Nanowire antenna emission
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Abstract

We experimentally demonstrate the directional emission of polarized light from single
semiconductor nanowires. The directionality of this emission has been directly determined
with Fourier micro-photoluminescence measurements of vertically oriented InP nanowires.
Nanowires behave as efficient optical nanoantennas, with emission characteristics that are not
only given by the material but also by their geometry and dimensions. By means of finite
element simulations, we show that the radiated power can be enhanced for frequencies and
diameters at which leaky modes in the structure are present. These leaky modes can be asso-
ciated to Mie resonances in the cylindrical structure. The radiated power can be also inhibited

at other frequencies or when the coupling of the emission to the resonances is not favored. We
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anticipate the relevance of these results for the development of nanowire photon sources with

optimized efficiency and/or controlled emission by the geometry.
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The directionality of the light emission plays a key role in the design of efficient sources. The
control of this property will improve the performance of devices such as light emitting diodes,
nano-lasers or single photon sources. In this regard, the recent progress in nano-fabrication tech-
niques has led to an increased interest in the optical properties of novel structures. Among those
nanostructures, semiconductor nanowires have shown vast possibilities to enhance light absorption
and to control the polarization and the wavelength of the light emission. The bottom-up fabrication
process has enabled the growth of semiconductor nanowires on top of various materials despite of
a mismatch in the crystal lattice parameter . !> This property brought interesting heterostructures
to life, such as superlattices,® radially stacked quantum wells,* individual or nanowire photonic

>-7 or single photon emitters embedded in nanowires.®"!9 Due to their geometry,

crystal lasers
nanowires show anisotropic optical properties. The evidence of such behavior was found in the
polarization dependent absorption cross section and the light emission from nanowires.!! Those
phenomena have been described in the context guided modes in finite nanowires, !> and Mie reso-
nances in infinitely long cylinders.”!314 The same properties enable the increase of the absorption
by nanowires and their potential use as solar light absorbers in photovoltaic applications. '>-1® This
resonant response in the absorption of nanowires has been ascribed to a nanoantenna-like response
in the nanostructures. However, an antenna behavior implies not only a resonant behavior but also
a directional response. Due to their finite length, semiconductor nanowires can form cavities in
which guided modes can lead to lasing.!” By analyzing the interference pattern of the emission
from the end-facets of nanowires, the highly diffractive emission from the subwavelength facets
was established. !® Waveguide modes are also responsible for shaping the emission from lumines-
cent nitrogen-vacancy centers in diamond nanowires. ! Although the directionality of the emission

from nanowires has been theoretically studied, 20:2!

no measurements have been reported so far.
In this manuscript, we present the first demonstration of the directional photoluminescence
emission from vertical nanowires. The measurements have been done on individual InP nanowires

using Fourier microscopy. Semiconductor nanowires behave as true nanoantennas with a direc-



tional emission of polarized light. As in RF antennas, the directionality is determined by the ge-
ometry and dimensions of the radiating structure.?>?? Simulations of the emission of an oriented
dipole in the nanowires reveal its coupling to leaky modes, giving rise to the directional far-field
emission pattern. We also show that a dipole oriented perpendicular to the axis of the nanowire
produces a qualitatively and quantitatively different emission pattern than the one produced by a
dipole oriented parallel to the axis. Besides of the directionality, the nanowire modifies the local
density of optical states (LDOS) to which the radiating dipole can decay. This leads to an in-
creased emission efficiency of a dipole oriented parallel to the axis of the nanowire compared to
the emission of a dipole in free space. These results are of relevance for the design of single photon
sources where a controlled directionality and polarization of the emission will play a key role in

their integration in optoelectronic circuits.

Nanowire description. We have studied individual indium phosphide (InP) nanowires grown on
top of a (111) InP substrate using the vapor-liquid-solid technique in a metal-organic vapor-phase
epitaxy (MOVPE) reactor.?* Arrays of separated nanowires were grown by defining the positions
of the gold catalyst particle using electron beam lithography. To ensure that the emission from
single nanowires is not affected by their neighbors, the distance between the gold catalyst parti-
cles was set to 10 um. The substrate with the gold particles on top was annealed at temperature
T = 660°C for 10 minutes prior to the growth to remove the native oxide layer and the remaining
organic materials from the surface of the sample. Nanowires were grown at 7 = 500°C for 25
minutes under trimethylindium (7’M1n) and phosphine (PH3) flow. To ensure that the diameter of
the grown nanowires is uniform along their height, a small additional flow of hydrogen chloride
(HCI) was introduced together with TM1In and PH3. The HCI provided an in-situ etching of the
nanowire material preventing it from forming any significant tapering.?> As can be appreciated in
the scanning electron microscopy (SEM) image shown in Figure 1(a), the nanowires have a top
diameter of about d = 100 nm and a length of / = 3.13 pm. InP nanowires grow preferentially in

wurtzite structure on top of the zincblende InP substrate.?® Since the electronic bandgap of InP



in the wurtzite phase is larger by around 50 meV than that of zincblende, the emission peak of

wurtzite nanowires is blue-shifted compared to that of the substrate.?’

A A =785 nm diode laser was used to excite the photoluminescence of nanowires and the
substrate. The laser beam was focused to a diffraction limited spot with a x 100, NA = 0.95 ob-
jective. The photoluminescence was collected by the same objective and sent into a fiber coupled
spectrometer. For the details of the experimental configuration see Figure S1 - in supporting in-
formation. Figure 1(b) shows the emission spectra of a nanowire and the substrate. The emission
of the substrate is centered at A = 920 nm, while the emission from the nanowires has a peak at
A = 850 nm. For the Fourier measurements described next, we used bandpass filters with a center
wavelength of A = 850 nm and A = 920 nm and a bandwidth of 10 nm to separate the emission

from the nanowires from the emission from the substrate.

Fourier microscopy. We have resolved the directional emission of individual nanowires using
Fourier microscopy. This technique is based on the Fourier transform properties of lenses to obtain
the emission pattern of an object in the reciprocal space. A wave collected by an objective lens
can be decomposed into individual plane waves, each focusing at a unique position on the back
focal plane of the objective (see Figure S2 - supporting information). This plane is imaged by a
lens (Fourier lens) onto a CCD camera (Fourier camera), where the image of the reciprocal space
of the emission is recorded. By using the appropriate filter in front of the Fourier camera we have
obtained images of the emission at the wavelength of interest. The Fourier images are plotted in
polar coordinates, where the radius represents the angle of emission 6, and the azimuthal angle
¢ corresponds to the azimuthal angle of the emission (see inset of Figure 2). We have also ana-
lyzed the polarization of the directional emission using a linear polarizer placed on the light path
just before the Fourier camera. Along the transmission axis of the polarizer only the p-polarized
emission is recorded, while along the direction perpendicular to this transmission axis we detect

the s-polarized emission. A detailed explanation of the polarization analysis is given in Figure S3



- supporting information.

The large numerical aperture of the microscope objective (NA = 0.95) allows collecting large
angles of emission limited by a marginal ray at 6,,,c = 72° from the normal to the sample. Fig-
ure 2(a) shows the Fourier images, in units of counts per second, of the unpolarized emission
from a nanowire at A = 850 nm. The Fourier images are accompanied by line plots above and
on the right, that represent the profiles of the directional emission along the ¢ = 0° and 180° and
¢ = 90° and 270° directions, respectively. The measurement reveals a strong directional feature,
namely, a circular emission pattern with a peak at 8 = 49° for all the azimuthal angles ¢. Figure 2b
displays the polarized directional emission pattern. The transmission axis of the polarizer is indi-
cated in the figure by a white double arrow. The dominant contribution to the directional emission
intensity is along the transmission axis of the polarizer, revealing that this emission is p-polarized

(see Figure S3 in the supporting information for additional information on the polarization).

The direction and polarization of the emission from nanowires is pronouncedly different from
that of Lambertian emitters. To illustrate this difference, we have measured the emission from the
flat InP surface by exciting it locally with the focused diode laser. We have collected the emis-
sion with the same objective and used a A = 920 nm band pass filter to isolate this emission in
the Fourier camera. As shown in Figure 3a, the emission pattern from the InP surface shows no
particular directional features. This is expected for Lambertian sources where the emitted light is
distributed equally in all directions. Also, the emission is not preferentially polarized as displayed
in Figures 3(b) and (c). The pronounced difference between the emission of a flat surface and the
emission of a nanowire, together with the directional emission of the latter, justifies the term of

semiconductor nanoantennas when referring to nanowires.

Numerical simulations. In order to gain physical insight into the emission process from semi-

conductor nanowires, we have carried out a theoretical analysis including numerical calculations.



First, we aim at reproducing the emission characteristics as close as possible to the experimental
results with the help of finite element method (FEM) numerical calculations. A cylindrical InP
nanowire of diameter d = 100 nm and length / = 3.13 um standing on top of a flat InP substrate
is considered. To simulate the nanowire photoluminescence, we place three point electric dipoles
with orthogonal dipole moments at the center of the nanowire and radiating at A = 850 nm. The
Fourier images are calculated by projecting the far field power emitted within a polar angle of 72°
with respect to the z axis (nanowire axis) on a plane, as depicted in Figure 4(a). The calculated
Fourier images represent the radiated power per unit solid angle, j—g, normalized by the total power
P, 11 emitted by a dipole in a homogeneous InP environment. The simulated Fourier image shows
a ring pattern that closely reproduces the experimental result (Figure 2(a)). For comparison we
have also calculated the emission pattern of three point electric dipoles with orthogonal orienta-
tions at a height of 1.565 um above the substrate, i.e., without the nanowire. This calculation is
displayed in Figure 4(b). We observe an entirely different pattern consisting of a wide, structure-

less central lobe.

We study the origin of such distinct behavior through a detailed analysis of the polarization of
the emission. Figure 5 displays the simulations of the emission patterns for each dipole orientation.
Figures 5(a) and (b) represent the unpolarized and polarized emissions, respectively, of the dipole
oriented parallel to the nanowire axis, while (c¢) and (d) are the emission of the dipole oriented
perpendicular to this axis. We observe that the ring-like emission pattern is characteristic of the
emission from a dipole moment parallel to the nanowire axis, yielding indeed the largest contri-
bution to the total Fourier image. Although weaker, the contributions from the two other dipole
moments perpendicular to the nanowire axis, with the emission pattern of a single elongated lobe
along the nanowire axis, are also present. This is evidenced by the plots of the cross cuts through
the images in Figures 2(a) and 4(a), in which it can be appreciated a significant emission at the

center of the Fourier image, that otherwise would be zero.



The excellent agreement between the simulations and the measurements sheds much light onto
various aspects of the emission process. Since all dipole orientations contribute to the emission
with the same relative weight, photoluminescence excitation in this configuration leads to essen-
tially unpolarized emission.?® The exact location of the emission within the nanowire is not crucial
to the directionality of the emission with the present illumination/excitation conditions, i.e, uniform
along the nanowire. To confirm this point, in the simulations we have varied the position of the
dipoles along the nanowire axis, leading to very similar results unless emitting from the end facets
of the nanowire. Incidentally, by spatially averaging the dipole emission, such edge contribu-
tions to the Fourier images would be irrelevant. Despite the inferred uniform excitation and fairly
uniform spatial photoluminescence from the whole nanowire, the emission is strongly directional
with a preferred polarization. This is fully supported by our numerical calculations, which reveal
that the emission of the three orthogonal dipoles are governed by the environment, namely, the
nanowire, through its local density of electromagnetic states (LDOS). The nanowire plays thus the

role of a nanoantenna, controlling the emission of the dipole by its geometry and dimensions.

To study the antenna properties of the emission in more detail, we have investigated the modes
associated to an infinitely long cylinder of identical diameter d = 100 nm, as described by the cor-
responding dispersion relation (see supporting information).? At A = 850 nm (wd/c = 0.74), our
results in Figure 6(a) show that a leaky mode is excited with a real component of the propagation
constant Re(k;)d = 0.65. From Im(k;), a decay length of 0.715 um is inferred. At this wavelength
and for this nanowire diameter, no coupling occurs to guided modes able to propagate along the
nanowire, i.e., modes with Re(k;) such that @/c < Re(k;) < nj,p®/c, where ny,p = 3.42 is the
real part of the refractive index of InP at A = 850 nm. Although the hybrid fundamental guided
mode HE; (having no cut-off frequency) is present, its propagation constant coincides with the
light line within the spectral range of Figure 6(a). This means that no significant coupling into
this weakly guided mode occurs due to fact that its electromagnetic field is mainly localized into

the surrounding medium.3° The leaky mode exhibits the lowest-order symmetry in the predomi-



nant (axial) component of the electric field. As shown in Figure 6(b), the intensity of this mode
is maximum at the center of the cylinder and decays radially. The magnetic field correspondingly
rotates around the nanowire axis, as shown in Figure 6(d), with a larger intensity near the surface
of the cylinder. As a matter of fact, such electromagnetic field pattern of the leaky mode is quali-
tatively indistinguishable from that obtained for a finite nanowire from full numerical simulations
(as in Figure 5). Nevertheless, the fact that such a leaky mode is excited contributes through an
enhanced LDOS to an increase in photoluminescence. The excited leaky mode can be associated to
a Mie resonance that appears when a plane wave of A = 850 nm is incident onto an infinitely long
cylinder of an identical diameter, with a polarization along the axis of this cylinder, as revealed by

the extinction efficiency shown in Figure 6(a). '3

The electric and magnetic field intensity of such
Mie resonance is plotted in Figures 6(c) and (e), respectively, bearing a strong resemblance to the
leaky mode symmetry. With regard to the emission directionality, the experimental and numerical
results manifest also the influence of the leaky mode excitation, since the typical ring patterns in

the emission are a consequence of the nanowire playing the role of a nanoantenna, as commented

above.

At this point it is interesting to compare the emission from a source embedded in the nanowire
at a height of 1.565 pm with the emission intensity of a dipole in free space at a height of 1.565 pm
above the substrate. Figures 7(a) and (b) show the unpolarized, normalized emitted power as a
function of the angle of emission for dipoles oriented parallel and perpendicular to the axis of the
nanowire, respectively. The angular dependent emitted power is normalized by the total emitted
power. The black-solid curves represent the emission of a dipole embedded in the nanowire, while
the red-dashed curves illustrate the emission of a dipole above the substrate without the nanowire.
As can be appreciated in Figure 7(a), due to the coupling to the leaky mode, the emission of a ver-
tical dipole in the nanowire of diameter d = 100 nm is enhanced nearly 4 times with respect to that
of a dipole in free space with the same orientation. This is in agreement with the leaky mode sym-

metry, where the maximum of the electric field parallel to the nanowire axis is located at the center



of the cross section of the nanowire. The fact that such a leaky mode is excited contributes through
an enhanced local density of optical states (LDOS) to an increased photoluminescence (recall that
the LDOS of the nanowire supporting a single mode is basically governed by the mode local elec-
tromagnetic field). At the same time, the symmetry of the leaky mode efficiently suppresses the
emission of a dipole perpendicular to the axis of the nanowire, as displayed in Figure 7(b). The
efficiency of the emission can be tailored by modifying the diameter of the nanowire. To illus-
trate that, we have calculated the emission pattern of a nanowire with a diameter of 50 nm, for
which light coupling to the TMy leaky mode supported at A = 850 nm, is less efficient than for
100 nm-thick nanowire. As mentioned above, the (no cut-off) weakly guided mode HE ; is also
present, but no appreciable coupling of the emission into it takes place.3 The blue-dotted curves
in Figures 7(a) and (b) illustrate the emission from a dipole parallel and perpendicular to the axis
of the nanowire, respectively. While the thin nanowire can still enhance the emission of a parallel
dipole with respect to a dipole in free space, this enhancement is significantly lower than for the
d = 100 nm nanowire. The emission of a perpendicular dipole is further suppressed. We note that
for thicker wires than those investigated here, it is possible to efficiently couple the emission to
guided modes in the cylindrical structure. These guided modes lead to an even more pronounced
directional emission that can be controlled by varying the nanowire diameter and length. This rich
interplay of various geometrical parameters in the nanowire antenna emission will be described in
a future publication. The directional emission of nanowires is important for the design and opti-
mization of nanowire-based light emitting diodes and single photon sources. The design of efficient
light sources needs to consider the dimensions of the nanowires that determine the solid angle of
the emission. By reciprocity, it is expected that the optical absorption efficiency of semiconductor
nanowires strongly depends on the angle of incidence of light. Therefore, the antenna-like behav-

ior of nanowires will have an impact on the design of nanowire-based solar cells.

In conclusion, by measuring the directional and polarized emission of single nanowires us-

ing Fourier microscopy, we have demonstrated the antenna-like emission of these nanostructures.
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Finite element simulations of a dipole source embedded in a nanowire provided an excellent agree-
ment with the measurements. Similar to RF linear antennas, semiconductor nanowires exhibit a
directional and an enhanced emission due to resonances in the structure. The directional emis-
sion is ruled by the leaky modes supported by nanowires. These modes are also responsible for
a modification of the local density of optical states and for the enhancement of the emission of
dipoles with a certain dipole moment relative to the nanowire orientation and the inhibition of the
emission for other orientations. This demonstration of nanoantenna emission from semiconductor
nanowires is of relevance for designing the novel nanowire light emitting diodes and single photon

sources with tailored emission characteristics.
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Figure 1: a) Scanning Electron Microscope image taken at an inclination of 30° of an InP nanowire
grown on top of an InP substrate . The nanowire is 3.13 um long and has a diameter of 100 nm.
b) Photoluminescence spectra of the nanowire (black line) and the substrate (red line), where a
long-pass filter with a cut-off wavelength of 800 nm is used to filter out the scattered light from
the pump laser (A = 785 nm). The photoluminescence transmitted through a band pass filter with
a central wavelength of A = 850 nm (10 nm at FWHM) and A = 920 nm (10 nm at FWHM) are
represented by the black and red dashed lines, respectively.
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Figure 2: Fourier images of the emission from InP nanowires at A = 850 nm taken using a bandpass
filter with a central wavelength of A = 850 nm (bandwidth of 10 nm at FWHM). a) Fourier image
of the unpolarized emission, b) Fourier image taken with a polarizer with the transmission axis
along the vertical direction (¢ = 90° and 270°). c) Fourier image taken with a polarizer with
the transmission axis along the horizontal direction (¢ = 0° and 180°). The alignment of the
transmission axis of the polarizer is indicated by the white double arrow in (b) and (c). The graphs

on the top and right side of each figure show the profiles of the Fourier images along the horizontal
and vertical directions crossing at the center of the images.
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Figure 3: a) Fourier image of the unpolarized photoluminescence of an InP substrate at A =920 nm
taken using a bandpass filter with a central wavelength of A = 920 nm (bandwidth of 10 nm at
FWHM). b) Directional emission from InP substrate taken using a polarizer with the transmission
axis in the vertical direction (¢ = 90° and 270°). c) Directional emission from InP substrate
taken using a polarizer with the transmission axis aligned along the horizontal direction (¢ =
0° and 180°). The direction of the transmission axis of the polarizer is depicted by the white
double arrow. The graphs on the top and right side of the figure show the profiles of the Fourier
images along the horizontal and vertical directions crossing at the center of the images.
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Figure 4: a) FEM simulations of the unpolarized directional emission from 3 orthogonal dipoles
located in the middle of the 3.13 um nanowire standing on top of an InP substrate. The dipoles ra-
diate at a wavelength of A = 850 nm. b) Simulations of the directional emission from 3 orthogonal
dipoles placed 1.565 um above the InP substrate without the presence of a nanowire. On the top
are schematic representations of the simulated configurations.
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Figure 5: Simulations of the directional emission from a dipole located in the middle of the
nanowire standing on top of an InP substrate. The dipole radiates at a wavelength of A = 850 nm.
On the left: schematics of the simulated configuration: an InP nanowire with a diameter of
d = 100 nm and length of / = 3.13 um containg a dipole with a dipole moment parallel to the
long axis of the nanowire (top) and perpendicular (bottom). a) Unpolarized directional emission
pattern from the dipole oriented parallel to the axis of the nanowire. b) Polarized directional emis-
sion of the dipole parallel to the axis of the nanowire with a polarization along the vertical direction
on the image (¢ = 90° and 270°, indicated by the white double arrow). ¢) Unpolarized directional
emission pattern from the dipole oriented perpendicular to the long axis of the nanowire. d) Polar-
ized directional emission of the dipole perpendicular to the axis of the nanowire with a polarization
along the vertical direction on the image (¢ = 90° and 270°, indicated by the white double arrow).
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Figure 6: a) Dispersion relations of the leaky mode (black curve) and the weakly guided HE;
mode (black dots) supported by an infinite InP cylinder (fixed wavelength at 850 nm, ny,p = 3.42,
with varying diameter d). The short-dashed line nearly on top of the HE;; mode represents the light
line. Dispersion relations refer to the right axis in the plot. Mie extinction efficiency (red curve,
corresponding to the left axis in the plot) of the same InP nanowire when a p-polarized plane
wave impinges perpendicular to the cylinder axis. The vertical solid line indicates the particular
case d = 100 nm and the vertical long-dashed line indicates d = 50 nm. b) Contour map of the
magnitude of the z-component of the electric field of the leaky mode. c) Contour map of the
magnitude of the z-component of the electric field scattered by the same cylinder in Mie resonance.
The white arrow indicates the incident wave vector. ¢) Contour map of the in-plane magnetic field
magnitude of the leaky mode. d) Contour map of the in-plane magnetic field magnitude scattered
by the same cylinder in Mie resonance. The long black arrow indicates the incident wave vector.
The small black arrows in ¢) and d) indicate the directions of the in-plane magnetic field vector.
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Figure 7: Emitted power as a function of the emission angle emission, normalized by the total
emitted power P, calculated for a) a dipole oriented parallel to the axis of the nanowire, and b)
a dipole with perpendicular orientation with respect to the axis of the nanowire. The calculations
are made for two nanowire diameters, d = 100 nm (black-solid curves) and d = 50 nm (blue-dotted
curves), both with a length of 3.13 um. The red-dashed curves correspond to a calculation of the
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emitted power of a dipole in free space at a height of above the 1.565 um substrate.
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Experimental setup. The schematics of the Fourier microscope used in this work is presented
in Figure S1. We excite the photoluminescence in individual InP nanowires using a A = 785 nm
diode laser with an initial power of 40 mW. The laser beam is expanded and coupled to a mi-
croscope objective by using a beam splitter. The expanded beam covers the full back aperture of
the objective, which allows focusing the beam into a diffraction limited spot. In the experiments
we use a high numerical aperture (NA = 0.95) x 100 apochromatic objective. Emission from the
nanowire is collected by the same objective and after being transmitted through the beam splitter,

it can be directed to a fiber-coupled Czerny-Turner spectrograph with a silicon detector. In this
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case we filter the pump beam by using a A = 800 nm longpass filter. An alternative optical path is

used for the directional emission measurements. In this path we use a lens (Fourier lens) to image

the back focal plane of the microscope objective on a CCD camera (Fourier camera).
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Figure S1: Fourier microscope setup scheme.
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The back focal plane of the objective contains the information of the directionality of the emis-

sion, as can be appreciated in Figure S2. Radiation emitted from the sample can be described as a

superposition of plane waves, each defined by an unique wave wector (in reciprocal space). The

objective lens focuses each individual plane wave into a spot with unique spatial coordinates at the

back focal plane of the objective. In other words, the electric field distribution at the plane of the

lens is Fourier transformed at the back focal plane.S

1
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The Fourier microscope was calibrated by measuring the surface emission from an InP wafer.
This emission was also measured by rotating an optical fiber connected to a spectrometer around
the sample. Measurements with the rotation stage setup showed a near-Lambertian emission profile

of the InP surface for both polarizations.

T

. Ty Y-

Focal distance

Figure S2: Fourier transform properties of lenses. Two plane waves are incident on a lens from two
different directions are focused into two spots, each with unique spatial coordinates on the back
focal plane of the lens. The back focal plane is defined as the plane perpendicular to the optical
axis of the lens at a focal distance.

Polarization analysis in Fourier microscope. Figure S3 describes the polarization analysis
in the Fourier microscope setup. Light emitted from the sample can be p- and s-polarized. The
electric field vector of the p-polarized emission (green arrows) lies in the plane containing the wave
vector of the emission (single red arrows) and the normal to the sample surface. The s-polarized
emission is characterized by the electric field vector perpendicular to that plane (blue arrows).
After reaching a microscope objective, the electric field vectors of the emission are projected on
the plane perpendicular to the sample surface normal. By using a linear polarizer, the electric
field component perpendicular to the transmission axis of the polarizer (double red arrow) is not

transmitted. Along the diameter parallel to the transmission axis, the only transmitted light is
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p-polarized. Along the diameter perpendicular to the transmission axis of the polarizer only s-
polarized emission is transmitted. Along every other azimuthal direction, the transmitted light is a

superposition of the s- and p-polarized emission.
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Figure S3: Polarization of the emission in the Fourier microscope.

Electromagnetic wave propagation in an infinite circular cylinder. Assume n, = (&, uc)l/ 2

and n = (£,u)1/ 2 to be the refractive indices of an infinitely long circular cylinder of radius R and
the external medium respectively. No restrictions are imposed to the values of these quantities.
The fields in a cylindrical geometry can be expanded in terms of the Bessel (J,,) and Hankel (H,,)
functions, which are the elementary wavefunctions of the wave equation in cylindrical coordinates.
The electromagnetic boundary conditions are applied for the fields and wave vector at r = R in
order to determine the coefficients of the expansion. We obtain a homogeneous system of linear

equations for the coefficients that admit non-trivial solutions only when its determinant is not zero.
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This condition leads to the characteristic equation that defines the dispersion relation of the modes

of the cylinder. The transverse component of the wave vector inside and outside the cylinder are

given by
Rk —n® _p )
c c 4 ¢ 2 79
2
2 2 2 20 2
k :K —kZ:I’l ?—kz, (2)

where k; is continuous at the interface.

Once frequency and material properties are fixed, the values of k, determine the allowed so-
lutions. The values with a wave vector k purely imaginary, therefore with kz2 > K? (and k, real if
lossless materials are considered), are modes confined to the cylinder (so called guided), since they
decay exponentially away from the cylinder. In this case, the value of k, determines the propaga-
tion constant (thus the effective wavelength) of the guided mode. If k, is not purely real, but has
an imaginary component, the fields decay exponentially as they propagate along the cylinder. As
they decay, these modes lose energy, which is “leaked” out of the cylinder. The decay length (L;)

is defined as the length at which /Iy = 1 /e, and thus, it is related to Im(k;) by

elem(kZ)Ld‘ (3)

A full description of the problem can be found in, e.g., Stratton’s book “Electromagnetic The-

ory”.5?

Numerical methods. Finite-element-method-based numerical simulations were performed us-
ing commercial software COMSOL Multiphysics v4.2. The simulated space consisted on a circular
cylinder of length [/ and diameter d, representing the nanowire, two concentric spheres of radii 0.7/
and 0.9/, respectively, with their centers coinciding with the one of the cylinder and a plane per-
pendicular to its axis, passing through one of the ends, and splitting the spherical domain and the

outer shell into two subdomains. That part of the spherical domain in which the cylinder is located
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was set to be air, while the other part, simulating the substrate, and the cylinder were set to be InP,
with material constants taken from Palik’s book.S? Both parts of the outer shell were defined as
perfectly matched layers (PML) to absorb all the outgoing radiation, each one with the same index
as the adjacent domain to avoid unphysical reflections. 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 the elements
separating the air and the PML. All the rest of the meshing was set to have a MES of 120 nm.
The maximum element growth rate was set to 1.3 in the wire domain, and 1.35 in all remaining
domains. Direct PARDISO solver was used to solve the problem.5*5> The package PARDISO is
a software for solving large sparse symmetric and unsymmetric linear systems of equations based
on fast factorization pivoting methods, that is included within COMSOL Multiphysics. Simula-
tions were highly memory demanding (typically more than 150 GB) and took about one hour per

wavelength simulation on a 22 CPUs computing station.
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he dispersion relation of the leaky mode shown in Figure

6 of the original manuscript is partially incorrect. Also, the
captions to the original Figure 6b—e refer to electric and
magnetic field intensities, whereas the field magnitudes are
actually plotted. The corrected dispersion relation is included
below in Figure 1 with a proper caption indicating the
magnitudes of the plotted fields. These corrections affect none
of the simulations of the original Letter, since the mode wave
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Figure 1. (a) Dispersion relations of the leaky mode (black curve) and
the weakly guided HE;; mode (black dots) supported by an infinite
InP cylinder (fixed wavelength at 850 nm, ny,p = 3.42, with varying
diameter d). The short-dashed line nearly on top of the HE;; mode
represents the light line. Dispersion relations refer to the right axis in
the plot. The red curve (corresponding to the left axis in the plot)
represents the Mie extinction efficiency of the same InP cylinder
illuminated with a plane wave with a wave vector perpendicular to the
axis of the cylinder and polarized parallel to this axis (p-polarization).
The vertical solid line indicates the particular case d = 100, and the
vertical long-dashed line indicates d = SO nm. (b) Contour map of the
magnitude of the z-component of the electric field of the leaky mode.
(c) Contour map of the magnitude of the z-component of the electric
field scattered by the same cylinder in Mie resonance. The white arrow
indicates the incident wave vector. (d) Contour map of the in-plane
magnetic field magnitude of the leaky mode. (e) Contour map of the
in-plane magnetic field magnitude scattered by the same cylinder in
Mie resonance. The long black arrow indicates the incident wave
vector. The small black arrows in d and e indicate the directions of the
in-plane magnetic field vector.
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vector is not explicitly used in the numerical implementation.
Moreover, the mode wave vector for the 100-nm-thick
nanowire obtained from the dispersion relation given in Figure
1 has the same value as that given in the original manuscript.

It should be noted that, according to the dispersion relation
given in Figure 1, there exists a leaky TM, mode for a nanowire
with a diameter of SO nm (wd/c = 0.37, marked with a vertical
dashed line in Figure 1), contrary to the calculations of Figure 6
of the original manuscript. However, the electric field profile of
the TM, mode in 50-nm-thick nanowire leads to an ineflicient
coupling of the dipole radiation to this mode. Moreover, the
imaginary component of the wave vector of this leaky mode is
about 5 times larger than that of the same mode in a 100-nm-
thick nanowire, making the mode very leaky (almost no
guidance). Due to such a large imaginary component of the
wave vector of this mode, a small fraction of dipole radiation
still coupled to the mode produces the radiation pattern that
closely resembles that of a free dipole," enhanced or inhibited
by its corresponding local density of states. This is indeed
corroborated by the simulated directional emission patterns
shown in Figure 7a and b of the original manuscript.
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