 107
	8.12 × 106
	5.79 × 105



	h7,0
	−9.10 × 106
	−1.84 × 107
	−1.15 × 107
	−8.94 × 105



	h8,0
	1.02 × 107
	1.94 × 107
	1.19 × 107
	9.62 × 105



	h9,0
	−8.43 × 106
	−1.54 × 107
	−9.25 × 106
	−7.42 × 105



	h10,0
	5.20 × 106
	9.09 × 106
	5.34 × 106
	4.16 × 105



	h11,0
	−2.38 × 106
	−4.00 × 106
	−2.28 × 106
	−1.69 × 105



	h12,0
	7.95 × 105
	1.29 × 106
	7.09 × 105
	4.94 × 104



	h13,0
	−1.88 × 105
	−2.96 × 105
	−1.55 × 105
	−1.01 × 104



	h14,0
	3.00 × 104
	4.56 × 104
	2.27 × 104
	1.35 × 103



	h15,0
	−2.87 × 103
	−4.24 × 103
	−1.97 × 103
	−1.07 × 102



	h16,0
	1.25 × 102
	1.79 × 102
	7.68 × 101
	3.74
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Figure 1. Fitted dielectric parameters of E7 in terahertz frequency range: (a) Refractive index; (b) Absorption coefficient. The fitted data are in good agreement with those in reference [35]. 
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Figure 2. Geometry of the metal-insulator-metal (MIM) waveguide with the infiltration of the liquid crystal (LC). 
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Figure 3. Dispersion curves of the LC-infiltrated MIM waveguide for different bias electric fields of LC; kz is normalized in terms of kunit = 2π/L. 
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Figure 4. Transmission spectrum of the LC-infiltrated MIM waveguide. 






Figure 4. Transmission spectrum of the LC-infiltrated MIM waveguide.



[image: Applsci 09 00644 g004]







[image: Applsci 09 00644 g005 550]





Figure 5. Normalized |Hy| distributions in the MIM waveguide with zero-biased electrical field of the LC: (a) Mode 1; (b) Mode 2; (c) Mode 3; (d) Mode 4. 
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Figure 6. Schematic of the LC-infiltrated demultiplexer tuned by the bias voltage. 
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Figure 7. Output spectra of the demultiplexer corresponding to channels: (a) 1; (b) 2; (c) 3. 
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Figure 8. |Hy| fields in the demultiplexer with zero-biased electrical field of the LC at the resonant frequencies: (a) 0.7315 THz; (b) 1.068 THz; (c) 1.429 THz. 
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Table 1. Shifts of spectra of the output channels due to different bias electric fields of LC.
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Bias E Field (kV/m)

	
Channel 1

	
Channel 2

	
Channel 3




	
Original Reson. f. (THz)

	
Shift (THz)

	
Rela. Shift (%)

	
Original Reson. f. (THz)

	
Shift (THz)

	
Rela. Shift (%)

	
Original Reson. f. (THz)

	
Shift (THz)

	
Rela. Shift (%)






	
0

	
0.7315

	
-

	
-

	
1.068

	
-

	
-

	
1.429

	
-

	
-




	
3

	
0.6895

	
0.042

	
5.7

	
1.038

	
0.030

	
2.8

	
1.387

	
0.042

	
2.9




	
5

	
0.6654

	
0.066

	
9.0

	
0.996

	
0.072

	
6.7

	
1.333

	
0.096

	
6.7




	
7

	
0.6414

	
0.090

	
12.3

	
0.966

	
0.102

	
9.6

	
1.291

	
0.138

	
9.7












© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  applsci-09-00644


  
    		
      applsci-09-00644
    


  




  





media/file8.jpg
Transmission (%)

90

- ~0 KV/m

06 08
Frequency (THz)






media/file11.png
x (pem)

100
z (yum)

(a)

200

100
z (pem)

(b)

200

100
z (pm)

(c)

200

0

100
z (pm)

200

(d)





media/file6.jpg
Frequency (THz)

1.6 T T

1.4} o
----5kV/m

12+ ——7kVim

1.0+

0.8+

0.6+

k,/k

z

06 08 10 12 14 16 18 20 22

unit






media/file1.png





media/file13.png
Channel|Channel
3 2

D

Channel

1

4O






media/file10.jpg
(b)

()






media/file7.png
Frequency (THz)

1.6

1.4
1.2+

1.0

0.8

L ----5kV/m

06 08 10 12 14 16 18 20 22

k /

k

unit






media/file12.jpg
Channel]
3

(Channel
2

Channel
1






media/file9.png
Transmission (%)

90

70

60 |
50

40

30|
20
10

80 |

4 06 08 10 1.2
Frequency (THz)

= =0 KV/m-

-—l— -
"aes
R






media/file14.jpg
‘Transmission (dB).

Transmssion (48)

6 08 10 1z
Froquency (o)
(@)

Transmasion (68)

6 08 10 T2 14
Frequency (THz)

©





media/file16.jpg
AkBER

()
i)

20 20 Ty
= G 2gm) = o

@ () ©





media/file5.png





media/file15.png
Transmission (dB)

08 10 12

Frequency (THz)

(a)

Transmission (dB)

-18

—-—0 kV/m

06 08
Frequency (THz)

(b)

Transmission (dB)

-4} —-—0kV/m :
BF e 3 kV/m ]
} s
8l — = 5kvim ||| ip
L — ' 55.‘
_12: I'ill
| i
- . e I H ':. «
181 “‘f!l . TR R EH
06 08 1. 12 14
Frequency (THz)

(c)





media/file3.png
Refractive index

1.72
1.70
1.68
1.66
1.64
1.62
1.60
1.58

LT
‘ree
LT
AL ™
"o

Yea,

.
.............

oooooo
OOOOOOOO

oooooo

-
— -
L P

04 06 08 10 12 14

Frequency (THz)

—-=0 kV/m, fitted - 3 kV/m, fitted = = -5 kV/m, fitted

(a)

Absorption Coefficient (cm™)

04 06 08 10 12 14
Frequency (THz)

7 kV/m, fitted
(b)





media/file0.png





media/file17.png
256+
>
= -38-

[H,| (dB)

S48
-34 -

-40 -
0

100
z (um)

(b)

0

20
X (pam)






media/file4.jpg





media/file2.jpg
172 =3
170 § 3
168 £=
166 TR [ 2
164 8
10
162 £
1.60 TS g o
5 <

04 06 08 10 12 14 04 06 08 10 12 14

Frequency (THz) Frequency (THz)
==0KVim, fited -3 kV/m, itled = = 5 kV/m, fitted ——7 kV/m, fitted

@ (®)





