Controlling Light Emission with Photonic Funnels
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Abstract: We analyze the interaction between a nanoscale emitter and a photonic funnel with a
metamaterial core and demonstrate that funnel structures can significantly improve out-coupling
efficiency of light as compared with their planar plasmonic counterparts.

Modulation of light emission as result of interaction between a point emitter and its environment represents a
promising avenue for engineering a new generation of light sources and detectors [1]. The Purcell effect, providing a
modulation of the radiative lifetime due to enhancement of the photonic density of states, has been observed
throughout the electromagnetic spectrum. Recently, significant enhancement of both photo- and electro-luminescence
has been demonstrated in the mid-infrared frequency range, resulting from the interaction between the emitters and a
highly doped “designer metal” plasmonic layer [2]. However, since the “added” density of photonic states results from
guided surface plasmon polariton modes, the observed phenomenon necessarily represents a compromise between
enhancing Purcell effect and enhancement of outcoupling efficiency[2,3]. Here we explore the emitter-environment
interaction within a novel material platform of photonic funnels, conically-shaped structures with anisotropic
(hyperbolic) metamaterial cores that has been recently shown to provide non-resonant confinement of light to the
nanoscale[4] with a goal to break the above compromise.

The photonic funnels, realized in our work, utilize the semiconductor-based designer metal platform to
achieve a hyperbolic response at mid-infrared frequencies [5]. The initially planar hyperbolic metamaterials, with the
help of chemical etching are transformed into conical structures (Fig.1a, inset). Our analysis of the SEM images of
different funnel structures suggests that the procedure results in cones with virtually flat sidewalls with inclination
angle 6 =~ 30° (see Fig.1a). Note that the structures used in this work are of different geometry and composition (see
below) than the ones previously reported in Ref.[5]. These geometrical constraints are embedded into the theoretical
simulations that are described below.

The effect of the photonic funnels on the emission of nanoscale light sources is modeled with finite-element-
method (FEM) solutions of Maxwell equations where the point source is modeled as a free-current region (with
diameter and height of 400 nm and 200 nm, respectively). The models used in the study analyze the total power
emitted by the source, as well as the energy flux in the far field of the source, in the “reflected” direction (away from
the tip of the funnel). A combination of the above parameters, as well as comparison of these parameters to their
counterparts for an emitter in vacuum provide enough information to estimate the contributions of the Purcell effect
as well as contributions due to emission directionality reshaping. To enhance the emission of light into reflected
domain, and to provide quantitative comparison between the performance of the funnels with existing state of the art,
we assumed that the funnels are fabricated on top of homogeneous lum-thick plasmonic “designer metal” layer.

Explicitly, we estimate Purcell factor P as the ratio of the total power radiated by current in the vicinity of
the funnel to the total power emitted by the same current source in vacuum. We also introduce the efficiency ratio S
that represents the ratio of far field energy flux in reflected direction to the total power emitted by the source. For an
emitter with internal quantum efficiency gq; the total detectable optical signal in the far field is proportional to S - §

Pgq;
g )

Fig 1(c...f) summarizes the results of this study, presenting the dependence of the emission enhancement by
the photonic funnels with height, with 1-um-thick plasmonic substrate layer, to the base-case scenario of an emitter
on top of homogeneous plasmonic film that was previously realized in experiments in Ref.[2]. It is seen that the 3D
structure of the funnels provides orders of magnitude enhancement in outcoupling efficiency in the “reflected”
geometry, as compared with the homogeneous plasmonic layer, without sacrificing the enhancement in effective
quantum efficiency (we use q; = 5%, a typical value for mid-IR emitters). As result, we expect drastic enhancement
of photoluminescence in funnel composites.

Fig. 1(d,e) also reveal the physics behind the emission enhancement. In hyperbolic composites high-index
(high-optical density of states) modes originate from coupling between surface plasmon polaritons propagating at the
interfaces between doped and undoped layers. When the number of layers is small, increasing the thickness of the
composite (and thus the number of the plasmonic layers) initially increases the number of the SPPs that contribute to
the density of states and increases the Purcell factor of the metamaterial. However, when the number of SPPs is

with effective quantum efficiency § =



increased beyond a certain threshold (~5 bilayers in this work, assuming layer thickness of all components of
metamaterial to be 80 nm), the dispersion of the multi-layered converges to that of a homogenized bulk material, and
the Purcell factor cannot be further increased. The finite radius of individual plasmonic layers enhances the out-
coupling efficiency of the high-index modes. The geometry of the funnel can therefore significantly affect the out-
coupling efficiency of light in both non-resonant and Mie-type resonant regimes.

Experimental validation of the theoretical predictions reported in Fig.1 is in progress.
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Figure 1: (a) Illustration of a photonic funnel-based emitter with relevant geometric parameters; inset illustrates the geometry of as-fabricated
funnels. (b) permittivity of the doped substrate and of the effective medium response of the funnel core; (c) Purcell factor of the emitter placed at
the center top of the funnel as a function of wavelength and funnel height (multiple of 160-nm-thick bilayers; see legends); (d) effective quantum
efficiency § of such an emitter; (e) outcoupling efficiency of the structure away from the funnel [toward top of the schematic in (a)]; (f) far-field
emission intensity assuming wavelength-independent emissivity of the source with intrinsic quantum efficiency of 5%;
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