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Abstract

:

Recent advances in Surface Plasmon Resonance (SPR) technologies have shown the possibility of transmission enhancement of localized modes propagating through sub-diffraction wide slits and apertures, resulting in the strong near-field focusing of metallic planar nanostructures. This work presents a new approach to the fabrication of high-resolution near-field optical probes using 3D lithography in combination with numerical finite difference time domain (FDTD) simulations. A narrow 500 nm depth of field focus area was observed both by numerical analysis and near field scanning optical microscopy (NSOM) measurements. Further research and optimization are planned in order to achieve subwavelength focal regions and increased signal intensities.
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1. Introduction


Surface plasmon resonance (SPR) brings a novel approach for lab-on-fiber nanoprobes with highly resolved sensing. SPR is an optical phenomenon describing the propagation of electromagnetic (EM) waves along with the metal-dielectric interface. These confined modes called Surface Plasmons (SPs) are induced by incident EM radiation resulting in the coherent collective oscillation of conduction electrons at the metal’s surface [1]. The evanescent character of these waves indicates the finite propagation lengths perpendicular to the interface as well as along the interface itself, however in the vicinity of the metal layer, the EM fields exhibit an exceptional enhancement originating from the resonant behavior of the electrons and wavelength of incident radiation. Properties of SPs depend predominantly on frequency-dependent relative permittivity of the metal and dielectric materials. However, the use of nanopatterned surfaces with exact geometry allows the manipulation of the resonant wavelength of the SPs as well as near-field properties in the proximity of the surface [2].



The evanescent decay of the modes enabled the construction of two-dimensional (2D) optical elements such as interferometers, waveguides and mirrors [3,4,5]. Liu et al. demonstrated focusing of the SPs using a series of circular and elliptical nanostructures fabricated in thin metal films [6]. They were able to achieve sub-diffraction focal spots using interfering plasmons propagating through metal slits. Ogut et al. fabricated a plasmonic parabolic transducer with a multi-layer configuration achieving focal spots beyond the diffraction limit by varying the refractive index of the dielectric material [7]. Mote et al. numerically investigated the near-field focusing properties of zone plates coated with different metal films of 300 nm, indicating no presence of the SPs. Later they proposed a 2D flat design achieving sub-wavelength resolution according to the simulations [8,9]. Another numerical study conducted by Wang et al. aimed to address the issue of the transmission enhancement through a sub-wavelength aperture surrounded by annular grooves of various depths in the 200 nm thin silver film achieving full width at half maximum (FWHM) of 0.85λ and 1.1λ in the lateral and transverse direction, respectively [10]. Progress in nano-optics gave rise to numerous applications such as near-field scanning optical microscopy (NSOM), sub-diffraction lithography, surface enhanced Raman scattering (SERS), and nano-manipulation of the organic specimen using SPR optical tweezers [11,12]. Recently, focusing on decaying plasmons in the near field has obtained interest as a result of the unique enhanced transmission. Therefore, by focusing on the evanescent components it is possible to overcome the conventional barrier caused by the diffraction limit resulting in nanometer size focal spots [13]. Fu et al. [14] presented a plasmonic micro-zone-plate introducing the metal dielectric interface in conventional Fresnel zone plate structure. They achieved superfocusing with a resolving power beyond the diffraction limit.



Generally, all the achieved results employed planar technologies resulting in 2D optical elements. The idea behind this paper was to upgrade the SPR effects on more complex three-dimensional (3D) plasmonic structures based on a Fresnel zone plate design resulting in a microring-zone (MRZ) structure with the polymer-metal interface. As a key technology we use 3D laser lithography based on non-linear two-photon absorption (TPA) and deposition of a thin gold layer on top of the prepared polymer structure. The MRZ structure should reach strong enhancement in the near-field region with unique focusing properties with a submicrometer depth of field and resolution. These properties make the MRZ structure perspective probe for near-field probes and application. Here we proposed and realized a new concept of 3D microring-zone structure supported by complete theoretical simulations and near-field measurements using a near-field scanning optical microscope (NSOM) to determine the plasmon focusing properties of the sample.




2. Design and Simulation of Microring-Zone Structure


The explicit numerical analysis of plasmonic micro-zone plates documented apparent relations between the propagation of an EM wave through a planar structure with conventional Fresnel zones plates and plasmonic micro-zone plates. Adding the metallic layer suppressed the multiple focal points in the far-field, as is typical for conventional Fresnel zone plates with dominant extremes and in very short distance from the surface, and also overcame the diffraction limits.



Our concept implies equidistant zone distribution with different heights of the central ring. As a material basis we used a glass substrate with polymer structure based on IP-Dip photoresist with 20 nm gold layer deposited on the surface (Figure 1). The MRZ structure consists of six individual rings with a width of 250 nm and a height of 300 nm separated by a 250 nm spacer and central part with the radius of 600 nm and doubled height. The total MRZ structure diameter is 7.2 µm.



Focusing itself occurs when the incident plane wave hits the MRZ structure, inducing SPs propagating along the surface and evanescently decaying in the normal direction. At the end of the MRZ structure, the evanescent wave transforms into propagation mode and radiates behind the MRZ surface. Arranging the rings and spacers in a particular geometry, a phase modulation with the following interference leads to the formation of a focal spot behind the MRZ structure. This was demonstrated in many similar zone plate structures [15]. Due to technological simplification, we used an equidistant arrangement of the microring zones with the same spacer distance. Such a design will not have a fully optimized phase modulation and weak side interference as expected. The thickness of microrings of 250 nm and the same spacer distance is very close to the technological limits of 3D laser lithography, which limits the design of asymmetric microring distribution. Cross-section of the MRZ structure with simulated optical field distribution is shown in Figure 2.



We used a Finite-Difference Time-Domain (FDTD) tool from Ansys—Lumerical to simulate an optical field distribution behind the MRZ structure after illumination by different light sources. A uniform mesh step size of 30 nm was set up while the volume of simulation in the region was 10 × 10 × 6 µm3. A perfectly matched layer boundary condition was applied at the edges of the simulation region along with a 5 nm uniform mesh step size. For the gold layer we used the Johnson and Christy model of the optical constants of the noble metals [11]. The structure was illuminated from the glass side using the light-emitting diodes (LEDs) plane wave source with different wavelengths of 420, 490, 625 and 780 nm, respectively. According to the equation describing the SPP propagating along with the metal-dielectric interface, the SP’s can only be excited when one of the permittivities is negative and its absolute value exceeds the other material permittivity. The plasmon propagation constant along the interface is then given by the known equation:


  β =  k 0       ε d   ε m     ε d  +  ε m    ,    



(1)




where k0 is the wavevector of the incident wave and εd and εm are the permittivities of the dielectric and metal, respectively. Assuming that the solution is bound to the interface, propagation constants normal to the metal-dielectric interface are both real and imaginary, leading to the exponential decay of the field into the dielectric [12,13]. This is only satisfied for the wavelength of 420 nm and lower, where the real part of permittivity of gold εAu = −2.462 with an absolute value higher than the permittivity of the used photoresist. Table 1 shows the corresponding values of real dielectric constants for 20 nm thin gold layer and IP-Dip photoresist for considered wavelengths. Thus, the increasing wavelength mostly propagates dominantly along the surface and doesn’t contribute to focusing, as was calculated by FDTD (Figure 3). The exit plane of the MRZ structure is located at z = 1.8 μm. At the IP-Dip/gold interface, a part of the incident radiation is converted from propagating beam into the evanescent waves, which due to the thin gold layer are transmitted to the exit plane of the structure, where the conversion back to the propagating mode associated with its interference with diffracted modes from the microring zones occurs [14]. Simulation shows that further increasing the wavelength enhances the outer diffraction emission instead of focusing on what agrees well with the described theory of SP’s propagation. This is due to the dispersion behavior of the metal’s dielectric function, which at higher wavelengths does not satisfy the resonance condition.



Another effect of the increasing wavelength is the existence of multiple focal points behind the MRZ structure (as shown in Figure 3d,f,h) resulting from odd-order diffraction patterns which have been previously observed by multiple groups [16,17]. Formation of the dominant focus shown in Figure 3a,b with Full-Width at Half-Maximum (FWHM) around 630 nm resulted from constructive interference of the SPs at the exit plane of the nanostructure. By optimization of the refractive index of the dielectric or metal, one can exactly manipulate the phase conditions of propagating waves to enhance or suppress their interference.




3. Fabrication and Structure Analysis


The structure was fabricated using Direct Laser Writing (DLW) system from Nanoscribe GmbH (Karlsruhe, Germany), using the TPA process causing polymerization of small focal volume located in negative IP-Dip photoresist. Two-photon polymerization (TPP) is a non-linear process based on the simultaneous absorption of two photons in a photosensitive material, activating photo-initiators in the resist resulting in the formation of radicals suitable for the local polymerization. This process requires high intensities, commonly provided by the femtosecond laser beam tightly focused by an immersive microscope objective with a high numerical aperture. Such high intensities are present only in the small confined area within the focus of the objective, thus providing extraordinary spatial resolution. The wavelength of the femtosecond laser built in the device is 780 nm with a pulse duration of 100 fs. This system serves as a lithography method intended to fabricate 3D polymer submicrometer sized structures. We used Dip-in Laser Lithography (DiLL) configuration where a microscope objective with 63× magnification and numerical aperture of 1.4 is directly dipped into the photoresist, minimizing spherical aberrations. In that configuration, the DLW system can sufficiently achieve lateral feature size better than 200 nm and 500 nm in the axial direction. Overall, the height of the structure is limited by the optical power within the volume of the TPA region as well as the scanning speed. In the first step we fabricated a radially symmetrical MRZ structure with 250 nm wide slits and 250 nm wide rings, with a 600 nm radius cylinder located in the middle of the structure according to the design. The sample was developed afterward in propylene glycol methyl ether acetate (PGMEA) developer for seven min followed by a five-min bath in isopropyl alcohol. As the final step, a 20 nm layer of gold was deposited using thermal evaporation in a vacuum chamber with a pressure of 6 × 10−4 mbar and deposition rate of 2.1 Å/s. The morphology of the sample was measured by atomic force microscopy (AFM, XE100, Park Systems Europe GmbH, Mannheim, Germany), and shown in Figure 4.



The overall structure has a diameter of 7.25 µm and a central ring slightly under 1.2 µm. Also, other rings are separated nearly by 248 nm, which agrees well with the design. Because the microrings of the MRZ reach the limits of the lateral resolution of Nanoscribe lithography, we chose to directly write the structure as a function of radius and angle instead of scanning the volume horizontally. As a consequence of this, during the step-TPA fabrication of the innermost cylinder, the power absorbed in the TPA volume limited by Nanoscribe’s voxel size was considerably higher than previously designed, resulting in the polymerization of the upraised volume of IP-Dip resist and creating its conical shape. However, the simulations accounted for this. For high-resolution characterization of optical fields in proximity of the MRZ structure we used near field scanning optical microscopy (NSOM). The NSOM arrangement and working principle are shown in Figure 5.



By scanning an optical fiber probe in the near-field region of the MRZ structure we obtained a near-field image of the optical field in desired scanning planes with respect to the structure surface. During the scanning process the MRZ structure was illuminated by different LED sources coupled to the SMF.




4. Results—Near-Field Analysis


The crucial analysis for characterization of optical properties of MRZ structures is the near-field distribution measured by NSOM in transmission mode, as was described in Figure 5. The MRZ structure was excited by different LED sources coupled to the standard single-mode optical fiber with 10 µm core diameter in order to sufficiently illuminate the whole MRZ structure. It is also worth mentioning that the fiber operates in single mode regime at the wavelength of 1550 nm and the used LED wavelengths will create a multimodal propagation. Simulated and measured near-field maps for illumination by a 420 nm LED source are compared in Figure 6 and confirm a light intensity enhancement behind the central ring of the MRZ structure. Simulated near-field distribution agrees well with the measured near-field signal. The strong, sharp signal was observed both in simulation and NSOM measurement with full width at half maximum (FWHM) of 630 nm and an enhancement factor of almost 800% with respect to the planar surface of the IP-Dip polymer with deposited 20 nm thin gold layer.



In the next investigation, we tried to resolve the focusing properties and depth of field by characterization of the optical field in the propagation direction (z axis direction). Figure 7 shows the comparison of FDTD simulated electric field intensity with NSOM measurement of the MRZ structure back-illuminated by 420 nm by a non-polarized LED source. Measured optical field distribution documents light propagation in a very narrow region behind the central part of the MRZ structure with two dominant maxima (Figure 7a). Their position was compared with the simulated optical field profile (Figure 7b).



We also characterized a spectrally resolved response of the near-field emission. The MRZ structure was illuminated by LED sources of different wavelengths (490, 625 and 780 nm) in the same experimental setup. The central enhancement gradually vanishes with the increasing wavelength of the incident radiation due to the attenuation given by the diffraction phenomena (Figure 8). The diffraction and interference of higher wavelengths cause enhanced emission just inside the outside regions. It is also worth mentioning that the measured near-field response of the MRZ structure illuminated by the 625 nm and 780 nm LED source shown in Figure 8d,f indicates a slightly asymmetric emission pattern not previously predicted by simulations.



The pattern is caused by the small surface irregularities in the outer part of the MRZ structure. However, the measurement and simulation at longer wavelengths clearly favor the MRZ structure for the shorter spectral regions, as was considered in the design. This was previously numerically predicted and confirmed by Liu et al. [18]. Simulation and experimentally measured near-field profiles document a very similar field distribution in the Figure 9. The small differences are given only by the resolution limits of technology and NSOM analysis. The reason behind this is the already mentioned lateral resolution limit of the lithography system, which produces rounded rather than sharp edges as was considered in the designed structure. On the other hand, NSOM analysis also reaches resolution limits by detecting micro-ring spacers. However, the NSOM analysis revealed the highly resolved near-field behind the MRZ structure, which fits well with the FDTD simulations for all mentioned wavelengths.



Fresnel zone plates are known to generate multiple interference peaks in the far-field along the propagation axis, which our design suppresses quite substantially. We chose the equidistant periodic ring design in order to achieve uniform ∆k gain of the diffracted modes so multiple wavelengths could induce the SPPs at the edges of the rings. Generally, the proposed MRZ structures with equidistant zones don’t bring effective interference while creating weak parasitic side peaks in the near field region, which standard Fresnel zone plates eliminate. Also, using equidistant zones is more convenient from the point of manufacturing using the single step laser lithography process. Regardless, more optimization is needed in the forthcoming design and manufacturing.




5. Conclusions


We demonstrated the 3D concept of plasmonic MRZ structure on the polymer-metal basis with strong near-field transmission enhanced by surface plasmon resonance. The MRZ structure consists of multiple equidistant rings designed in a 3D arrangement with central ring of doubled height. Simulation in FDTD and near-field measurements revealed very narrow focus with a 500 nm depth of field produced by the combination of phase modulation on MRZ structure and SP’s effect at the IP-Dip/gold interface. Observed formation of the high-intensity focal spot with FWHM of 630 nm and an enhancement factor of ~8 was numerically calculated and experimentally confirmed by NSOM measurements. We also inspected the effect of wavelength change on the transmission properties as this MRZ structure was designed for wavelengths of 420 nm. Longer wavelengths confirmed the better SP’s propagation along with the polymer/metal interface with a stronger effect of interference. This effect suppressed the central focus and enhanced the outer extremes produced by multiple zones of the MRZ structure. It was documented from FDTD analysis but also from near-field maps of the MRZ structure by higher excitation wavelengths. The prepared MRZ structure documents good focusing properties and will be applied on the optical fiber to produce special near-field probes. In contrast with [19,20,21] this proposed design requires fewer fabrication steps and offers promising applications such as integration on the tip of optical fiber. At the same time, these results open new horizons where modern 3D laser technologies on a polymer basis could be applied on the submicrometer scale and used for near-field probes. Further research also should be oriented to the next optimization of focusing on the introduction of more complicated 3D designs to reach subwavelength focal regions as well as higher signal enhancement.
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Figure 1. Schematic view of designed gold-IP-Dip MRZ structure on the glass substrate. 
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Figure 2. Cross-section of MRZ structure consisting of series of six equidistant IP-Dip rings (red) with a 20 nm thin Au layer deposited on top of the structure (yellow) fabricated on a glass substrate (blue) and its simulated optical field. 
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Figure 3. FDTD simulation of electric field distribution transmitted through in x-y plane view at calculated focal plane 650 nm above the exit plane (left) and electric field distribution at the x-z plane view at the center of the MRZ structure (right) for different wavelengths of (a,b) 420 nm, (c,d) 490 nm, (e,f) 625 nm, (g,h) 780 nm. 
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Figure 4. Detailed AFM image of the fabricated MRZ (a) with corresponding line profile (b). 
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Figure 5. Measurement scheme of NSOM of MRZ structure excited by single-mode optical fiber (SMF) coupled to the LED of a different wavelength. 
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Figure 6. FDTD simulation of electric field distribution of MRZ structure illuminated by 420 nm LED source in scanning field of (a) 10 × 10 μm2 650 nm above the surface and (b) measured near-field intensity; detail field map of 4 × 4 μm2 (c) simulation and (d) NSOM measurement. 
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Figure 7. (a) Measured near field of the MRZ structure illuminated by 420 nm LED diode along the propagation direction, (b) comparison of simulated electric field intensity profile and measured near field along the propagation direction at x = 0. 
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Figure 8. FDTD simulation of electric field distribution of MRZ structure (left images) and measured near-field intensity of structure (right images) illuminated by: (a,b) 490 nm, (c,d) 625 nm and (e,f) 780 nm LED source. 
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Figure 9. Comparison of simulated and measured electric field intensity profiles at a focal plane located 650 nm above the exit plane illuminated by LED source with wavelength of (a) 420 nm, (b) 490 nm, (c) 625 nm and (d) 780 nm. 
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Table 1. Comparison of real permittivity of thin gold layer and IP-Dip photoresist at different wavelengths.
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	Wavelength (nm)
	εAu (20 nm Layer)
	εIP-dip





	420
	−2.462
	2.396



	490
	−1.137
	2.387



	625
	−0.05137
	2.368



	780
	−0.0342
	2.348
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