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Confining light at a subwavelength scale is important for building ultracompact opto-electronic networks. Plasmonic waveguides are good candidate devices for this purpose. However, the oscillation of electrons relating to surface plasmon polaritons causes energy dissipation, which limits the propagation length and thus reduces the waveguide performance. Here, we design a low-loss plasmonic waveguide composed of a nanowire dimer structure on a metal substrate, in which the dominant modes are localized within the air gap between the nanowires and referred to as air-host plasmonic modes. The use of air instead of dielectric materials as the host medium can reduce ohmic loss and avoid the dispersion effect of dielectric. When the constructed nanowires have a diameter less than 100 nm, the air-host mode has subwavelength-scale confinement and a propagation length of ∼100 μm, which has broad application prospects for the construction of ultracompact plasmonic devices.
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1 INTRODUCTION
Plasmonic waveguides can support surface plasmon polaritons (SPPs) with a volume breaking through the optical diffraction limit [1, 2]. The strong field confinement of SPPs can enhance the interaction between light and materials [3, 4], which is beneficial for constructing energy-saving devices. Furthermore, plasmonic waveguides are small compared with traditional optical waveguides [5, 6]. Both features promise the development of ultracompact opto-electronic networks [7–11]. However, with free electrons collectively oscillating on the interface of the medium and metal, plasmonic modes suffer ohmic losses, and the energy dissipation reduces the performance of constructed devices. A figure of merit of plasmonic waveguides is a reduced ohmic loss while the field confinement of SPPs is sustained [12]. As the ohmic loss positively correlates with the dielectric index, a typical design is to insert a low-index gap layer (e.g., a MgF2 or SiO2 layer) between the high-index gain medium (e.g., a semiconductor nanowire) and the metal substrate (Figure 1A). The plasmonic mode then propagates along the dielectric-metal interface (in what is referred to as the dielectric-host mode) with far less loss [5, 13]. The ohmic loss can be further reduced using a medium having a lower refractive index, such as air [14], but simply replacing the dielectric with air is unfeasible as the active medium is not physically supported. Here, we design a nanowire dimer plasmonic waveguide by placing two semiconductor nanowires on a metal substrate (Figure 1B). By optimising parameters of the structure (i.e., the diameter and separation of the nanowires and the thickness of the dielectric layer), a low-loss propagating mode is supported in the air gap within the dimer (referred to as the air-host mode), resulting in a propagation length comparable to that of traditional single-nanowire waveguides but stronger mode confinement. Moreover, the modal field is concentrated in the air gap and is maximum at the air–dielectric interface, and the structure can thus be integrated with a microfluid chip for lasing or sensing [15]. This structure has wide prospects as a versatile platform for high-density optoelectronic devices.
[image: Figure 1]FIGURE 1 | Nanowire dimer plasmonic waveguide. (A) Electrical field distribution of a traditional single-nanowire plasmonic waveguide, which is extracted from the resonance at around 747 nm. Three-dimensional (B) and cross-section (C) of a nanowire dimer structure. d denotes the diameter of the nanowire, w denotes the distance between two nanowires, and h denotes the thickness of the dielectric layer (SiO2). (D) Field distribution of a nanowire dimer. The corresponding electric fields in (A,D) are extracted at 0.1 nm above the air–SiO2 interface with d = 100 nm. The arrows in (A,D) show the orientation of the electric field.
2 METHODS
Figure 1C presents the cross-section of a nanowire dimer plasmonic waveguide with its key parameters. The two nanowires are made from hexagonal wurtzite-structured ZnO and have a separation w, and the metal substrate is a SiO2 dielectric layer (with thickness h) deposited on bulk Ag. A simulation is performed adopting finite-difference time-domain methods for mode analysis.
3 RESULTS AND DISCUSSION
The two ZnO nanowires form an air gap between themselves and the substrate (i.e., between their feet) as illustrated in Figure 1D. For a single-nanowire waveguide (lower panel in Figure 1A), except for the strong electric field preserved in the dielectric-host mode [5, 16], there is a non-negligible field outside the nanowire. It indicates a poor light confinement especially in the case of small d (e.g., 100 nm). When two nanowires are close to one another, the fields at the enclosed foot points couple into a hybrid mode propagating in the air gap (i.e., the air-host mode), and the hybrid mode outcompetes the dielectric-host mode and dominates the propagation at small d (Figure 1D). This air-host mode has field vectors perpendicular to the substrate, and the intensity of the electric field decays evanescently with distance along the direction normal to the interface, indicating its plasmonic mode nature [12].
Inserting a dielectric layer between the metal substrate and nanowires further reduces the ohmic loss and enhances the electric field in the subwavelength local range. Therefore, we first investigate the influence of the dielectric layer on the mode fields. Figure 2A plots the distribution of mode fields along the air–SiO2 interface (y = 0.1 nm) for different d. Compared with the structure without a SiO2 layer (i.e., h = 0), the structure with a 5-nm-thick layer has a much stronger electric field for the air-host mode. However, in contrast with a dielectric-host mode, which is highly sensitive to h [5, 17], the air-host mode is almost unaffected by the thickness of h unless it exceeds the penetration length of the SPPs (e.g., h > 50 nm). The lower dependence on h is beneficial to future applications due to the better tolerance of device processing. Figure 2B shows the electric field along x = 0 for nanowire dimer waveguides without (I) and with a 15-nm thick dielectric layer (II). The air-host modes of the two structures have a plasmonic feature as the intensity of the electric field decreases from the bottom of the air gap. However, for the waveguide with a SiO2 layer, the electric field in the air gap is much stronger than that in the SiO2 layer, confirming the lower loss in air. The air-host modes can exist across a wide wavelength range, for example, from 620 nm to 1,032 nm for a dimer structure with d = 100 nm, w = 0, and h = 15 nm. Apart from hexagonal crystals, dimer structures composed of nanowires with other crystal types (as tetragonal crystals) also support such air-host modes. In contrast with the mode field confined in the solid dielectric layer of a traditional single-nanowire waveguide (Figure 2C), having a field confined in air makes the waveguide easier to functionalise and modulate for applications.
[image: Figure 2]FIGURE 2 | Dependence of the air-host mode on the thickness of the dielectric layer. (A) Dependence of the electric field at y = 0.1 nm (where y = 0 is set as the air−SiO2 interface) on the layer thickness h (w = 0, d = 100 nm). When there is no dielectric layer (h = 0), the air-host mode is at its weakest, with an electric field comparable to the field within the nanowires, indicating a large ohmic loss from the metal substrate. An extra dielectric layer (h ≠ 0) helps to suppress the loss to the mode field, but there is little difference in the loss as h increases from 5 to 25 nm. The independence of the air-host mode on h implies high tolerance to processing. (B) Dependence of the electric field at x = 0 (in the middle of the air gap) on the dielectric layer. The areas shaded grey and cyan are the metal and SiO2 dielectric areas, respectively. The dashed lines indicate the top edges of the semiconductor nanowires. The intensity is maximal at the air−X interface (where X denotes metal for h = 0 or SiO2 for h ≠ 0) both with and without a SiO2 layer, allowing coupling with active media settled in the air gap. (C) Field distribution of the dielectric-host mode at the middle of a single-nanowire plasmonic waveguide (d = 100 nm and h = 15 nm). The field is maximal at the metal−SiO2 interface, which is comparable to the situation in (B).
To gain a deeper understanding of the air-host mode, we analyse the dependence of the effective refractive index (neff) on d and h, where [image: image]. Here, β is the propagation constant of the plasmonic modes and k0 is the vacuum wavenumber. Figure 3A shows that the real part of neff for h = 5 nm (w = 0) increases monotonously from ∼1 to ∼1.8 as the nanowire diameter increases from 50 to 300 nm, revealing an evolution from air-host modes to dielectric-host modes. Specifically, for nanowires with a small diameter (i.e., 50 nm < d < 100 nm), the waveguide is dominated by an air-host mode which represents a low effective index compared to the material index of SiO2 (1.453). It can be visualized from the electric field distribution in Figure 3B. The field leaked outside the nanowires strongly couple with each other and resonantly intensify at the air gap [18, 19], whereas the energy density in the SiO2 dielectric layer is negligible. A larger diameter of the nanowires induces competition between the air-host mode and dielectric-host mode given the reduced near-field coupling effect between the two nanowires. As shown in Figure 3C, the field is a superposition of the two types of modes, and the effective index approaches the index of SiO2 with the increase of the diameter [20]. When the diameter is large enough (i.e., 150 nm < d < 300 nm), the dielectric-host mode becomes dominant, representing as a strongest field intensity in the SiO2 layer under the individual nanowires, and the effective index exceeds the index of SiO2 (Figure 3D).
[image: Figure 3]FIGURE 3 | Evolution from the air-host mode to the dielectric-host mode through changes in d and h: dependence of the mode effective refractive index (A) and propagation length (E) on d and h. The dashed line provides data for SPPs supported on bare substrates without nanowires. Both the effective index and propagation length depend strongly on d but only slightly on h. (B–D) Electric field diagrams for d = 70, 120, and 300 nm (h = 15 nm, w = 0 nm), showing the evolution of dominance from the air-host mode to dielectric-host mode.
The ohmic losses corresponding to the two modes are quantified by the imaginary part of the effective index, Im{neff}, which further determines the propagation length (LP). LP can be calculated by [image: image], which is defined as the distance travelled in space before the energy density of the mode decays to its initial value 1/e (λ0 is the vacuum wavelength). As shown in Figure 3E, when the air-host mode dominates, the propagation length LP can be tens to more than one hundred microns, comparable to the length scale of optimised single-nanowire waveguides. When the dimer structure is dominated by a superposition of the air-host and dielectric-host modes, the plot of LP has an inflection due to the mode competition, such that there is a minimal value of LP. When the waveguide is dominated by the dielectric-host mode, LP increases with d. However, the available LP is much shorter for the dielectric-host mode than for the air-host mode (no more than 50 μm), indicating the superior performance of the latter mode. Considering that LP is longer for smaller nanowires, the nanowire dimer waveguide is conducive to device integration.
Light−matter interactions are of great interest owing to their potential applications in such as lasing and sensing [21, 22]. The basic idea of using an optical waveguide to enhance such interaction is to confine light in a small spatial region and to increase the light−matter overlap. The confinement can be quantified by the effective mode area (Aeff) [13], expressed as
[image: image]
Here, the energy density W(r) is defined as
[image: image]
where ω is the mode resonance frequency, ε(r) is the complex relative permittivity, and μ0 is the vacuum permeability. Aeff calculated from Eqs (1, 2) is then normalised by the square of the wavelength (i.e., we take [image: image]) [23]. The dependence of normalised Aeff on w represents the effect of nanowire coupling on the confinement of the air-host mode (black solid circles in Figure 4A, d = 100 nm and h = 15 nm). When w is much larger than the wavelength scale, the coupling between nanowires is negligible and the structure works as a traditional single-nanowire waveguide, which has a mode field of ∼0.86λ2. As w decreases, the nanowire coupling strengthens, and the mode is more confined to the air gap. This is seen as a gradual decrease in the normalised mode area (black circles) and an enhanced electromagnetic field (red triangles). When the nanowires are in contact with each other (w = 0), the mode area reaches a minimal value of ∼0.29λ2, approximately 3 times smaller than that of a single-nanowire structure (w = ∞) and nearly one order smaller than that of planar SPPs on the same substrate.
[image: Figure 4]FIGURE 4 | Mode confinement and Purcell effect of a nanowire-dimer waveguide. (A) Variations in the normalised effective mode area and electric field intensity with w. The electric field intensity is extracted from the central axis of the air gap, 0.1 nm above the air–SiO2 interface. The nanowire-dimer waveguide with w = 0 has the most confined field, the intensity of which is only 1/3 of that of a single-nanowire waveguide (w = ∞). (B) Variation in the Purcell factor with w. The strongest enhancement of spontaneous emission is achieved using a nanowire-dimer waveguide with w = 0.
As the maximum field appears in the air gap (namely, at the air−SiO2 interface) rather than in a bulk medium, an optimal light−matter interaction can be easily achieved by placing active materials at the interface [21, 24], which is meaningful for applications. For example, by attaching a monolayer semiconductor (such as transition metal chalcogenides) at the interface, a perfect overlap between the two-dimensional gain medium and mode is achieved. The modal gain is thus maximised for plasmonic lasing [22, 25]. The waveguide modification of the spontaneous emission can be quantified using the Purcell factor (FP) [26]. The spontaneous emission of excitons in the monolayers (∼1.0 nm in thickness) is mimicked by setting electric dipole sources in the middle of the air gap and 0.1 nm above the interface, and the enhancement of the recombination rate can be simulated by the change in the lifetime. As shown in Figure 4B, FP increases as the nanowire coupling strengthens and has a maximal value of 2.3 at w = 0. As the intensity at the foot points can be even stronger, the actual FP can be even higher. Due to the strong mode confinement and Purcell effect, the nanowire dimer structure has good potential for ultracompact plasmonic active devices using atomically thick active media [27, 28].
4 CONCLUSION
In summary, we proposed a plasmonic waveguide composed of a nanowire dimer on a metal substrate. The air-host mode supported by such a nanowire dimer structure has low ohmic loss and thus a long propagation length. Compared with a single nanowire plasmonic waveguide, the nanowire dimer waveguide has stronger mode confinement, a high Purcell factor at the air−dielectric interface, and thus more intense light−matter interaction. In addition, the properties of the waveguides have higher tolerance to the processing of the dielectric layer. As the dominant mode of propagation is in an air gap instead of a dielectric solid, nanowire dimer plasmonic waveguides are a more versatile platform for constructing functional integrated devices.
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