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Background

The idea of a hybrid resonator was applied to studying of the nanowire resonators
and lasers by various research groups both theoretically and experimentally [1, 2, 3].
Oulton et al. studied the modes in a dielectric gap layer sandwiched between a
semiconductor nanowire and a metal substrate, whereas Russel et al. used a metal
nanowire on top of a flat semiconductor layer instead of the semiconductor
nanowire. These structures are extremely important for nanolaser implementation
due to lower propagation losses compared to surface-plasmon polaritons (SPPs) of
the free-standing nanowires. The overall sizes of the studied plasmonic resonators
are larger than the wavelength in vacuum. However, it is advantageous for the
nanolaser to have subwavelength sizes at least in two dimensions. We study the
modal charachteristics of the resonator with subwavelength cross section with both
semiconductor and metal nanowires.

Aim

Numerically calculate the mode profiles and propagation constants for the hybrid
resonators potentially useful for nanowire lasers.

Compare the mode characteristics of the resonators with metal and semiconductor
nanowires. We use the same materials for both gap and substrate regions in order
to investigate the influence of the nanowire material.

Method

The geometry of the model is shown in Fig. 1(a). The nanowire resonator length L
is sufficiently larger than its radius a so that the nanowire axis can be considered as
a classical waveguide supporting hybrid modes.

Fig.1 (a) Schematic representation of the nanowire hybrid resonator, (b) hybrid mode with the ”hot

spot” in the center of the gap, (c) hybrid mode with no ”hot spot” in the center of the gap.

The complex effective refractive index is calculated in Comsol Multiphysics with 2D
mode analysis. The strongly localized gap modes are considered: Figs. 1(b) and
1(c) show the modes with the field maximum and minimum in the gap center,
respectively. The parameter calculations are made for the first mode in the
geometry shown in Fig. 1(a). Ag dielectric function is found from [4].

In order to have a better control over the element size in resonator domains, the
meshes in the gap, nanowire and substrate regions are mapped from edge elements
with adjustable resolutions.

Results. Mode profiles.

Fig. 2. The absolute value of the electric field intensity in Ag nanowire resonator in arbitrary units

for λ = 400 nm and four radii a = 5 nm, 10 nm, 20 nm, 50 nm.

Fig. 2 shows the change in the mode profile as nanowire radius gets larger and all
other parameters kept constant:

For a = 5 nm the energy is located in both the gap and the nanowire circumference,

For a = 10 nm the most of the energy is concentrated in the gap region, but some
amount is concentrated around the nanowire,

For a = 20 nm the energy is concentrated in the gap region, but the field intensity
in the gap center is less than in the case of a = 50 nm.

Results. Effective mode index and propagation length.

In Figs. 3 and 4 the dispersion of the mode effective refractive index neff and
propagation length L = λ/(4πIm(neff)) is shown.

The obtained values for propagation length correspond approximately to 0.5− 38
vacuum wavelengths for GaAs nanowire and 0.1− 7.2 vacuum wavelengths for Ag
nanowire.

Fig. 3. Hybrid GaAs nanowire resonator gap mode: (a) effective refractive index neff and (b)

propagation length L = λ/(4πIm(neff)) calculated for five nanowire radii a = 5 nm, 10 nm, 20 nm,

50 nm versus vacuum wavelength. The GaAs and MgF2 permittivity are taken as εGaAs ≈ 11.9025

εMgF2
≈ 1.96.

Fig. 3. Hybrid Ag nanowire resonator gap mode: (a) effective refractive index neff and (b)

propagation length versus vacuum wavelength calculated for five nanowire radii a = 5 nm, 10 nm,

20 nm, 50 nm.

Conclusions

The confinement of the modes in the gap region decreases at higher wavelengths
and smaller radii. Below a = 15 nm the energy redistributes both in the gap and
around the nanowire.

The propagation lengths for hybrid resonators based on GaAs nanowires with
diameters below 50 nm can be tens of vacuum wavelength in the infrared part of
the spectrum, the same order of magnitude as the values reported for diameters
larger then 50 nm [2].

The effective refractive index (propagation length) increases (decreases) as the
radius of the Ag nanowire gets larger, whereas for GaAs the trend is reversed.

The GaAs nanowire resonator outperforms the Ag nanowire in terms of a mode
propagation length, while the latter shows stronger field localization in the gap
region over the whole spectrum.
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