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Abstract

:

In this study, a tunable graphene plasmonic filter and a two-channel demultiplexer are proposed, simulated, and analyzed in the mid-infrared (MIR) region. We discuss the optical transmission spectra of the proposed cross-shaped resonator and the two-channel demultiplexer. The transmission spectra of the proposed MIR resonator are tunable by change of its dimensional parameters and the Fermi energy of the graphene. Our proposed structures have a single mode in the wavelength range of 5–12 µm. The minimum full width at half maximum (FWHM) and the maximum transmission ratio of the proposed resonator respectively reached 220 nm and 55%. Simulations are performed by use of three-dimensional finite-difference time-domain (3D-FDTD) method. Coupled mode theory (CMT) is used to investigate the structure theoretically. The numerical and the theoretical results are in good agreement. The performance of the proposed two-channel demultiplexer is investigated based on its crosstalk. The minimum value of crosstalk reaches −48.30 dB. Our proposed structures are capable of providing sub-wavelength confinement of light waves, useful in applications in MIR region.
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1. Introduction


Surface plasmon polaritons (SPPs) are evanescent electromagnetic surface waves, shorter in wavelength than the incident light wave, which travel along the metal-dielectric. The terms of ‘surface plasmon’ and ‘polariton’ are respectively involved charge motion in highly conductive matter, and electromagnetic waves in the dielectric or vacuum. The materials which are frequently used in plasmonic structures are typically metals such as silver and gold, which are exploited in various applications such as filters [1,2,3], demultiplexers [4,5,6], sensors [7,8,9], and switches [10,11,12].



The parameters of the dielectric constants of metals are challengeable to be adjusted and controlled in different wavelengths [13,14,15]. In comparison, graphene is a two-dimensional (2D) sheet which dielectric constant can be modulated dynamically by alternation of its applied bias voltage enabling unique features to be utilized in mid-infrared (MIR) region [16,17,18,19,20]. In practice, graphene has strong confinement of lightwaves, long propagation length, and low loss making it superior to metals [21,22,23]. Because of the significant advantages of graphene, many graphene based structures—such as filters [24,25], demultiplexers [26,27], modulators [28,29], couplers [30,31], absorbers [32,33], and solar cells [34]—are designed and analyzed. Fabrication of graphene-based devices in MIR region was recently reported in [35,36]. The graphene/SiO2 MIR resonators are compatible with CMOS filters and resonators [37,38] making them attractive.



Previously published works [4,5,24,26,39,40,41,42,43,44,45,46,47,48] have reported transmission ratios up to 99% and FWHM values between 2–650 nm. In the design of demultiplexers, it is important to minimize the cross talk, thus the aim of this study was to find a design for demultiplexer which presents a better cross talk comparing to [4,5,26,39,44,45,46]. Moreover, a demultiplexer design should be conducted so that it maintains a desired single mode resonance in a wider wavelength range than previously reported structures [4,5,24,26,39,40,42,43,44,45,46,47,48].



Plasmonic metal-based cross-shaped resonator and its demultiplexing application are investigated previously in [4]. The proposed cross-shaped resonator in [4] is single mode in the near-infrared wavelength range of 400 nm to 2 μm while the proposed single mode resonator is designed to work at the wider MIR wavelength range. In addition, the transmission spectra of our structures aimed to be tunable since the Fermi energy of graphene can be changed without needing to re-fabricate the structures. Moreover, the cross talk of the graphene-type demultiplexer is improved compared to the metal-based one. To the best of our knowledge, tunable graphene cross-shaped resonator side-coupled to another resonator with the function of wavelength selecting and demultiplexing has not been studied yet.



In this manuscript, a new kind of plasmonic two-channel demultiplexer based on input/output graphene waveguides and cross-shaped resonator is proposed for (MIR) region. The resonator is investigated by coupled mode theory (CMT) and three-dimensional finite-difference time-domain (3D-FDTD) methods. By changing Fermi level of graphene, the length of the resonator, and the width of the resonator, the resonance wavelengths can be tuned. First, we study the transmission of the cross-shaped resonator. Then, two resonators are designed and integrated into one structure to achieve two-channel demultiplexer structure. The advantages of our designed structures are their nanometer dimensions which would be used in future MIR devices and photonic integrated circuits. The proposed concept provides an interesting and useful route for implementing photonic structures for MIR region.




2. Resonator and Analysis


Two-dimensional top and side views of the proposed graphene plasmonic MIR resonator are shown in Figure 1a,b. The structure is composed of a cross-shaped resonator embedded between the horizontal input and vertical output graphene waveguides. The whole structure is placed on SiO2/Si. SiO2 is used as a buffering layer and it has significant influence on the transmission spectrum of the proposed MIR resonator. Previous studies have reported that the thickness of SiO2 cannot be lower than 50 nm due to the invariant transmission caused by the fabrication errors and faults [49,50]. Two Au electrodes are used for applying the bias voltage to graphene in the proposed concept.



The materials selection and the device design are made so that they are reasonable from the fabrication point of view. The Au film and SiO2/Si spacer can be deposited by using the conventional electron beam evaporation technique [51]. Then, the monolayer graphene can be coated on the top of the SiO2 spacer after a chemical vapor deposition (CVD). Finally, the cross-shaped graphene MIR resonator with its input and output waveguides can be fabricated by using electron beam lithography and oxygen plasma etching [17].



The incident electromagnetic lightwave is launched to the resonator from its input port in MIR region and SPPs are excited along the input graphene waveguide. Two monitors are used at Pin and Pout to monitor the input and output powers. The input and output monitors are respectively 2D X-normal and 2D Y-normal. The transmission is calculated by   T   =      P  o u t      P  i n      .



Only the incident wavelength, which satisfies the resonance condition of the cross-shaped resonator, can be coupled effectively to the resonator and pass through to the output port while the others are suppressed. Thus, the band pass filtering effect is obtained in MIR region. Structural and material parameters of the proposed graphene plasmonic resonator are given in Table 1. Numerical simulations are performed by use of three-dimensional finite-difference time-domain (3D-FDTD) method in Lumerical FDTD Software package under appropriate boundary conditions of perfectly matched layers (PML). The assumed mesh sizes of the proposed resonator in three different directions of x, y, and z are given in Table 2. The optical conductivity of graphene σG, is expressed by the Kubo formula [22]


   σ G  =     2 i  e 2   k B  T   π  ℏ 2    ω + i  τ  − 1       l n   2 c o s h      E f    2  k B  T       +   i  e 2    4 π ℏ   l n     2  E f  −   ω + i  τ  − 1     ℏ   2  E f  +   ω + i  τ  − 1     ℏ      



(1)




where e, kB, T, ℏ, ω, Ef, and τ are respectively the electron charge, Boltzmann constant, temperature, reduced Planck constant, angular frequency, and Fermi energy level, and carrier relaxation time. τ can be calculated by   τ =   µ  E f    e  v f 2     , where μ is the carrier mobility. The constant vf = 106 m/s is the Fermi velocity of graphene.



As depicted in Figure 1b, graphene should be biased by external gate voltage. Ef is related to the bias voltage Vbias as [52]


   E f  =       π  ε 0   ε  r S i O 2    V  b i a s     e  t  S i O 2        



(2)




where ε0 is the permittivity of air with the value of 1. εrSiO2 and tSiO2 are respectively the relative permittivity and the thickness of the buffer layer. Moreover, the permittivity of graphene can be determined by


   ε G    =   1 +   i  σ G     ε 0  ω t    



(3)




where t is the thickness of graphene and is assumed to be 1 nm.



In the air-graphene-air system, the dispersion relation of SPPs travelled on graphene can be represented by [53]


   β  S P P     =    k 0    1 −      2   η 0   σ G       2     



(4)




where βSPP, k0, and η0 are respectively the propagation constant of SPPs, the wave vector of incident light, and the impedance of air.



The transfer function tf, of the proposed graphene plasmonic resonator structure by use of coupled mode theory (CMT) method is [54]


  t f   =      1   Q w      j 2 δ +  1   Q i    +  1   Q w       



(5)




where Qw and Qi are the quality factors of the resonator which are respectively describing the waveguide coupling loss and the intrinsic loss. δ is used for normalization of the frequency ω and is defined as   δ   =     ω −  ω 0     ω 0     . Transmission T is obtained by   T   =     t f      2      [54].



Transmission spectrum of the MIR graphene plasmonic resonator of Figure 1 obtained by numerical FDTD and theoretical CMT methods are given in Figure 2a. For the transmission spectrum which is obtained by CMT method, Qw and Qi are respectively considered as 40 and 100.    E    Field profiles of the resonator for the resonance wavelength of λ = 7.5 µm and the non-resonance wavelength of λ = 6.5 µm are respectively given in Figure 2b,c. The SPPs are excited by use of a dipole point source with electric polarization which is considered 2 nm above the horizontal input graphene [55]. In the resonance wavelength, the incident lightwave couples effectively to the resonator and then, it decouples to the output graphene waveguide. In the non-resonance wavelength, the incident lightwave cannot couple to the resonator and it is blocked.



The real part of the βSPP is related to the σG (Equation (4)) and σG is related to the Ef (Equation (1)). As the Ef increases, the real part of the βSPP decreases (depicted in Figure 2d). The wavelength of the transmission peak shown in Figure 2a should thus exhibit a blue shift when the Fermi energy increases. That is how the transmission spectrum can be tuned by the change of the Fermi energy of graphene.



The resonance condition of the proposed resonator of Figure 1 could be expressed by [56]


  2  β  S P P   L + 2 δ   =   2 p π  



(6)




where    β  S P P     =     2 π  n  S P P    λ   , nSPP and λ are respectively the effective refractive index of SPPs and the resonance wavelength. The phase change at the ends of the ribbon is denoted by δ and p which are integer numbers. While the incident wavelength is much larger than the ribbon length, we can assume p = 1. Therefore, the resonance wavelength could be given by [56]


  λ   =     2 π  n  S P P   L   π − δ    



(7)







Transmission spectra of the proposed graphene plasmonic resonator of Figure 1 for three different values of the resonator length L, the Fermi energy Ef, the resonator width W, and the angle between the ribbon and the horizontal line of the cross-shaped resonator θ are simulated and given in Figure 3a–d, respectively.



As depicted in Figure 3a, by increasing the resonator length, L, the resonance wavelength increases which shows a red shift. By Equation (7), it is clear there is a direct relationship between the resonance wavelength and the resonator length. Therefore, by increasing of the resonator length, the resonance wavelength increases.



By increasing of Ef, as shown in Figure 3b, the resonance wavelength decreases causing a blue shift. It is because the real part of the βSPP (Equation (4)) decreases as the Ef increases (given in Figure 2d). At the same time, the losses of the SPP wave supported by the graphene layer decrease with the Ef increase. Therefore, the transmission of the transmission peak increases with the Ef increase, also discussed in [57,58].



Real part of nSPP depends on the width of the graphene ribbon W. For W << L, by decreasing of W, the real part of nSPP increases. Therefore, the transmission spectrum of the resonator experiences a blue shift by change of W when W << L, also discussed in [56,59]. By increasing W, as seen in Figure 3(c), the resonance wavelength decreases which shows a blue shift.



As can be seen from Equation (7), when the rotation angle between the graphene ribbon and the horizontal line θ changes, the length of the resonator L is constant, while the effective refractive index nSPP will change slightly due to the variation of the coupling strength affected by change of θ. By increasing of θ, the coupling strength increases. Therefore, the real part of nSPP increases which is also discussed in [60]. Therefore, by increasing of θ, the resonance wavelength tends to exhibit a blue shift (shown in Figure 3d).




3. Two-Channel Demultiplexer and Analysis


By modifying the cross-shaped resonator described in previous section, we propose and analyze a two-channel plasmonic demultiplexer in this section. The 2D view of two-channel plasmonic demultiplexer is depicted in Figure 4a. Transmission spectra of the two output channels of the demultiplexer are presented in Figure 4b–e. The differences of the resonators of Figure 4b–e are respectively the lengths, Fermi energies, widths, and angles. Other parameters are the same as reported in Table 1. Electric field profiles of the proposed demultiplexer for the resonators with different lengths in the resonance wavelengths of λ=6.8 µm and λ=8.05 µm are respectively presented in Figure 4f,g.



Cross talk C, between the two channels of the proposed demultiplexer of Figure 4a is calculated by [5]


  C   =   10   l o g      P o     P i       



(8)




where Pi is the power of interested channel and Po is the power of another channel. The crosstalk values of the proposed two-channel demultiplexer of Figure 4a for different states of Figure 4b–e are given in Table 3.



The maximum transmission ratio, the full width at half maximum (FWHM), the cross talk, and tunability without need to re-fabricate the structures of some other works are reported and compared with our work in Table 4. References [24,40,41,42,43,47,48] did not report demultiplexing application of their proposed structures, so we leave dash for their cross talks in the table. References [41,42] are absorbers with absorption spectra and they do not contain transmission spectra. Transmission spectra and FWHM are not reported in [44]. FWHMs in [24,26,39,45,46,47] are not reported and we calculated them approximately. Transmission spectra of [40] contains some ripples and estimation of FWHM is not possible. Even though some of the references have better transmission ratio or FWHM than our resonator, the proposed resonator is dedicated for demultiplexing application. Having better cross talk and a wide single mode resonance wavelength range are important parameters for demultiplexing application. These two items are improved in our demultiplexing structure compared to the literature.




4. Conclusions


In the present study, we have proposed, and analyzed new tunable graphene plasmonic cross-shaped resonator and a two-channel demultiplexer in mid-infrared (MIR) region. It is shown that it is possible to tune the transmission spectrum of the proposed structures by alternating of the applied bias voltage (Fermi energy) of graphene which is an advantage of the proposed structures. Our proposed structures are single mode in the wavelength range of 5–12 µm. Based on the proposed plasmonic cross-shaped resonator, two-channel demultiplexer is designed and studied in MIR region. The minimum value of crosstalk for the proposed demultiplexer is −48.30 dB. The maximum transmission ratio of 55% and the minimum FWHM of 220 nm are obtained by our proposed resonator structure. The proposed structures are analyzed by use of three-dimensional finite-difference time-domain (3D-FDTD) method and coupled mode theory (CMT). Our work could be used for further development of nano meter sized active and passive optical devices and structures in MIR region.
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Figure 1. Two-dimensional (2D) (a) top and (b) side views of the MIR cross-shaped graphene plasmonic resonator. Two input/output graphene waveguides are coupled by a graphene cross-shaped resonator. 
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Figure 2. (a) Transmission spectrum of the resonator structure of Figure 1 obtained by numerical FDTD and theoretical CMT methods.    E    Field profiles of the resonator structure of Figure 1 for (b) the resonance wavelength of λ = 7.5 µm, (c) the non-resonance wavelength of λ = 6.5 µm, and (d) the dependence of the real part of the βSPP (Equation (4)) of the graphene layer for different Fermi energies of graphene. 
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Figure 3. The influence of the alternation of (a) resonator length L, (b) graphene Fermi energy Ef, (c) resonator width W, and (d) the angle between the ribbon and the horizontal line of the resonator θ, on the transmission spectrum of the proposed structure of Figure 1. 
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Figure 4. (a) 2D top view (side view is the same as Figure 1b) of the MIR two-channel demultiplexer. Transmission spectra of the output ports of the proposed two-channel demultiplexer for the resonators with different (b) lengths (channels 1 and 2 with the lengths of L1 = 80 nm and L2 = 100 nm), (c) Fermi energies (channels 1 and 2 with the Fermi energies of Ef1 = 0.6 eV and Ef2 = 0.8 eV), (d) widths (channels 1 and 2 with the widths of W1 = 20 nm and W2 = 30 nm), and (e) angles (channel 1 and 2 with the angles of θ1 = 40° and θ2 = 60°).    E    Field profiles of the proposed two-channel demultiplexer for the resonators with different lengths of L1=80 nm and L2=100 nm in the resonance wavelengths of (f) λ = 6.8 µm and (g) λ = 8.05 µm. 
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Table 1. Structural and material parameters of the proposed graphene plasmonic resonator of Figure 1.
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	Parameter
	Label
	Value





	Resonator length
	L
	90 nm



	Resonator width
	W
	30 nm



	Angle between the ribbon and the horizontal line in the cross-shaped resonator
	θ
	40°



	Distance between the input/output waveguide and the resonator
	d
	10 nm



	Graphene Fermi energy
	Ef
	0.8 eV



	Thickness of SiO2
	tSiO2
	50 nm



	Thickness of Si
	tSi
	500 nm



	Refractive index of SiO2
	nSiO2
	     2.1     



	Refractive index of Si
	nSi
	     11.08     
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Table 2. Assumed mesh sizes of the proposed resonator structure of Figure 1.
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	Segment/Direction
	x (nm)
	y (nm)
	z (nm)





	Input waveguide
	6
	2
	0.1



	Resonator
	2
	2
	0.1



	Output waveguide
	2
	6
	0.1
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Table 3. Cross talk values of the proposed demultiplexer in dB.
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Cross Talk (dB)

	
Channel

	
1

	
2






	
Figure 4b

	
1

	
-

	
−48.30




	
2

	
−33.64

	
-




	
Figure 4c

	
1

	
-

	
−25.67




	
2

	
−42.24

	
-




	
Figure 4d

	
1

	
-

	
−22.38




	
2

	
−34.26

	
-




	
Figure 4e

	
1

	
-

	
−11.63




	
2

	
−7.12

	
-
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Table 4. Comparison of maximum transmission ratios of this work with some others.
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	Ref.
	[4]
	[5]
	[24]
	[26]
	[39]
	[40]
	[41]
	[42]
	[43]
	[44]
	[45]
	[46]
	[47]
	[48]
	This work





	Maximum Transmission Ratio (%)
	80
	45
	70
	50
	50
	50
	-
	-
	25
	-
	95.8
	99
	65
	92
	55



	Minimum FWHM (nm)
	36
	59
	110
	518
	300
	-
	300
	400
	237
	-
	30
	2
	650
	200
	220



	Crosstalk (dB)
	−29
	−30
	-
	−47.14
	−38
	-
	-
	-
	-
	−14
	−18.9
	−18
	-
	-
	−48.30



	Tunability
	no
	no
	yes
	yes
	yes
	yes
	yes
	yes
	yes
	no
	no
	no
	yes
	no
	yes
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