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In this article, a novel graphene subwavelength waveguide coupler is designed based on the quantum control theory. Compared with metal surface plasmon polaritons (SPPs), graphene surface plasmon polaritons (GSPPs) have a smaller SPP wavelength and tunable properties. The dielectric load graphene plasmon waveguide (DLGPW) is used for designing to avoid the influence of the edge shape of the graphene nanoribbons on the waveguide mode. The coupling coefficient between the waveguides is calculated by using the coupled-mode theory (CMT). Due to the subwavelength properties of the graphene surface plasmons (GSP) and the robustness of the quantum control technique, our device is more compact and robust against perturbations of geometrical parameters under the premise of high transmission efficiency. The device we designed also has broadband characteristics, ranging from 30 THz to 40 THz, with high transmission efficiency when considering the transmission loss. We believe that our device will significantly contribute to integrated optics and photo-communication.
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1 INTRODUCTION
Compared to the conventional surface plasmonic waveguides, such as spoof surface plasmon waveguide [1], graphene surface plasmon waveguide has promising properties, including tunability, extreme field confinement, and low propagation loss. Due to these characteristics, graphene surface plasmon waveguides are widely used to design ultrafast optical switches [2], ultrasensitive biosensors [3], and photodetectors [4]. Previous work design of the SPP waveguide on graphene only considers the coupling of parallel graphene sheets, such as Mach–Zehnder interferometers [5], tunable optical switches [6], and directional couplers [7]. The transmission efficiencies of the previous devices strongly depend on the geometrical parameters of the waveguide, such as the length of the device and the distance between waveguides. Accurate control of the geometric parameters of the device requires extremely high processing accuracy, which leads to an increase in fabricating costs, thus limiting the practical application of the device. Moreover, the performance of these devices is also susceptible to incident wavelengths, which usually works at a single frequency and lacks universality.
To solve the above-mentioned problems, a remarkable article proposed a vertical structure of a three-layered graphene waveguide coupler based on the Stimulated Raman Adiabatic Passage (STIRAP) [8], which is challenging to realize in actual applications due to the difficulty of fabricating multi-layer curved graphene plasmon waveguides [9]. Therefore, this article has explained the idea and design in fabricating the structure of in-plane asymmetric slightly curved three waveguide couplers, which is much easier to fabricate than a vertical structure.
In this article, we designed a robust and broadband in-plane graphene waveguide coupler based on STIRAP, which is a very effective technology for population transfer between quantum states and has been extensively studied in experiments and theoretical analysis in recent years [10]. The STIRAP technology can realize the complete population transfer of atoms from the initial state to the final state in a multi-level system and is widely used in many fields, such as laser cooling [11], cold atom manipulation [12], quantum information transfer [13, 14], and quantum computing [15, 16]. STIRAP has the advantage of high fidelity of intensity transmission and maintains the robustness to disturb the geometrical parameters. Most recently, there are many classical devices employing STIRAP, which have achieved broadband transmission and robustness with geometrical parameters [17–20].
According to the coupled-mode theory (CMT), the three-waveguide coupler can be analogized to a three-level atomic system with type lambda. The coupling equation of the graphene surface plasmons polaritons waveguide coupler can be analogized and written as the Schrödinger equation [9, 21]. The energy of GSPPs transfers from the input waveguide to the output waveguide through the intermediate waveguide, and the energy almost hardly remains in the intermediate waveguide. We used a dielectric-loaded graphene waveguide [22] for the design. Compared with the graphene nano-strip waveguide [23], there is no need to consider the influence of the edge shape of graphene as a zigzag or armchair. In this article, we used the equivalent refractive index method to analyze the mode profiles of the dielectric-loaded graphene waveguide, a typical and effective way for exploring the photonic and SP waveguide mode [24]. First, we calculated the relationship between the coupling length and the distance between two waveguides using the coupled-mode theory and compared it with the three-dimensional full-wave simulation results, which are in good agreement with each other. Then, by using CST Microwave Studio for simulation, the propagation process of GSPPs can be visually displayed. Furthermore, our article demonstrates the broadband characteristic of the device by simulating and analyzing the transmission efficiency and robustness of our device.
2 MODEL
In this article, we designed an asymmetric three-waveguide coupler, in which the middle waveguide is straight, and the two sides are slightly curved based on the STIRAP theory, as shown in Figure 1. The SPPs are excited at the left side of the input waveguide and reaches the output waveguide through the intermediate waveguide. We used CMT to calculate the relationship between the coupling strength and waveguide spacing, compared it with the simulation data, and then combined the STIRAP theory to obtain the critical geometric parameters of the device.
[image: Figure 1]FIGURE 1 | Schematic representation of the dielectric-loaded graphene plasmon waveguide coupler based on STIRAP. The dmin is the minimum distance between the input/output GSPP waveguide. The input and output waveguides are slightly curved, the radius of curvature is R, and the directions are opposite. In contrast, these waveguides are asymmetric, with a lateral mismatch δ between the two centers.
The input and output silica strips are slightly curved with the opposite curvature of radius R, and the mismatch distance between the centers of two curved waveguides is δ. dmin refers to the minimum spacing between the two curved silica strips and the middle. Previous studies have shown that the SPP mode remains unchanged in slightly curved graphene waveguides [25]. The geometry of the dielectric-loaded graphene plasmon waveguide coupler is shown in Figure 1. The substrate material of the device is silica with a dielectric constant of ɛr = 3.92; a dielectric strip with a width of w and height of h is deposited onto a graphene layer [26]. The relative permittivity of the strip is the same as the substrate, and the cladding is assumed to be air. We used the effective index method (EIM) [27] and CMT [28] to analyze the coupling between the waveguides and combine the STIRAP theory for the device design.
To analyze the optical properties of graphene, we applied the Kubo model [29] to describe the conductivity of graphene. The tunable optical conductivity of the monolayer graphene (σ(ω) = σintra(ω) + σinter(ω)) consists of intraband contribution (σintra(ω)) and interband contribution (σinter(ω)), which are defined by the following expressions [30]:
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where e is the electron charge, and μ is the chemical potential of graphene. ℏ is the reduced Planck’s constant, and ω = 2πf is the radian frequency. τ is the relaxation time, and T is the Kelvin temperature. In simulation implementation, we assumed that the temperature is 300 K, the frequency range is 30–40 THz, the chemical potential is adjustable, and the relaxation time is 0.5 ps [6, 30–35].
We first used the effective index method (EIM) [27] to calculate the approximate effective refractive index of the dielectric-loaded graphene plasmon waveguide (DLGPW) as shown in Figure 2A. In the effective index method (Figure 2B), the dielectric strip serves as the core of a three-layered dielectric planar waveguide (Figure 2C). The refractive index of the core is independent of the width of the dielectric strip and is equal to the effective mode index of the TM mode in the planar graphene sheet sandwiched between the substrate and dielectric strip, which is written as [35]
[image: image]
where σ(ω) is the optical conductivity of graphene, c is the speed of light, and ɛ0 is the permittivity constant in vacuum; the relative permittivity values of the substrate ɛr1 and the dielectric strip ɛr2 are both 3.92. The refractive index of the cladding is equal to the effective mode index of the GSP mode (TM mode) in the planar graphene sheet sandwiched between the substrate and air and is expressed as [35],
[image: image]
[image: Figure 2]FIGURE 2 | (A) Cross section in the main view of the single dielectric-loaded graphene plasmon waveguide structure. (B) Equivalent three-layered planar waveguide structure of DLGPW. (C) Equivalent three-layered planar waveguide structure based on EIM.
Then, by simple algebraic operation, the eigen equation of the equivalent dielectric planar waveguide for the m-th order guided TE mode is given as [35]
[image: image]
where w = 50 nm is the width of the dielectric strip, μclad = μcore = 1 is the relative permeability, k0 = ω/c is the vacuum wave number, [image: image], [image: image], and neff is the effective mode refractive index of the dielectric-loaded graphene plasmon waveguide (DLGPW). In this article, we only considered the fundamental mode; therefore, m = 0.
We calculated the mode profile of the waveguide and the coupling coefficient of the waveguide mode by employing the coupled-mode theory. In the optical waveguide theory, the expression of the waveguide mode can be assumed as [28]
[image: image]
where [image: image] is the characteristic constant of the guided mode, [image: image] is the attenuation coefficient of the waveguide cladding, and βm = k0neff is the propagation constant of the m-th guide mode.
Considering that the two planar waveguides are made of two slabs of widths w, separation 2a, and refractive index ncore, embedded in a medium of refraction index nclad, each of the waveguide modes is assumed to be a fundamental mode. Due to the gap between the waveguides, the light field outside the boundary of one waveguide can slightly overlap with the other waveguide. The coupled-mode theory is usually used to describe the weak coupling between two adjacent waveguides, and it has been verified in experiments.
According to the coupled-mode theory, the coupling coefficient between two adjacent waveguides is defined as follows [28]:
[image: image]
where n1 is the refractive index of waveguide 1. n2 is the refractive index of waveguide 2. n is the refractive index of the equivalent waveguide cladding. β1 and β2 are the propagation constants of the two waveguides, respectively. Since two adjacent waveguides have the same material and geometric parameters, n1 is equal to n2. Due to the symmetry of the waveguide mode profiles with the same refractive index, that is, u1(x) = u2(x), it is observed that the coupling coefficient between waveguide 1 and waveguide 2 (Ω12) is equal to the coupling coefficient between waveguide 2 and waveguide 1 (Ω21). Using the CMT to calculate the coupling coefficient between two parallel waveguides, the coupling length is calculated, and then, the results are verified by employing the full-wave simulation.
The CMT is used to calculate the coupling coefficient between two parallel waveguides, and the coupling length is given by Lc = π/2Ω [28]. The results of 3D full-wave simulation are consistent with the coupled-mode theory. The frequency in simulation and calculation is fixed at 35 THz, and the chemical potentials of graphene are taken as 0.6, 0.7, and 0.8 eV for simulation and calculation, respectively, and the results are in good agreement. In Figure 3, the solid line represents the theory results, and the discrete point represents the simulation results. The small illustration in the upper left corner of Figure 3 shows the cross-sectional configuration of the parallel waveguides. In the simulation, the dielectric strips on the graphene and substrate are both SiO2 with a relative permittivity of 3.92, the thickness of the substrate is 200 nm, the height and width of the parallel dielectric strips are h = 100 nm and w = 50 nm, respectively, and the spacing of parallel dielectric strips g varies uniformly in the range of 10–100 nm.
[image: Figure 3]FIGURE 3 | Coupling lengths of two parallel waveguides vary with the gap distance, when the chemical potential is 0.6e V (gray), 0.7 eV (red), and 0.8 eV (blue).
In Figure 3, we demonstrated that the coupling lengths exponentially increase (corresponding to the coupling strength exponential decrease) between the adjacent waveguides with the increase in the gap distance. The coupling strength increases with the increase in graphene chemical potential. According to Eqs 1, 2, when the chemical potential of graphene increases, the real part and the imaginary part of the conductivity of graphene increase correspondingly. The graphene conductivity is substituted into Eqs 3–5 to obtain nclad, ncore, and neff, respectively. We found that the refractive index of the waveguide core and cladding both decrease with the increase in graphene chemical potential, the effective refractive index of the waveguide decreases, and light is weakly confined, and coupling between the adjacent waveguides is enhanced. We also found that the coefficient before the integral term increases with the increase in graphene chemical potential by calculating Eq. 7. Therefore, as the chemical potential of graphene increases from 0.6 to 0.8 eV, the coupling strength between the adjacent waveguides increases.
The performance of a directional coupler that employs two parallel waveguide structures is susceptible to the geometrical parameters of the device, for example, the device length and distance between two adjacent waveguides. The three-waveguide coupler based on STIRAP can solve this issue with excellent robustness against perturbations of the device’s geometrical parameters in previous studies. The three-waveguide coupler can be an analogy to a three-level quantum system by employing STIRAP. The STIRAP analog in a three-WG directional coupler is already known in the area of quantum optics, both in theoretical derivation and experimental demonstration [8, 10, 12]. In the previous studies, the coupling equation of GSPPs can be described as Schrödinger-like Eq. 9
[image: image]
where a1(z), a2(z), and a3(z) are the power amplitudes of the corresponding waveguides, respectively, and Ω1(z) (Ω2(z)) is the coupling strength between the input and middle (middle and output) GSPP waveguides, and they can be calculated by the CMT. Since the three waveguides are made of the same material (with the same Fermi energy level), there is no detuning between these waveguides, so the diagonal elements of the Hamiltonian matrix in Eq. 8 are zero. We assumed that there is no coupling between the non-adjacent waveguides. The non-adiabatic Hamiltonian H is expressed as
[image: image]
According to the STIRAP theory, we should convert the non-adjacent base into an adiabatic base; the eigen values are V0 = 0; [image: image], and the corresponding eigen states are
[image: image]
where the mixing angle θ is given by tan θ = Ω1/Ω2. The adiabatic state set [ϕ+ ϕ0 ϕ−]† can be transferred from a non-adjacent set [a1 a2 a3]† with the rotation matrix R(t) as
[image: image]
Substituting the rotation matrix R(t) into the Schrödinger-like equation, Eq. 8 obtains the time-dependent Schrödinger-like equation in an adiabatic state and reads
[image: image]
where Ha is the adiabatic Hamiltonian, given by [image: image]. [image: image] represents the derivation of time. In terms of the rotation matrix R(t), we obtain the adiabatic Hamiltonian Ha as
[image: image]
Thus, if it satisfies the following adiabatic condition [image: image], we can ignore the off-diagonal terms of adiabatic Hamiltonian Ha. Therefore, there is no time-evolving transition between the adiabatic states. In the initial stage of the STIRAP process, Ω2 is much larger than Ω1, and the mixing angle is 0. In the final stage of the STIRAP process, Ω1 is much larger than Ω2, and the corresponding mixing angle becomes π/2. In the three-waveguide coupler system, we need to complete the adiabatic evolution of the energy from the input waveguide to the output waveguide, with the initial energy input from waveguide 1 and the final energy output from waveguide 3, which is corresponding to the second row in the rotation matrix R(t). It is assumed that the initial state is a1, which corresponds to the adiabatic state ϕ0.
According to the adiabatic following condition, we observed Ω2 ≫Ω1 in the initial state and Ω1 ≫Ω2 in the final state and [image: image] in the process of evolution. When the adiabatic condition is satisfied, the energy completes adiabatic evolution from the initial state to the final state, and there is no energy transfer in the intermediate states. With the evolution of time since there is no energy exchange between the non-adiabatic states in the adiabatic Hamiltonian[image: image], the energy is always in the adiabatic state ϕ0, and the energy is transferred from a1 to a3 due to the change in the mixing angle, and leaving the state a2 unexcited. In analogy with the population transfer in a three-level quantum system to a three-waveguide coupling system, the energy is transferred from the input waveguide through the intermediate waveguide to the output waveguide. There is almost no energy remaining in the intermediate waveguide.
3 RESULTS
In this example, the chemical potential of graphene is 0.7 eV, and the frequency is 35 THz. For the rest of the parameters of the waveguide, we chose the radius of curvature R = 3.6 μm, mismatch δ = 0.55 μm, and the minimum distance between the waveguides dmin = 0.02 μm. The device length was L = 1 μm, considering the propagation length [35] of the GSPPs Lp = λ0/[2πIm (neff)] ≈ 2.75 μm under the above-mentioned conditions. The parameters that are not specified are the same as the previous settings.
Figure 4 describes the distance variation between the input waveguide and the output waveguide through the intermediate waveguide with the propagation distance. The solid blue line represents the distance variation between the input waveguide and the intermediate waveguide, and the solid red line represents the distance variation between the output waveguide and the intermediate waveguide. The spacing of the input and output silica strip refers to the middle strip described by d1(z) and d2(z), which are given by [image: image] and [image: image]. According to the CMT, the coupling strength is exponentially related to the distance between two adjacent waveguides. Therefore, we can construct a function of the distance between the input and middle waveguides (and middle and output waveguides) to design a function of the coupling strength (Ω1(z) and Ω2(z)).
[image: Figure 4]FIGURE 4 | Distance between the input/output and middle waveguides.
According to the theory of STIRAP, the coupling strength between the input and middle (middle and output) waveguide is modeled as the Gaussian shape, as shown in Figure 5. By using the relationship of the coupling strength against the gap distance between the waveguides, the geometrical parameters of the device can be obtained by the functions of d1(z) and d2(z), which are described as the distance between the input and middle (middle and output) waveguide. We designed the geometric structure of our device based on the STIRAP theory, in which the coupling strength between two adjacent waveguides varies in the Gaussian shape, and sufficient overlapping is required. Figure 5 shows the distribution of the coupling strength function at different frequencies. Although the profiles of the coupling strength have changed, the adiabatic condition of the STIRAP process can still be satisfied. The visualization results of the energy transfer are shown in Figure 8.
[image: Figure 5]FIGURE 5 | Coupling strengths distribution of the input (output) waveguide and middle waveguide at different frequencies.
By solving Eq. 8, we can obtain the SPP intensity transmission rate in Figure 6. Figure 6 demonstrates that our device can provide complete SPP energy transfer from the input to output GSPP waveguide in the ideal configuration without considering the loss. Furthermore, we considered the loss with the propagation of the GSPPs in our calculations with the imagery part of the propagation constant, and the energy of the GSPPs decays exponentially along with the increase in the propagation distance. In the lossy case, the transmission rate is still approaching 70% with the dashed lines in Figure 6. Therefore, our device can achieve complete GSPP energy transfer from the input to output GSPP waveguide.
[image: Figure 6]FIGURE 6 | Population transfer in a three-waveguide coupler system.
4 DISCUSSION
In this section, we analyzed the robustness and the broadband performance of our waveguide coupler. Now, we demonstrate the robustness of our device. First, the final transmission rate is defined as Pout/Pin, where Pout = |Eout|2, Pin = |Ein|2, and Ein (Eout) represent the intensity of the input (output) GSPPs. To demonstrate the robustness against the geometric parameters of our design, we varied the device length L (from 0.45 to 1.5 μm) and the radius of curvature R (from 1 to 4 μm), with the fixed dmin = 20 nm and mismatched δ = 550 nm, and the color map of the final transmission rate is shown as in Figure 7A. The radius of curvature R corresponds to the full width at half the maximum of the coupling strength function. When R increases, the distance between the waveguides becomes smaller. Since the coupling strength between the waveguides increases exponentially with the decrease in the distance, under the premise that other parameters are fixed, the coupling strength between the adjacent waveguides increases, while the maximum coupling strength remains unchanged. Therefore, the profiles of the coupling strength function broaden, and the full width at half the maximum of the coupling strength increases. From the results, if we choose the device length as the fixed value (for example, L = 1 μm), when the radius of curvature R varies roughly from 2.5 to 4 μm, the final transmission rate is still over 60%. Similarly, if we fix the radius of curvature R, the robustness of the device length can be described in the same way. Then, we calculated the final transmission rate by varying the minimum distance dmin (from 10 to 80 nm) and the mismatch δ(from 0 to 1000 nm) with the fixed length of the device L = 1 μm and the radius of curvature R = 3.6 μm, which is shown in Figure 7B. The minimum distance dmin between the adjacent waveguides corresponds to the maximum coupling strength between the adjacent waveguides. According to the coupled-mode theory (CMT), the coupling strength between the waveguides decreases exponentially as the distance between the waveguides increases. Hence, the minimum distance between the waveguides corresponds to the maximum coupling strength. The mismatch δ corresponds to the distance between the peaks of the coupling strength function Ω1 and Ω2. When the mismatch between the two coupling strength functions increases, the distance between the two coupling strength peaks increases. On the premise that other parameters are fixed, the overlap of the coupling strength decreases, and the coupling is insufficient. Conversely, when the mismatch between the two coupling strength functions decreases, the distance between the two coupling strength peaks decreases. On the premise that other parameters are fixed, the overlap of the coupling strength increases, and over-coupling may occur. Insufficient coupling or over-coupling will result in reduced transmission efficiency. From the results, we can conclude that the performance of our device is robust against the perturbations of the minimum distance dmin and the mismatch δ. For example, when the minimum distance between the input/output waveguide and middle waveguide dmin is fixed at 30nm, the mismatch between the input and output waveguide can vary roughly from 300 to 700 nm with a final transmission rate over 60%. The variation of these geometric parameters within a specific range can be considered as the disturbance of the two coupled Gaussian pulses in the STIRAP process. Due to the strong robustness of the system, it still has high transmission efficiency in the presence of disturbances.
[image: Figure 7]FIGURE 7 | Robustness of the geometrical parameters and the calculations at 35 THz, 0.7 eV. (A) Final transmission rate against the device length and the radius of curvature, with fixed dmin = 20 nm and mismatch δ = 550 nm. (B) Final transmission rate against different minimum distances dmin and mismatch δ, with the fixed length of the device L = 1 μm and the radius of curvature R = 3.6 μm.
To visualize the characteristic broadband performance of our device, we carried out the full-wave simulations based on the geometric parameters derived by STIRAP combined with the coupled-mode theory. We used the plasmonic waveguide part of the MW and RF and OPTICAL modules in CST Microwave Studio for the simulation. The solver we used in the simulations is a frequency-domain solver. Open boundary conditions are set in all directions (corresponding to the perfectly matched layer). The waveguide port was used to excite the waveguide mode, and the polarization of the incident wave is transverse magnetic (TM) mode polarization. The size of the port is large enough to extend 150 nm in y directions (include y+ and y−) and 120 nm in x directions (include x+ and x−) with the graphene layer of the input waveguide as a reference, ensuring that the mode profile is not truncated. The graphene monolayer is treated as a thin film with the thickness t = 1 nm, which is the typical thickness in simulation [6, 30]. The permittivity of graphene can be defined as ɛ(ω) = 1 + iσ(ω)/ɛ0ω t, where ω is the radian frequency, ɛ0 is the vacuum permittivity, t is the thickness of the graphene layer, and σ(ω) = σintra(ω) + σinter(ω) is the optical conductivity of graphene [30]. The conductivity of graphene σ(ω) consists of intraband contribution σintra(ω) and interband contribution σinter(ω) defined as in Eqs 1, 2. The meshes are refined for more accurate results, the maximum mesh step is 10 nm, and the minimum mesh step is 0.2 nm in our setting.
We performed the simulations with different input frequencies to verify the performance of the device. The device we designed has good performance in the frequency band from 30 THz to 40 THz, as shown in Figure 8, which demonstrates the broadband characteristics of the device. When the frequency of the incident light is continuously increased from 30 THz to 40 THz, the graphene conductivity is calculated according to Eqs 1, 2. The real part and imaginary part of the graphene conductivity decrease with the increase in the frequency. When the incident frequency increases from 30 THz to 40 THz, the cladding refractive index, core refractive index, and effective refractive index of the equivalent waveguide increase, respectively, according to Eq. 3∼Eq. 5. Therefore, the effective refractive index of the waveguide increases, and the light is strongly confined. The distance between the input and middle (middle and output) waveguides is defined by d1(z)(d2(z)). According to Eqs 6, 7, if the function of the distance between the adjacent waveguides is unchanged, the coupling strength of the corresponding position between the waveguides will vary with the increasing frequency, so the coupling strength between the adjacent waveguides Ω1 and Ω2 will change (Figure 5).
[image: Figure 8]FIGURE 8 | Full-wave simulation results of our device. The distributions of E-field on the y = 0 plane of our device based on simulation at different frequencies (A) 30 THz, (B) 32 THz, (C) 34 THz, (D) 36 THz, (E) 38 THz, and (F) 40 THz.
According to the adiabatic evolution conditions of the STIRAP process, Ω2 ≫Ω1 in the initial state, and Ω1 ≫Ω2 in the final state can still be satisfied, with the mixing angle θ changes from 0 to π/2 and the changing of θ being smooth. Therefore, the adiabatic evolution process of energy from the input waveguide to the output waveguide can be completed without the excitation of the middle waveguide. Consequently, the change in the incident frequency can be regarded as a perturbation to the profile of the coupling strength function. As long as the adiabatic evolution conditions are satisfied within a specific range of variation, high-fidelity adiabatic transmission can be achieved, thus realizing the broadband transmission.
Therefore, the varying geometric parameters and frequency ω change the two Gaussian shapes of coupling, Ω1 and Ω2. However, the theory of STIRAP makes sure that the system is very robust against the two varying Gaussian shapes. To sum up, our design is robust against varying the frequency and geometric parameters due to the coupling of STIRAP. The parallel configuration is sensitive to the perturbations of the excited frequency. There is a strong correlation between the transmission efficiency and coupling length for the parallel waveguides. The changes in the incident frequency will also change the coupling coefficient between the adjacent waveguides, thus changing the coupling length. Therefore, complete energy transmission cannot be achieved if the coupling length deviates. The subwavelength characteristics of GSPPs make the processing of integrated optics more compact, and the device has better robustness against the processing errors combined with the quantum control method.
We would like to discuss the feasibility of experimental manufacturing. First, a gold layer is e-beam-evaporated [36] or sputtered on a silicon wafer [37]. Then, a SiO2 film can be formed on the gold layer by the plasma-enhanced chemical vapor deposition (PECVD) method [38]. There are two options for the growth of the graphene layer. Graphene is grown on the metal substrate by chemical vapor deposition (CVD) [39] and then transferred to the silica substrate by the standard transfer technologies [40]. Alternatively, graphene can also be directly grown on a SiO2 substrate [41]. The dielectric structure on the graphene can be modified by electron beam lithography (EBL) [42], plasma-enhanced chemical vapor deposition (PECVD) [26], and atomic layer deposition [43]. The Co2Si − Al2O3 core-shell nanowires in the graphene transistor can be arranged on top of the graphene by the physical dry transfer process. Then, the Al2O3 shell can be removed by electron beam lithography and buffered oxide etching [44]. The metasurface array can also be directly defined on the transferred CVD graphene by the standard photolithographic technology [45]. The waveguide coupler we designed can also be realized by similar methods in the future.
There are some issues which can be improved by further research, such as the excitation of GSPPs and the lower transmission rate of the device compared to the parallel case. In experiments, lasers are often used to irradiate the metal tip and are close to the graphene surface to excite the SPPs on the graphene surface [46, 47]. The GSPPs have a significant attenuation and a short transmission distance. To reduce the loss, graphene used in the article has a high chemical potential, reaching 1.17 eV in the experiment [48]. This problem can be solved by two aspects in the future: by shortening the length of the device or using the spoof structure to enhance the confinement of SPPs to reduce transmission loss.
5 CONCLUSION
In conclusion, we have proposed a novel in-plane slightly curved dielectric-loaded graphene three-waveguide coupler based on the Stimulated Raman Adiabatic Passage (STIRAP), in which the GSPPs can realize complete transfer from the input waveguide to the output waveguide. We demonstrated that the device has good performance on robustness against the geometric parameter disturbances and the broadband characteristics of the transmission. This finding will contribute to the developing robust, tunable, and compact integrated optical devices, thus promoting their applications in optical computing and biosensors.
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