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ABSTRACT

Photoluminescence from finite semiconductor nanowires is theoretically investigated. We show experimentally
the directional emission of polarized light from single InP nanowires through Fourier microphotoluminescence,
thus demonstrating semiconductor nanowires behave as efficient optical nanoantennas. Numerical calculations
for finite nanowires confirm such enhanced and directional emission. We anticipate the relevance of these results
for the development of nanowire photon sources with optimized efficiency and controlled emission.
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1. INTRODUCTION

Photoluminescence from semiconductor nanowires (NWs) is attracting a great deal of attention in recent years.!
This stems from the variety of applications in Nanophotonics where the optical properties (scattering, absorption
and emission) of NWs play a leading role:' '* namely, light-emitting devices, single-photon sources, photodetec-
tors, solar cells, ...

3

Particularly relevant to NW photoluminescence are the electromagnetic modes supported by the nanowire,'?

which determine the allowed emission channels through their corresponding local density of states, and also
the emission characteristics through their outcoupling into propagating waves.' 19 Indeed, it has been shown
theoretically!® and confirmed experimentally,'* that the semiconductor nanowire thus plays the role of a pho-
toluminescent nanoantenna, either through leaky'* or guided'* modes. However, only single dipole emission
has been considered from the theoretical standpoint to explain the NW photoluminescence antenna emission,'*
whereas in truth photoluminescence occurs uniformly throughout the NW (unless selected by the exciting beam),
with random polarization. In this work, we will take into account in the theoretical calculations spatial and ori-
entation averaging of the emission, based on the same configuration as that used in 14, to give support to the
NW antenna emission mediated by leaky mode coupling.

2. DISPERSION RELATION

First, let us examine the modes supported by an infinite InP NW. We will consider from now on the same
configuration as that used in 14: an InP NW with radius R = 50 nm, length L = 3 ym, standing vertically on an
InP substrate, emitting at A = 880 nm (n,p = 3.42, cf. Ref. 20). We thus calculate the dispersion relation,'®
for fixed wavelength at 880 nm with varying radius R. The results are shown in Fig. 1. Two modes are found:
The no-cutoff HE1; guided mode and the leaky mode TMp;. The former (HE1;) mode lies on top of the light
line and is very weakly guided. Its electric field amplitude inside the NW (shown in Fig. 1(b)) is indeed small.
The leaky mode TMy;, by contrast, exhibits a strong electric field component along the NW axis inside the
NW, with a maximum at the center. Since the electric field amplitudes are connected to the electromagnetic
mode local density of states (LDOS), the leaky mode it is thus expected to play a leading role in the resulting
photoluminescence.
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Figure 1. (a) Right panel: Dispersion relations of the leaky mode TMo; (solid curve) and the weakly guided HE1; mode
(dotted curve) supported by an infinite InP cylinder with varying radius R at fixed A = 880 nm, nmp =~ 3.42. The dashed
line represents the light line. The TEo; mode (light curve) is also included for the sake of completeness. Left panel:
Imaginary part of the wavevector of the leaky modes, TMo: (solid curve, only for KoR < 0.72) and TEo: (light curve) (b)
Cross-sectional contour maps of the modulus of the total electric field (left column) and its z- component (right column),
inside and outside the cylinder (denoted by a white circle) of the modes supported at fixed A = 880 nm and R = 50 nm:
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the leaky TMo1 mode (top) and the weakly guided HE11 mode (bottom).
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Figure 2. (a) Normalized radiated power P/P; as a function of (parallel and perpendicular) dipole position zo at the NW
axis for a finite (L = 3 um) InP nanowire with R = 50 nm at A = 880 nm. (b) Contour maps of the of the parallel £ and
perpendicular F; components of the electric field in the vicinity of the NW as in (a), for emitting dipoles with parallel
(left) and perpendicular (right) polarization that are located on the NW axis either at the NW center (top) or at d = 200
nm from the NW edge (bottom).

3. LEAKY-MODE COUPLING IN FINITE NANOWIRES

Next, let us study the photoluminescence of a finite InP NW with L = 3.13 um, as in Ref. 14. We focus on
the optical emission process, which is modeled by the emission of a point dipole located inside the NW. This is
done through FEM numerical simulations through COMSOL, as detailed in the Appendix. We assume that the
dipole is located along the NW axis, and calculate the total power flow as a function of dipole position along the
NW axis, as shown in Fig. 2(a). The emission is nearly constant throughout the NW, except at distances close
to the NW edges. The electric field pattern inside the NW for two different dipole positions is also plotted, see
Fig. 2(b). Such electric field pattern matches that of the TMy; leaky mode shown above in Fig. 1(b), confirming
the predominant coupling of the parallel dipole to such mode (coupling from the perpendicular dipole is however
inhibited due to the LDOS symmetry). Actually, the slow oscillations of the power flow when the parallel dipole
is located close to the NW edges agree as well with this argument, for their period and decay length coincide
with the mode wavelength and leakage decay length, inversely related to the real and imaginary parts of the
mode wavevector (see Fig. 1(a)), respectively.

However, NW photoluminescence expectedly occurs uniformly throughout the NW, with transition dipole
contributions that are randomly oriented. To properly characterize such process, we calculate the angular
distribution of PL light emitted from a set of dipoles with three different orientations (one perpendicular and
two parallel to the NW axis) evenly distributed throughout the NW axis (off-axis emission is neglected); all
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Figure 3. (a) Total far-field intensities of the light emitted by an ensemble of 3 x 300 dipoles with three different orientations
(one parallel and two perpendicular to the NW axis) evenly distributed throughout the NW axis for a finite (L = 3 ym)
InP NW with R = 50 nm at A = 880 nm. (b,c) Total far-field intensities of the light emitted by two dipoles located at
the NW center, polarized either parallel (b) or perpendicular (c) to the NW axis.
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Figure 4. Unpolarized directional emission, angularly projected as a Fourier microscopy image,!* from an ensemble of
3 x 300 dipoles with three different orientations (one parallel and two perpendicular to the NW axis) evenly distributed
throughout the InP NW axis (L = 3 um and R = 50 nm). The dipoles radiate at a wavelength of A = 880 nm.

contributions are incoherently added. The results are shown in Fig. 3(a); for the sake of comparison, the
contributions from a parallel and a perpendicular dipole located at the NW center are included separately in
Fig. 3(b,c). It is thus evident from Fig. 3 that the parallel dipole coupling into the TMy; leaky mode, exhibiting
a diabolo-like shape, is the dominant contribution upon spatial/orientation averaging, resulting only in a slight
broadening of the equatorial lobe.

Furthermore, to confirm that this argument in turn explains the PL measurements reported in Ref.'* (Fig.
2), let us plot in Fig. 4 the total, unpolarized far-field intensities of the light emitted by the ensemble average
shown in Fig. 3(a), now projected in the form of Fourier-microscopy images. The expected doughnut shape with
predominant radial polarization is obtained, revealing a good agreement with the Fourier-microscope measure-
ments.



4. CONCLUDING REMARKS

In conclusion, we have shown through finite element simulations of a dipole source embedded in an InP nanowire,
that the directional emission is ruled by the TMy; leaky mode supported by the nanowires. To yield further
evidence that this is the case for experimental nanowire photoluminescence, for which randomly polarized emis-
sion is expected from throughout the nanowire, numerical calculations are carried out that average incoherently
contributions from dipoles with three different orientations evenly distributed throughout the nanowire axis. The
resulting angular distribution of emitted light is qualitatively and quantitatively governed by the most relevant
contribution, stemming from parallel dipole coupling into the TM; leaky mode. The nanowire thus playing the
role of a photoluminescent nanoantenna,'* which can be exploited to tune the intensity and direction of emission
in a variety of applications in Nanophotonics.

APPENDIX A. COMSOL NUMERICAL SIMULATIONS

Finite-element-method-based numerical simulations were performed using commercial software COMSOL Mul-
typhysics v4.3. The simulated space consists of a circular cylinder of length L and diameter 2R, representing
the nanowire, and two concentric spheres of radii 0.7L and 1.1L, respectively, with their centers coinciding with
that of the cylinder. In the outter sphere an additional spherical layer of thickness 0.2L was defined. Aside from
the cylinder, this geometry divides the simulation space into three concentric spherical subdomains. They were
all set to be air (naj; = 1). The outer spherical layer was define as a perfectly matched layer (PML) to absorb
all the outgoing radiation. In the case of the NW lying vertically on a substrate, the spherical domains and the
outer shell are split into two subdomains. The (upper) part of the spherical domain in which the cylinder is
located is assumed to be air, while the bottom part stands for the InP substrate.

For the cylinder representing the NW and for the substrate, material constants for InP were taken from
Ref. 20. The meshing was done with the program built-in algorithm, which creates a tetrahedral mesh. The
mesh maximum element size (MES), which limits the maximum size of the edges of the tetrahedrons, was set to
be 20 nm in the domain representing the wire, 60 nm in the one representing the substrate, and 80 nm for all
the elements in the air subdomains. The maximum element growth rate was set to 1.35 in all domains. Direct
PARDISO solver was used in the simulations, indeed highly memory demanding (typically more than 150 GB)
and time consuming, depending on the nanowire particular length.
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