Generation of ultra-wideband achromatic Airy plasmons on graphene surface
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Tunable ultra-wideband achromatic plasmonic Airy beams are demonstrated on graphene surfaces. Surface plasmonic polaritons are excited using diffractive gratings. The phase and amplitude of plasmonic waves on the graphene surface are determined by the relative position between the grating arrays and duty ratio of the grating unit cell, respectively. The transverse acceleration and nondiffraction properties of plasmonic waves are observed. The achromatic Airy plasmons with identical acceleration trajectory at different excited frequencies can be achieved by tuning dynamically the Fermi energy of graphene without reoptimizing the grating structures. The proposed devices may find applications in photonics integrations and surface optical manipulation. (2016 Optical Society of America 
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Beam shaping and steering, which tailors the amplitude, phase and polarization of light, is a fascinating topic which provides unique light patterns playing important roles in the field of optical micromanipulations and trapping [1], microscopy [2] and optical communications [3]. Various beam topologies, such as Airy [2], vector vortex beam [3], focusing beam [4, 5], and optical Mobius strip [6], have been experimentally demonstrated. These beams can be obtained through the use of liquid-crystal-based spatial light modulators [3], traditional large block lenses [7], holographic devices [8], or compact and ultrathin low-loss dielectric resonators [5] and metal metasurfaces [9]. Most of the beam shaping techniques rely on linear optical elements, therefore the components are limited to operate at a single wavelength or fixed parameters and cannot be tuned externally. However, tunable photonic components could offer dynamic optical properties and are desirable in numerous practical applications. Recently, multiwavelength achromatic focusing beams [5] and dynamical reconfigurable wavelength multiplexing focusing devices based on phase change materials [10] have been demonstrated. The device tunability can be achieved by external stimuli via voltage [11], temperature [12], or photoexcitation [13]. Graphene, a 2D material consisting of one monolayer of carbon atoms, has emerged as a promising, alternative candidate for active optical devices because its mechanical, electronic and optical properties can be tuned externally by changing the Fermi level [14-17]. A wide phase modulation range is critical for beam shaping technologies. However, as the layer of graphene ribbons on the dielectric substrate is extremely thin, the light-graphene interaction is weak and a 2π phase modulation range cannot be achieved only by adjusting the graphene ribbon width or Fermi level; for this reason reports about the generation of special beams using graphene are scarce [18-20]. For graphene ribbons operating in transmission mode [18] the scattered amplitude is small and the corresponding phase modulation range is narrow, thus it is extremely difficult to achieve arbitrary trajectory beams. In addition, the necessity to control the unit cells of graphene ribbons individually in order to produce the required phase shift makes the device fabrication extremely challenging. To overcome this drawback, graphene ribbons on a dielectric/metal substrate operating in reflection mode have been proposed to steer infrared light [19]. Yet, the incident waves need to be subtracted to obtain the designed field, which is inconvenient for practical applications. 
Non-diffracting Airy beams have attracted great attention due to their unusual properties such as transverse acceleration [21], self-healing [22], and endurance over very long distances, allowing the extended guiding of objects governed by scattering forces. These beams are often generated exploiting surface plasmon polaritons (SPPs), which are bound surface mode along the interface between the dielectric and metal [23]. The experimental realization of plasmonic Airy beams has been demonstrated with propagation along a metal film surface [24, 25]. Graphene exhibits strong metallic properties in the infrared and THz wavelength ranges, thus graphene plasmons can be expected to achieve strong light confinement at the nanoscale with a relatively low plasmonic loss. In this work, we report the generation of achromatic plasmonic Airy beam on a graphene surface with a uniform Fermi level. SPPs are excited using diffractive gratings and their phase and amplitude on the graphene surface is adjusted by the relative position between gratings and the grating duty ratio, respectively. Airy plasmons with identical acceleration trajectory at different excited frequencies can be achieved by tuning the Fermi energy.
The schematic diagram of our design is shown in Fig. 1(a). To couple light from the air into the graphene surface waves at normal incidence, a ridged diffractive grating array on the silica substrate is designed underneath the graphene monolayer. The grating duty cycle is fixed at 0.5 and the grating array has the period ( in the x-direction and the ridge height h0, but different ridge widths w. When the grating is illuminated from the air-graphene side at normal incidence with a beam polarized along the x-axis (TM polarization), a plasmonic wave with strong light confinement can be excited which will propagate along the x-axis at the interface between graphene and air. The Airy wave packet profile is realized by using gradient widths of the ridges along the y-axis. The number of the grating arrays arranged along the y direction is equal to that of the lobes of the Airy function profile. The ridges widths are identical to those of the corresponding lobes of airy amplitude function, as shown in Fig. 1(b). With the exception of the main lobe, the lobe width is defined as the distance between two neighboring zeroes of the Airy function. The amplitude distribution of the Airy function can be modulated by using Gaussian beam illumination with an appropriate beam waist. The phase variation of π between two neighboring Airy lobes is achieved by shifting neighboring
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Fig. 1. Schematic of the generation of Airy beams on the graphene surface. (a) The SPPs are excited by a ridged substrate grating and the Airy beam propagates along the surface between the air and graphene. The inset is lateral view of the grating in the x-y plane. (b) Amplitude of the Airy function and of the incident Guassian beam, and the geometry and distribution of the grating in the x-y plane.

two neighboring Airy lobes is achieved by shifting neighboring rows on the surface between air and graphene, which provide an offset of half wavelength (0.5λspp) of the excited SPP, as shown in Fig. 1(b).
The dispersion relation of the plasmonic wave excited by the TM mode in a continuous monolayer graphene satisfies [26]

         (1)
where β(() is the SPP propagation constant, ħ is the reduced Planck constant,[image: image8.wmf]t

 is the Fermi energy determined by the carrier density and the Fermi velocity, and  εr1 and εr2 are the relative permittivities of the materials that are on each side of the graphene film, ε0 is the vacuum permittivity, Ef is the carrier scattering time that is related to the carrier mobility ( and the Fermi velocity vf, as 
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, eV, and the frequency of the infrared light is 34.88 THz (corresponding to a wavelength λ=8.6 (m). To excite the plasmonic wave on graphene, the large wave vector difference between the graphene plasmon and the incident light has to be overcome, thus the grating period is required to satisfy the phase matching condition:
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where m is the diffraction order and ( is incident angle. For normal incidence (
[image: image19.wmf]0

q

=

) and m=1, the grating period is

                   (3) 

Due to the grating geometry,
 
is an effective permittivity and has different values for different grating ridge heights. A 3D unit cell model of the grating with infinite width along the y-direction was fully investigated by FEM software (COMSOL Multiphysics 5.2) to achieve the optimized grating period. The conductivity of graphene was calculated from its Fermi level through the Kubo formula [27]. The permittivity of silica at the mid-infrared range was assumed to be 3.9. Figure 2(a) describes the transmission (T), reflection (R), and absorption (A) as a function of the grating period for normal incidence x-polarized light. In the simulations, the grating ridge height h0 was 100 nm and the graphene layer was considered as an infinitely thin conducting layer. The transition boundary condition was used for the graphene layer and its thickness was set to 0.7 nm. 
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Fig. 2. (a) Dependence of the transmission (T), reflection (R), and absorption (A) on the grating period. (b) Field distribution (|Ex|2) in a grating unit cell with period of 290nm. The white lines illustrate the contours of graphene and of the grating.
Periodic boundary conditions were used in the x- and y- directions. The maximum absorption of graphene plasmon can be up to 33% when the period of the silica grating is about 290 nm. The electric field energy distribution (|Ex|2) of the grating in the x-z plane is shown in Fig. 2(b), which corresponds to the maximum excitation efficiency. As expected, a greatly enhanced plasmonic field is observed at the graphene surface. The tightly confined plasmonic wave with the x- direction wave vector propagates along the graphene film with a decay length of ~15.5 nm.
According to Eq. (1), the wavelength of the SPP excited at the interface between air and graphene is 562 nm, where air is below the graphene, thus the shift between two adjacent grating arrays was set to 280 nm in the simulation. The period of the grating was set to 285 nm, which is slightly less than the value of 290 nm calculated previously, due to the finite grating width. The main lobe of the designed Airy beam had a half width of 600 nm (x0). The number of periods and grating arrays were 6 and 10, respectively. Gaussian light polarized in the x direction with a waist of 16 (m was assumed normally incident on the grating region from the air-graphene side through ports. The calculated field distribution at the surface of the graphene film is shown in Fig. 3(a). The excited SPPs propagate along a curved trajectory and have simultaneously nondiffraction property. The amplitude profile along the y direction
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Fig. 3. (a) Electric field distribution at the surface of the graphene film with Ef = 0.65 eV at 34.88 THz. (b) Calculated and ideal amplitude profiles along the y direction at the propagation distance of 1.3 (m away from the end of the grating. (c) Trajectory of the main lobe. The red diamond marks and blue line illustrate the analytical and numerically calculated results, respectively.
nondiffraction property. The amplitude profile along the y direction at the propagation distance of 1.3 (m away from the end of the grating is shown in Fig. 3(b): the full-width-at-half-maximum (FWHM) of the main lobe is about 920 nm, which is less than the designed value of 1200 nm (2x0). There are some differences compared with the ideal Airy profile. The amplitude of the even lobes is greater than the ideal value due to the position delay of the half SPP wavelength compared to the odd grating array and the SPPs with odd lobes suffer more plasmon transmission loss than those with even lobes at the same coordinate y. As a result, the two Airy beams generated on both sides of the grating (( x direction) are not fully symmetrical. The SPPs propagate along the x-direction and accelerate toward the y direction. The main lobe deflects 1.57 (m toward the y direction after propagating 14 (m away from the end of the grating and its trajectory is described in Fig. 3(c) (red diamond marks). For comparison, the theoretical analytical track is also depicted. The analytical trajectory of the main lobe is expressed by [image: image30.png]y(x) = x%/(4k*x3)



 and is denoted by the blue line in Fig. 3(c). The trajectory of the main lobe of the designed device appears to be in a good agreement with the analytical result. The profile can be optimized further by adjusting the duty cycle of the unit cell in each grating array to control the excited SPP amplitude in order to match the ideal Airy profile.
Compared with traditional metallic nanostructures, one of the most important advantages for the graphene is its tunability. The Fermi energy of the graphene can be tuned dynamically by chemical doping or electrostatic gating, therefore it enables to achieve an achromatic Airy beam in a broadband frequency range by using adjustable Fermi energy instead of reoptimizing the grating structures. According to Eq. (1) and Eq. (3), it is known that the optimized grating period and the excited SPP wavelength can be kept unchanged if Ef/(02=0.65 eV/(34.88 THz)2 is fixed, where the dispersion of SiO2 can be ignored in the considered frequency range. The relationship between the Fermi energy and the frequency of the incident light for an achromatic Airy plasmonic beam is shown in Fig. 4 (a). In the frequency range from 20 to 45 THz the Fermi energy varies from 0.21 to 1.08 eV along a parabolic trajectory. To demonstrate the achromatic characteristic, the amplitude profiles along the y direction shown in Fig. 4 (b) display good airy features in the frequency range from 25 to 45 THz. For example, the calculated field distribution at the selected point (30 THz, 0.48 eV) is shown in Fig. 4 (c). The field distribution is almost entirely consistent with Fig. 3 (a) and there is only a slight difference in terms of the excited efficiency. The spectra T, R, and A of the graphene device at (30 THz, 0.48 eV) and (34.88 THz, 0.65 eV) are shown in Fig. 4 (d). It is demonstrated that the grating periods corresponding to the maximum absorption of graphene plasmons are almost identical at two different frequencies. Therefore, the designed structure can realize Airy beam in a broad band. The reflection decreases and the absorption increases slightly at 30 THz due to the increasing loss of graphene. These results show that achromatic Airy beam can be achieved by only tuning the graphene Fermi energy without any change of the nanostructure. At a frequency higher than 45 THz, a high Fermi level is required that is challenging in practice, while at a frequency lower than 25 THz the transmission distance of airy beam will be limited due to the increasing loss of graphene.
In summary, tunable ultra-wideband achromatic plasmonic Airy beams on graphene surfaces are demonstrated in the infrared range. The whole graphene film has the uniform Fermi energy in 
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Fig. 4. (a) The relation between the Fermi energy and the frequency of the incident light for an achromatic Airy plasmon. The marks correspond to five considered examples in panel b. (b) The amplitude profiles of Airy beams for different frequencies. (c) The electric field distribution at the surface of the graphene film with Ef=0.48 eV at 30 THz. (d) The spectra of T, R, and A at 30 THz and 0.48 eV (dashed lines) and at 34.88 THz and 0.65 eV (solid lines).
the proposed device and does not require micro-structure processing, which makes tunability of the Fermi energy of the active graphene flexible in practice. SPPs can be excited using diffractive gratings. The phase of SPPs is set by the relative position between the neighboring grating arrays to match the prerequisite of the designed beam. Based on the theoretical and numerical analysis, the designed devices can exhibit transverse acceleration and nondiffractive Airy beam. Furthermore, the achromatic Airy beam has been demonstrated only by tuning the Fermi energy of graphene without changing the geometric parameter in the frequency range from 25 to 45 THz. Remarkably, this concept could be extended to other graphene special beam generators. The proposed devices may offer promising applications for in-plane photonics integrators and surface optical manipulation, which can guide nano-objects along a parabolic trajectory on the graphene surface.
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