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Abstract

:

A graphene plasmon waveguide composed of silicon grating substrate and a silica separator is proposed to generate the slow-light effect. A bias voltage is applied to tune the optical conductivity of graphene. The tunability of the slow-light working channel can be achieved due to the adjustable bias voltage. With an increase in the bias voltage, the working channel exhibited obvious linear blue-shift. The linear correlation coefficient between the working channel and the bias voltage was up to 0.9974. The average value of the normalized delay bandwidth product (NDBP) with different bias voltages was 3.61. In addition, we also studied the tunable group velocity at a specific working channel. Due to the tunability of this miniaturized waveguide structure, it can be used in a variety of applications including optical storage devices, optical buffers and optical switches.
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1. Introduction


Slow-light technology can be applied to non-linear optical devices [1,2], integrated interferometers [3], and all-optical information devices such as optical buffers [4], optical storage devices [5], optical switches [6,7,8], and so on. So far, electromagnetic induced transparency [9,10,11], coherent population oscillation [12], stimulated Brillouin scattering [13], photonic crystal waveguide [14], coupling resonance transparency technology [15] and plasmonic waveguide [16] have been found to achieve the slow-light effect. Surface plasmon polaritons (SPPs), an electromagnetic wave that propagates at the interface between metal and dielectric, can break through the diffraction limitation of light [17,18,19,20,21]. At present, the various types of plasmonic waveguides are designed to realize the slow-light effect [16,22,23]. For example, Chen et al. proposed a circular split-ring resonance cavity and a double symmetric rectangular stub waveguide which can produce a maximum optical delay of about 0.128 ps [18]. It can be seen that when the SPPs propagates in the noble metal material waveguides, the slow-light working channel of SPPs propagation is difficult to adjust, which limits their potential for some specific applications.



Graphene has been proposed as a key solution to overcome this problem, as it has unique features in optics, materials, chemistry and so on. Graphene is a single layer of carbon atoms densely arranged in a honeycomb shape, which can replace metal to form SPPs waveguide in the mid-infrared frequency range. Compared with traditional metal materials, graphene has the remarkable characteristics of dynamically tunable conductivity, the broader response spectrum, the higher field confinement, and the lower intrinsic losses [10,24]. In recent years, the field of slow light in the graphene structure has attracted extensive attentions in the research community [8,10,25,26,27,28,29,30,31]. For example, Banxian Ruan et al. proposed a metal grating-coupled graphene metamaterial, for which the group delay can be effectively modulated by the grating period and groove, for which the maximum group delay is 0.4 ps [10]. Ran Hao et al. studied the slow-light performances and the large delay-bandwidth product in a graphene-grating waveguide [25]. Lu Hua et al. realized slow light at the edge of the stopband and introduced graded grating to broaden the spectral region [31]. Although many structures have good slow-light performances, the tunable slow light working channel is rarely discussed. Moreover, convenient adjustment to the working channel will be beneficial to the developments of tunable plasmonic device and optical communication.



In this paper, a waveguide consisting of a single layer of graphene and a silicon grating containing a defect cavity is proposed. First, the Bragg equation is used to set the grating waveguide parameters at a specific frequency (35 THz), and the slow light working channel is formed near the frequency. Next, the influence of the bias voltage on the tunable slow light working channel is discussed. The slow-light performances of the waveguide are comprehensively evaluated by the normalized delay bandwidth product (NDBP). Furthermore, the tunable group velocity at a specific working channel is also studied.




2. Structure and Theory


A three-dimensional schematic diagram of the proposed graphene waveguide is shown in Figure 1. The waveguide is composed of single-layer graphene and a silicon grating substrate, between which a silica layer is embedded. The groove period of the grating structure is the sum of WA and WB. The length and depth of the deep groove are WA and h1, while the length and depth of the shallow groove are WB and h2, respectively. The defect cavity whose width is WC and depth is h1. On each side of the defect, period number is 4 and the defect is located at the ninth site. In addition, a bias voltage is applied to control the conductivity of graphene.



At the mid-infrared frequency range, the conductivity of graphene can be simplified into Drude-like equation [30]:


   σ g  =   i  e 2   μ c    π  ℏ 2   (  ω + i  τ  − 1    )     



(1)




where e is the electron charge, ħ is the reduced plank constant, ω is the photon frequency, μc is the chemical potential and τ is the relaxation time. The relaxation time τ can be described as τ = μμc/(evF2), where μ = 20,000 cm2V−1s−1 is the carrier mobility in graphene and vF = 106 m/s is the Fermi velocity. The chemical potential is defined as μc = ħvF(πns)1/2. The doping density ns in graphene can be written as ns = εdε0Vb/eh, here εd = 3.9 is the relative permittivity of silica, ε0 is the dielectric permittivity of the vacuum, Vb is the bias voltage and h is the thickness of silica spacer.



For the silica spacer with a thickness of more than 100 nm, the effect of the silicon substrate on the dispersion of SPPs modes can be ignored [31]. Consequently, only the influence of dielectric layers (air and silica) near the graphene is considered in the dispersion relationship. The dispersion relationship of the TM polarization plasmon mode is [27]:


     ε a   ε 0       n  eff  2  −  ε a      +    ε d   ε 0       n  eff  2  −  ε d      = −   i  k 0   σ g   ω   



(2)




where εa = 1 is the relative permittivity of air, k0 is the wave vector of light in the vacuum. According to Equations (1) and (2), the effective refractive index neff is related to the surface conductivity of graphene, which is determined by the bias voltage Vb and thickness h. Figure 2a,b show the neff for different h and Vb, respectively. With the bias voltage of 60 V, the deeper thickness h is, the larger value of the real part of neff will be. Additionally, the real part of neff decreases with the applied bias voltage increasing from 50 V to 70 V while the thickness is 250 nm. Moreover, at the frequency of 35 THz, the value of effective refractive index neffA and bias voltage Vb are linearly and inversely correlated (show in the inset of Figure 2b). Here, the deep groove depth h1 is set as 250 nm and the shallow groove depth h2 is set as 100 nm. With the bias voltage of 60 V, the effective refractive index of SPPs in the deep groove and shallow groove are neffA = 91.76 − 0.78i and neffB = 58.03 − 0.31i, respectively.



Corresponding to the central frequency of the stopband, the Bragg scattering condition can be expressed as [32]:


WA Re(neffA) + WB Re(neffB) = (2m + 1) λ0/2



(3)




where m is an integer assumed to be 0. According to Equation (3), λ0 is the Bragg wavelength, which can be determined by choosing the appropriate groove width W and effective refractive index neff. In order to make the Bragg wavelength λ0 = 8571.4 nm (center frequency of 35 THz), the widths of the shallow groove and the deep groove of the waveguide are WA = λ0/4neffA (~23 nm) and WB = λ0/4neffB (~37 nm), respectively. The length of the defect cavity is set as WC = 2WA (~47 nm). Therefore, the total length of the proposed waveguide is 529 nm, which is 3 times smaller than that in Ref. [31]. Thus, the waveguide is more conducive to an improvement of the integration.




3. Simulation Results and Discussion


Here, we focus on the slow-light effect in the proposed waveguide. The two-dimensional finite-difference time-domain (2D-FDTD) method (Lumerical FDTD Solutions) with the perfectly matched layer (PML) as the boundary condition is utilized in following calculations. In the FDTD algorithm, the mesh size is no greater than one tenth of the smallest geometric parameter in x and y directions to ensure the speed and the accuracy of the simulation. Therefore, the spatial steps are Δx = 2 nm, Δy = 0.1 nm, which is suffificient for the convergence of numerical results.



Under the bias the voltage is 60 V, the transmission spectrum is calculated, and the result is shown in Figure 3a. A transmission peak with the frequency of 34.77 THz appears in the stopband. To further explain the generation of the transmission peak, Figure 3b–d shows the electric-field patterns of the incident waves propagating through the Bragg grating and the defect cavity. Figure 3b,d show that the incident waves are reflected at the wavelength of 9084 nm (33 THz) and 8213 nm (36.5 THz), which is in the stopband (shown in Figure 3a). Due to a defect cavity added into the Bragg grating, a defect mode will be produced. When an incident wave propagates in this defect mode, a transmission peak can be formed in the stopband [27]. As displayed in Figure 3c, the incident wave at the wavelength of the transmission peak of 8628 nm (34.7 THz) experienced a strong resonance in the defect cavity and transmits through the structure. The transmission peak means that the waveguide generates the strong normal dispersion effect, which is determined by the Kramers-Kronig relation [33]. The group velocity of SPPs propagation was obtained from the slope of the tangent of a dispersion curve. The dispersion and group velocity of the waveguide are shown in Figure 4a,b, respectively. Obviously, a slow light channel appears in the flat region of dispersion. For frequency of 34.77 THz, a slow light working channel is formed and the minimum value of group velocity is 0.0028c (c is the light velocity in the vacuum).



In practice, the fabrication process is extremely complicated, which may lead to the rough surface and small dimensional changes of the waveguide. When the surface of silica is rough, the silica thickness h is varied, which impacts the chemical potential of graphene. Therefore, both the roughing surface and small dimensional changes of the waveguide will lead to the variation of dispersion and group velocity. Here, we just focus on the simulation calculation of the group velocity. Thus, we ignored the small changes of structural parameters and suppose that the surface is smooth.



Here, the tunable slow-light working channel is discussed. As seen in Equations (1) and (2), the varying bias voltages result in the changing of the effective refractive index of waveguide, which can tune the frequency of the transmission peak in a fixed structure. From Figure 5a, we can analyze the transmission spectra of the graphene waveguide with different bias voltages. The bias voltage is ranged from 50 V to 70 V with a step of 5 V and the other parameters are set as above. The inset shows that with an increase in the bias voltage, the transmission peak experienced an obvious blue-shift. It indicates that the slow-light working channel has dynamic adjustability.



Next, the relationship between the group velocity and frequency is shown in Figure 6a. The group velocity of SPPs propagating in each channel shows a considerable decrease. Under the bias voltage from 50 V to 70 V, the minimum group velocity of each channel is approximately equal to 0.0028c. It exhibits that the waveguide has the capability to substantially slow down the propagating speed of SPPs. It clearly shows that the value of the center frequency of the working channel increased linearly with the increase in the bias voltage.



To intuitively observe the linear blue-shift relationship between the center frequency of each slow-light working channel and the different bias voltages, the fitting straight line is revealed in Figure 6b. The linear correlation coefficient is up to 0.9974, which displays a good linearity. The reason for the linear relationship is that λ0 is inversely proportional to neff and the value of neff increases linearly with the decrease in the bias voltage Vb (shown in the inset of Figure 2b). When the bias voltage increases from 50 V to 70 V with a step of 5 V, the center frequency of the working channel moves from 33.21 THz to 36.13 THz. The varied range is 2.92 THz.



In addition, to comprehensively evaluate the slow-light performance of the waveguide, the Normalized Delay Bandwidth Product (NDBP) of those channels was calculated. The NDBP was affected by both slowdown factor S (= ng = c/vg) and the bandwidth. We know that NDBP = ñg(Δf/f0) [25]. The ñg is assumed to be constant within ±10% variation of average value of group index ng and the Δf/f0 is the normalized bandwidth. With bias voltage Vb are 50 V, 55 V, 60 V, 65 V and 70 V, the values of NDBP are 3.70, 3.58, 3.46, 3.48 and 3.83, respectively. Those are all 2.4 times larger than the results of Ref. [25]. In the process of dynamically tuning the channels, each channel has a high NDBP. As a result, the proposed graphene waveguide has the characteristic of a tunable slow-light working channel with good performance.



This proposed waveguide can not only adjust the working frequency of the channel, but also realizes the tunable group velocity for a specific working channel. The group velocity can be reflected by the Gaussian pulse transmission time in the waveguide. We used the working channel with a center frequency of 34.7 THz as an example. Exploiting the FDTD numerical simulation, the normalized transverse magnetic field intensity (|Hz|2) of the SPPs pulse can be observed by the time monitor, the point of which is placed 529 nm away from the source. The input pulse is a TM-polarized Gaussian modulation pulse with a width of 350 fs (full width at half high). Figure 7 shows that the delay time changed with the varying bias voltages. The group velocity is the speed of pulse envelope, which is estimated by the time of pulse propagating through the waveguide. The delay times with bias voltages of 60 V, 65 V and 70 V are 139 fs, 268 fs and 337 fs, respectively. Additionally, the corresponding group velocities are 0.0127c, 0.0066c and 0.0052c. With the increase in the bias voltages from 60 V to 70 V with a step of 5 V, the varied range of the group velocity is 0.0074c, which reveals that the group velocity can be tunable by altering the bias voltages. As a kind of the tunable slow-speed optical device, the proposed waveguide has great potential in all optical networks.




4. Conclusions


In conclusion, a graphene Bragg grating waveguide containing a defect was proposed to realize the dynamically tunable slow-light working channel. The waveguide parameters were set using the Bragg equation to ensure the slow-light channel functioned in the 35 THz frequency, with a bias voltage of 60 V. The channel can be tuned by changing the bias voltage. As bias voltage increased, the working channel experienced a linear blue shift. The linear correlation coefficient between the working channel and the bias voltage was fount o be up to 0.9974. Additionally, the waveguide also exhibited a good slow-light performance. The average value of NDBP of each channel is 3.61. Furthermore, the waveguide can also realize the tunable group velocity for a specific working channel. For a pulse with a center frequency of 34.7 THz and width of 350 fs, with the bias voltage varying from 60 V to 70 V, the group velocity changed to 0.0074c. The proposed waveguide has potential applications in tunable plasmonic devices, and optical communication.
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Figure 1. Three-dimensional schematic diagram of the proposed graphene waveguide. 
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Figure 2. Effective refractive index of TM mode at air-graphene-silica structure for different silica layer thicknesses h with the bias voltage of 60 V (a) and for different gate voltages Vb with the silica thickness of 250 nm (b). The insets shows that the linear relationship between the effective refractive index and bias voltage at 35 THz. 
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Figure 3. (a) Transmission spectrum of the graphene waveguide with bias voltage 60 V. The normalized electric-field patterns from the FDTD simulation for different incident wavelengths: (b) 9084 nm, (c) 8628 nm and (d) 8213 nm. 
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Figure 4. (a) Dispersion relationship of the graphene waveguide with bias voltage 60 V. (b) The normalized group velocity vg/c of SPPs propagating on interface of graphene waveguide with bias voltage 60 V. 
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Figure 5. (a) Transmission spectra and (b) dispersion relationships of the graphene waveguide with different bias voltages. 
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Figure 6. (a) The normalized group velocity vg/c and (b) center frequencies of the working channel of the graphene waveguide with different bias voltages. 
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Figure 7. The normalized input pulse and output pulse; the input pulse is denoted by the black solid line, and other lines are the output pulse. 
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