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Abstract:



A dielectric multilayer platform was investigated as a foundation for two-dimensional optics. In this paper, we present, to the best of our knowledge, the first experimental demonstration of absorption of Bloch surface waves in the presence of graphene layers. Graphene is initially grown on a Cu foil via Chemical Vapor Deposition and transferred layer by layer by a wet-transfer method using poly(methyl methacrylate), (PMMA). We exploit total internal reflection configuration and multi-heterodyne scanning near-field optical microscopy as a far-field coupling method and near-field characterization tool, respectively. The absorption is quantified in terms of propagation lengths of Bloch surface waves. A significant drop in the propagation length of the BSWs is observed in the presence of graphene layers. The propagation length of BSWs in bare multilayer is reduced to 17 times shorter in presence of graphene monolayer, and 23 times shorter for graphene bilayer.
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1. Introduction


The electromagnetic surface waves propagating at the interface between dielectric multilayer platform and external medium are called Bloch Surface Waves (BSWs) [1,2]. A dielectric multilayer platform, sustaining BSWs, has been studied extensively for many applications, such as sensing and in-plane optics [3,4,5]. The modes propagating on the multilayer interface decay exponentially inside the multilayers due to the presence of the photonics band gap [1]. At the same time, modes are not allowed to propagate in the external medium, which is air in this study, because of total internal reflection. This salient propagation mechanism keeps the modes bound close to the multilayer surface. Absorption into the material, surface scattering, and leakage into the multilayer due to prism coupling are the main sources of the decay of the surface mode amplitude along the propagation direction [5,6,7]. The present design of the multilayer, whose details are provided in the ‘Materials and Methods’ section, is based on the optimized design for longer propagation lengths [8]. The BSW platform provides the possibility of ample choice of constituent material, provided that the material is transparent at the operating wavelengths. In addition, the maximum field amplitude of the BSW mode can be tuned at the surface of the dielectric multilayer [9,10]. This ability to tune the local field confinement is attractive for sensing applications [11,12].



The aforementioned advantages and features make the BSW platform an interesting candidate for the development of 2D optical systems [13,14,15]. To this end, several 2D optical components based on BSWs have been studied theoretically and experimentally. They include waveguides [16,17], lenses [5,18], disk resonators [19,20], BSW reflectors [21], Bessel-like beams [22,23,24,25], subwavelength focusers [26], phase-shifted Bragg gratings [27] and grating couplers [28,29]. Moreover, tunable planar optical components on BSW platforms have been demonstrated [30,31]. However, to envision BSW-based 2D integrated optical systems, detectors and light sources are inevitable elements to be studied. In this paper, we focus on in-plane detectors for BSW-based multilayer platforms, whereby the absorption mechanism of the surface waves is an important subject of study. To this end, we exploit the absorption properties of the graphene layer deposited on the top of the multilayer platform.



Graphene is a two-dimensional single layer of carbon atoms with sp2 hybridization forming a hexagonal lattice. Graphene exhibits exceptional electrical and optical properties. Thanks to its zero band gap semiconductor structure providing unique electronic properties, graphene has attracted much attention from researchers. Several high-speed electronic devices have already been proposed, thanks to the ultrafast response of the graphene [32]. Similarly to the electronic properties of graphene, its optical properties show an equal interest due to the strong interaction of graphene with light over a broadband range of wavelengths. The optical conductivity of graphene (from visible to infrared wavelengths) leads to an absorption of 2.3% of light in the case of a monolayer [33]. Indeed, graphene has become an attractive photonic material for a wide range of applications, such as photovoltaic devices, optical modulators and photodetectors, etc. [34]. Another significant advantage of graphene is the possibility of tuning its optical properties by applying external fields (electrical doping) or nonlinear optical effects [35]. With the advantage of tunable optical absorption and ultrafast response, graphene has become a promising candidate for on-chip integrated silicon photonics. For example, graphene-based photodetectors integrated on Si waveguides have been studied by S. Schuler et al. [34]. The spatial confinement and the propagation length of surface waves in the graphene layer has also been studied [36].



In this paper, the absorption of BSWs has been demonstrated experimentally for one and two layers of grapheme—monolayer and bilayer graphene, respectively—which act as absorption layers on top of the multilayer platform. Theoretically, the existence of BSWs on graphene-based multilayer platforms has been studied previously [33]. The thicknesses of monolayer and bilayer graphene are about 3 angstroms and 6 angstroms, respectively. The transference of the graphene layers from the initial Cu foil to the BSW platform is demonstrated in the subsequent section. A glass prism-based BSW excitation configuration is used to couple light to the graphene layers. Additionally, near-field measurements are performed using scanning near-field microscopy, which records evanescent fields of the surface waves to map the field distribution over graphene layers. Our study will pave the way to exploiting the electro-optic properties of graphene for detectors and other active components on BSW platforms.




2. Materials and Methods


The dielectric multilayer platform presented in this study consists of six periods of alternating high and low index layers. The low index and high index material layers are silicon dioxide (SiO2) and silicon nitride (SiNx) with refractive indexes of 1.45 and 1.79, respectively, around the wavelength λ = 1550 nm. The thicknesses of the SiNx and SiO2 layers are 283 nm and 472 nm, respectively. To terminate the precocity of the multilayers, a 50-nm-thick layer of SiNx is deposited on the top. This top layer is addressed as a defect layer. The complete stack (periodic multilayers + defect layer) is called the bare multilayer (BML) platform. The BML structure is deposited on a glass wafer, as shown in Figure 1. In the present study, multilayers are designed to support transverse electric (TE) polarization of incident light at telecommunication wavelengths. The multilayer platform is fabricated using the Plasma-Enhanced Chemical Vapor Deposition (PECVD, PlasmaLab 80+ by Oxford Instruments, Abingdon-on-Thames, UK) technique.


Figure 1. Illustration of the Kretschmann configuration setup for BSW coupling with dielectric multilayers deposited on a glass wafer. The SNOM probe collects the evanescent field on top of the 2D structures. On the other side of the prism, there is a CCD camera to collect the light reflected in the far-field.
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For graphene growth, we used a Cu foil of 25 µm thickness (Sigma Aldrich, Saint Louis, MO, USA) as a catalytic substrate on which monolayer graphene is deposited by Chemical Vapor Deposition (CVD, Black Magic 4-inch, AIXTRON, Herzogenrath, Germany) under the following conditions: CH4:H2 (1:4), 25 mbar and 10 min. Prior to the graphene growth, the cleaning and thermal treatment of the Cu foil is crucial for obtaining high quality graphene. The foil was cleaned by rinsing it in organic solvents and DI water (acetone:isopropyl alcohol:H2O, 2 min each), and finally in 0.1 M aqueous acetic acid (CH3COOH) for 2 min to remove the oxides formed on the Cu surface. After that, the Cu foil was immediately placed inside the CVD chamber to prevent oxidation, and it was heated at 50 °C min−1—from room temperature to 900 °C under an Ar/H2 flow for 15 min—performing an annealing step to improve the foil quality (grain size and crystallinity). Finally, the temperature was increased to 1000 °C, and the gases were fed into the chamber for graphene deposition. After cooling down the system, the graphene on the Cu foil is characterized by SEM, as shown in Figure 2a,b. In both images, a very clean and homogeneous graphene can be observed, whereby the presence of large Cu grain boundaries is highlighted in Figure 2b. Raman spectroscopy in Figure 2c has also been performed on the graphene on Cu foil, which detected the two typical peaks of graphene; G and 2D peaks, at 1580 cm−1 and 2680 cm−1, respectively. The absence of the D peak at 1350 cm−1—which is related to structural defects—confirms the growth of a high-quality graphene monolayer.


Figure 2. (a,b) SEM characterization of continuous and clean graphene grown on a Cu foil. The arrows in (b) indicate the presence of the Cu grain boundaries; (c) Raman spectroscopy performed on graphene on Cu foil, showing the two typical peaks of graphene; G and 2D at 1580 and 2680 cm−1, respectively. The absence of the defect-related D peak at 1350 cm−1 confirms the growth of high-quality graphene. Scale bar: 5 µm.
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After growth, the graphene is transferred from the Cu foil to the BML platform. The procedure used is a wet-transfer method where poly (methyl methacrylate), (PMMA) is spin-coated on graphene/Cu at 4000 rpm. After drying it in air for 30 min, the whole structure is placed floating on a Cu etchant solution (0.05 g/mL, ammonium persulfate) for 4 h. The PMMA avoids the graphene collapse during the Cu etching. To avoid etchant residues, PMMA/graphene is rinsed three times in deionized (DI) water and placed on the BML platform. After drying the structure and storing it overnight in vacuum to remove H2O residues between graphene and the substrate, PMMA is removed by dipping the samples in acetone and isopropyl alcohol (15 min at each solvent). In order to build bilayer graphene structures on top of the BML platform, the PMMA transfer was repeated twice [37].



To couple incident light with the surface waves, we use the Kretschmann configuration [38]. The schematic of the experimental setup is shown in Figure 1, where a glass prism is required to fulfill the phase-matching condition to excite the BSWs. We illuminate the sample with a focused Gaussian beam to couple light with the BSW. At an incident angle ‘θ’, which is higher than the critical angle, the incident light is coupled with the BSW at a specific wavelength. We keep the BSW coupling zone approximately 30 µm away from the graphene layer. The phenomenon of BSW coupling can be seen as a reflection dip of the angular reflectance plot in the far-field (FF). We use CCD IR camera to collect the reflected light in the far-field on the other side of prism, see Figure 1. More details can be found in reference [8]. For BML, the BSWs can be coupled at an incident angle θ = 50.15°, at the corresponding wavelength λ = 1558 nm. The m-line pattern can be observed in the prism coupling configuration. These lines are defined as the order of the modes that can be excited in thin films at a specific angle [39]. The light of these propagating modes leaks out of the multilayer due to the presence of the prism. The interference of these leaky modes and total internally reflected incident light produces a specific fringe pattern, which can be observed in the far-field, see Figure 3a. The fringe pattern can also be understood as an interaction of total internally reflected incident beam and leaky propagating surface wave [40]. The reflected beam is a divergent Gaussian beam, while the leaky surface wave is more flat. The intersection of two wave-fronts having different curvatures produces the interference pattern. The absence of either of the two will cause the fringes to cease to exist. For example, fringes will not appear either in the case of non-diverging (flat waveforms) reflected light, or when there is no leaky propagating surface wave. In the present study, the latter is imposed by the absorption in the presence of the graphene layer.


Figure 3. M-line pattern observed in the far-field image of the reflected light captured with a CCD camera in Kretschmann coupling configuration for (a) Bare multilayer; (b) Monolayer graphene.
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In the case of BML+ graphene layers, the optimum condition of BSW coupling is found at the same angle of incidence as BML at the wavelength λ = 1558 nm. The thicknesses of the graphene layers (<1 nm) might be the reason behind the same coupling angle [33]. However, in the presence of graphene layers, only a broad dark band can be observed, as shown in Figure 3b. The dark band represents the significant absorption of propagating BSWs in the presence of graphene. The absorption reduces the propagation, and hence the leakage, of propagated BSWs. In consequence, we do not observe an interference fringe pattern in the far-field (see Figure 3b).



To perform the near-field measurements, we work with a multi-heterodyne scanning near-field optical microscope (MH-SNOM) in collection mode, which collects the evanescent electric field with a subwavelength aperture fiber probe. Because BSWs propagate at the interface of multilayers, near-field microscopy is an optimum tool for performing the spatial field distribution mapping locally. Further details about MH-SNOM can be found elsewhere [10].




3. Results and Discussion


The light is coupled evanescently to the graphene layer using a Kretschmann configuration. Further, with the aid of MH-SNOM, propagation lengths of BSWs (LBSW) for BML, monolayer graphene and bilayer graphene are measured in the near-field, as shown in Figure 4. For the comparison of absorption of the propagating field, we show here the propagation of BSW without any graphene layer/bare multilayer (Figure 4a), with monolayer graphene (Figure 4b) and with bilayer graphene (Figure 4c).


Figure 4. Near-field amplitude distribution acquired by MH-SNOM demonstrating BSW propagation for (a) Bare multilayer; (b) Monolayer graphene; and (c) Bilayer graphene.
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The propagation lengths are defined as the distance at which the amplitude of the propagating field drops to 1/e of its maximum value. The LBSWS are deduced by exponentially fitting the decay of the measured field amplitude of the surface wave along the propagation direction [10]. Figure 5 shows the logarithmic scale of the cross-section of the exponentially decaying field amplitude profiles of the BML, monolayer and bilayer graphene, respectively. The measured LBSW for BML when using monolayer and bilayer graphene are approximately 1300 µm [8], 75 µm and 55 µm, respectively. From the measurement results, we observe that the propagation lengths in graphene layers are reduced drastically in comparison to BML; roughly 17 times shorter for the monolayer and 23 times shorter for the bilayer of graphene. This is due to strong absorption resulting from the presence of graphene layers along the direction of propagation. The reason behind the smaller influence of the graphene bilayer on absorption than the monolayer is the difference in the level of doping between both cases. The intrinsic absorption properties of graphene depend on the level of doping. In the case of monolayer, the graphene is sitting on the substrate and has air on the other side. The first layer of the bilayer graphene has graphene on the other side, unlike the monolayer. While the second layer of the bilayer graphene has graphene on one side and air on other side. These boundary conditions can justify a different doping [41].


Figure 5. The normalized field amplitude cross section (in logarithmic scale) along the direction of propagation of BML, monolayer and bilayer of graphene.
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The propagation length of leaky modes in a prism coupling system can also be deduced from the angular width of reflection anomaly in far-field [8]. The propagation lengths vary in a fashion inversely proportional to the width of the reflection spectrum. More details of the method can be found in ref. [8].



Thanks to the atomic layer thicknesses of graphene layers (3 angstroms and 6 angstrom for the monolayer and bilayer, respectively), graphene does not require an additional propagation constant other than the bare multilayer, and hence the coupling condition. Therefore, surface waves are directly absorbed by graphene layers without the necessity of external coupling devices, unlike silicon photonics. In a study of integrated GaInAsSb photodiode on silicon waveguide, the diffraction gratings are employed as an external coupling device to interface the silicon waveguide with the photodiode [42]. The poor coupling efficiency of the grating coupler is stated as the main reason behind the degraded performance of the detector [42].



In addition, the CVD graphene growth and its transfer to the multilayer platform by the wet-transfer method using PMMA provides an easier fabrication (integration) process in comparison to conventional silicon photonics integration processes.




4. Conclusions


The absorption properties of monolayer and bilayer graphene on a BSW platform have been studied using near-field optical microscopy technique. To the best of our knowledge, this is the first experimental demonstration of graphene-induced absorption of BSW propagation. The propagation lengths of BSWs for BML and BML+ graphene layers have been compared. The results show that propagation length in the presence of monolayer and bilayer graphene is decreased significantly (approximately 17 times and 23 times shorter, respectively) than the bare multilayer. This is due to the strong absorption of the graphene layer. This study provides an advancement in the direction of the development of BSW-based 2D integrated optical systems, in particular in-plane photodetectors.
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