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ABSTRACT: Understanding light absorption in individual nanostructures is crucial for optimizing the light-matter interaction at
the nanoscale. Here, we introduce a technique named time-reversed Fourier microscopy that enables the measurement of the
angle-dependent light absorption in dilute arrays of uncoupled semiconductor nanowires. Because of their large separation, the
nanowires have a response that can be described in terms of individual nanostructures. The geometry of individual nanowires
makes them behave as nanoantennas that show a strong interaction with the incident light. The angle-dependent absorption
measurements, which are compared to numerical simulations and Mie scattering calculations, show the transition from guided-
mode to Mie-resonance absorption in individual nanowires and the relative efficiency of these two absorption mechanisms in the
same nanostructures. Mie theory fails to describe the absorption in finite-length vertical nanowires illuminated at small angles
with respect to their axis. At these angles, the incident light is efficiently absorbed after being coupled to guided modes. Our
findings are relevant for the design of nanowire-based photodetectors and solar cells with an optimum efficiency.
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emiconductor nanowires have attracted broad interest as

building blocks for novel photodetectors and photovoltaic
devices.'™” Similarly to other resonant nanostructures,® "
nanowires support optical modes to which the incident light
can resonantly couple due to their small dimensions
comparable to optical wavelengths. In this way, nanowires
have proven to efficiently concentrate light and enhance
absorption. Moreover, this absorption can be tuned by
modifying the nanowire geometry making them act as
nanoantennas for light."*>° Despite extensive theoretical and
experimental investigations on light absorption in nanowire
arrays and in solar cells,'”*'™** the angle-dependent light
absorption in individual nanowires remains largely unex-
plored***° Typically, only the two limiting cases for the
illumination are reported in the literature: (i) nanowires lying
on the substrate illuminated gerpendicular to their axis that are
described as Mie scatterers,”*'™>* and (ii) vertical nanowires
illuminated parallel to their axis that support guided modes to
which the incident light can couple and be absorbed.'®'**

Recently, the experimental comparison of the external quantum
efficiency of vertical and horizontal single-nanowire solar cells
has shown that nanowires exhibit a larger photocurrent when
illuminated parallel to their axis.>> However, this comparison
was performed on different devices that did not contain the
same nanowire and the intrinsic differences in the samples
might have an impact on the results. To the best of our
knowledge, the dependence of light absorption in uncoupled
(individual) and the same nanowires on the angle of
illumination has not been reported. These measurements are
urgently needed as they will reveal the operational limits and
the relative strength of the different absorption mechanisms.
This knowledge is fundamentally interesting for understanding
the interaction of light with these highly anisotropic structures
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and crucial for improving the performance of nanowire-based
solar cells and photodetectors.

In this manuscript, we demonstrate the angle-dependent
light absorption in a dilute array of optically uncoupled
nanowires that behave as individual nanowires, following a
purely optical approach without using any electrical contacts to
the wires. Such measurements rely on analyzing the light
emission from nanowires and constitute an experimental
challenge due to the very low intensity emitted to the far
field by dilute nanowire arrays. We address this challenge by
introducing a novel technique that we call time-reversed
Fourier microscopy. With this technique, we are able to
illuminate nanostructures under a microscope objective with a
controlled and variable polarization and angle of incidence and
efficiently collect their emission with the same objective. In this
way, we can map the directional absorption of nanowires for
the angles within the numerical aperture of the objective. We
find that at small angles of incidence, measured from the
nanowire axis, light predominantly couples to the HE,; guided
mode, which is absorbed as it propagates through the wire. At
large angles, however, the coupling to the guided mode
weakens and the incident light excites Mie resonances that
become the major absorption mechanism. The angle- and
polarization-dependent absorption of the nanowires underlines
their nanoantenna-like response to the incident light.

The manuscript is organized as follows: We first describe the
sample consisting of an array of optically uncoupled InP
nanowires. Second, we show dark-field microspectroscopy
measurements on single nanowires and on small arrays of
nanowires to find the signatures of Mie resonances on the
scattered light by the nanowires. Next, we describe the time-
reversed Fourier microscopy (TRFM) method used for the
contactless measurements of angle-dependent light absorption
in nanowires. These measurements are then explained using
analytical and numerical modeling to find the relative
contribution of the different absorption mechanisms present
in nanowires.

Nanowire Description. The indium phosphide (InP)
nanowires used in this work have been grown on top of a
(111) InP substrate using the vapor—liquid—solid technique in
a metal—organic vapor-phase epitaxy (MOVPE) reactor, as
described in ref 36. The positions of the gold particle catalyzing
the nanowire growth have been defined using electron beam
lithography. To ensure that the light absorption in each
nanowire is not affected by its neighbors, the distance between
the gold catalyst particles is 5 ym, that is, much larger than the
nanowire dimensions and the wavelength of light used in the
experiment. The nanowires in this dilute array behave optically
as individual nanostructures. As can be appreciated in the
scanning electron microscope (SEM) image shown in Figure 1,
the nanowires have an average diameter of d = 100 + 10 nm
and a length of L = 3.1 + 0.1 ym.

Dark-Field Scattering Microscopy. We have investigated
the dark-field scattering of individual vertical InP nanowires to
characterize the excitation of Mie resonances. For these
measurements, we have used dark-field confocal microspectro-
scopy. In our dark-field microscope, the nanowire is illuminated
with white light from a halogen lamp in a range of elevation
angles A, from 45 to 50°, regardless of the azimuthal incident
angle ¢;. This illumination scheme is illustrated in Figure 2a.
The scattered intensity at angles Af; between 0 and ~45° is
collected by the objective and sent to a spectrometer (see
Supporting Information for the details). The measured

Figure 1. Scanning electron microscope image taken at an inclination
of 30° of an InP nanowire array grown on top of an InP substrate. The
array of nanowires has a pitch of 5 ym. Individual nanowires in this
array have a length of 3.1 ym and diameters between 90 and 110 nm.

scattered intensity from a single nanowire is shown in Figure
2b. The spectrum, indicated by the black circles, shows one
broad peak centered at A ~ 580 nm. We compare this measured
scattered intensity to the scattering efficiency of an infinitely
long InP cylinder surrounded by air with a diameter of 110 nm
calculated using Mie theory.>” This calculation is represented
by the red line in Figure 2b showing a good agreement with the
measurements. It should be mentioned that this is the first time
that the scattering spectra of vertical semiconductor nanowires
have been compared to Mie theory, complementing the
extensive work reported on horizontal nanowires.>*>'~3>3%39

Scattering measurements of several InP nanowires have also
been performed by expanding the field of view in the confocal
microscope to illuminate an array of 6 X 6 nanowires. The
result of these measurements is shown in Figure 2¢ with the
black circles. The measured peak is broader than the peak
obtained for a single wire, which can be attributed to the
inhomogeneous broadening due to small variations in the
nanowire diameter. The scattering efficiency, plotted with the
red line in Figure 2c, is the averaged efficiency calculated using
Mie theory for nanowire diameters between 90 and 110 nm.
The good agreement between the measured scattered intensity
and the calculated scattering efficiency demonstrates that the
nanowires in the dilute array forming our sample behave as
individual, or optically uncoupled scatterers.

Time-Reversed Fourier Microscopy for Angle-De-
pendent Absorptance Measurements. We have measured
angle- and polarization-dependent light absorption of dilute
arrays of nanowires using time-reversed Fourier microscopy.
With this technique we create a collimated beam of light under
a microscope objective by focusing a laser beam into a spot at
the back focal plane (BFP) of the objective. This principle is
illustrated in Figure 3a. The angle of incidence (6, ¢;) on the
sample, defined by the angle of the wave vector of the incident
plane wave relative to the sample normal, depends on the
location of the laser spot in the BFP. The position of this spot
in the BFP is defined by scanning the laser mounted on a
computer-controlled translation stage. Time-reversed Fourier
microscopy corresponds to the reciprocal configuration of
Fourier microscoggr used to measure directional light emission
and scattering.>***™* Basic principles of Fourier microscopy
are given in the Supporting Information. Time-reversed Fourier
microscopy is conceptually similar to variable-angle epifluor-
escence microscopy (VAEM),* which is a variant of total
internal reflection fluorescence microscopy.’® In VAEM, a laser
beam is focused in the BFP of an objective to make it incident
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Figure 2. (a) Schematic representation for the dark-field scattering measurements. The light is incident along the ring defined by the range of
elevation angles A6, The scattered intensity in the cone with the apex angle A, is collected and detected. (b) Measured scattered spectrum of a
single vertical InP nanowire (black circles). (c) Measured scattered spectrum from an array of 6 X 6 nanowires. The calculations of the scattering
efficiency obtained from Mie theory are represented by the red lines. The scattering efficiency in (b) has been calculated for a single cylinder with a
diameter of d = 110 nm. The scattering efficiency shown in (c) has been averaged over diameters between 90 and 110 nm with equal weights to

account for the distribution of nanowire diameters in the sample.
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Figure 3. (a) Schematic representation of a Time-Reversed Fourier
Microscope. A laser beam is focused to a spot at a particular position
in the back focal plane of a microscope objective (BFP), effectively
creating a quasi-point source in this plane. The light of the point
source is transformed upon transmission by the objective into a
collimated beam. The direction of the wave vector of this beam (that
is, the angle of incidence on the sample) is determined by the position
of the focused spot in the back focal plane. By varying this position we
modify the angle of incidence of the beam onto the sample. In (b) and
(c) the electric and magnetic fields orientations are shown for p- and s-
polarization, respectively. The green arrow in the plots represents the
incident wave vector.

onto a glass substrate at subcritical angles to control the depth
of excitation of specimens for a more detailed imaging. In
contrast, TREM is not used to image the sample but to probe
the angle-dependent light in absorption in nanostructures by
the spectral analysis of the fluorescence. Figure 3b,c shows the
orientation of the electric and the magnetic field vectors in the
case of p- and s-polarized incident light. Pure p- or s-polarized
excitation is achieved by scanning the position of the laser spot
across the diameter of the BFP along the direction parallel or
perpendicular to the polarization vector of the laser beam,
respectively.

In the experiments, we have used a 100X microscope
objective with a numerical aperture (NA) of 0.95. This NA
allows angles of incidence 6, up to about 70°. For the
illumination, we have chosen a continuous-wave diode laser
with a center wavelength of 4y = 532 nm. This wavelength is
efficiently absorbed by InP. The power density of illumination
was kept low ~4 W/cm? to avoid any nonlinear effects. Light

absorption in individual nanowires was probed by measuring
the intensity of the photoluminescence (PL) that was collected
by the microscope objective. The nanowires were excited as a
function of the angle of incidence (6, ¢;) with a defined
polarization. The excitation was filtered out using an edge-pass
filter that transmitted wavelengths larger than 550 nm. Our
setup collected the emission from approximately 16 uncoupled
nanowires. The measured PL intensity Lyw(6, @;) is propor-
tional to the angle-dependent incident intensity I,,(6, ¢,) times
the angle-dependent absorptance of the nanowires Ay (8, ¢;)

INW(eiI (pl) & Iin(eil (pi)ANW(ei) (pl) (1)

The proportionality constant is independent of the angle of
incidence but depends on the quantum yield of the nanowires
and the angle-dependent emission of the nanowires integrated
within the NA of the collection system. The quantum yield can
vary significantly for different nanowires and is very difficult to
obtain experimentally.s'1 Also, the directionality of the emission
might be nontrivial and depend strongly on the nanowire
antenna dimensions.>*** Because I,,(6, ¢;) depends only on
the angle of incidence and is independent of the sample, we
eliminate this contribution to the measurements by normalizing
the Iyw(0, @;) to the intensity emitted from a flat InP wafer
upon the same illumination

INW(ei) (px) _ ANW(HU ¢1)
IInP(HiI (Pi) AInP(giJ (Pi) 2)

where A p(6, @,) is the absorptance of the InP wafer and the
constant C depends on the quantum yield of the emission of
the nanowires and the InP wafer, as well as on the directionality
of light emission from both structures integrated within the NA
of the objective. From eq 2, we can write the angle-dependent
light absorption of the nanowires as

INW(ei) (pl)
IInP(Hii q’i)

CEw(6, @) 3)

The term App(6, ;) can be calculated using the Fresnel
coeflicients for the air/InP interface knowing the permittivity of
InP.>® The product of this calculated absorption and the ratio
of the measured PL intensities from the nanowires and the InP
wafer gives the directional optical absorption in nanowires

Faw(6; @).

Anw (0, (/’i) = CApp(, fﬂi)
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Figure 4. (a) PL spectrum of nanowires excited with light incident at 6, = 0°. The red solid line represents a double-Gaussian fit that is the sum of
two individual Gaussians plotted with blue solid lines. (b) Normalized angle-dependent absorption pattern Fyy(6; ¢;) of uncoupled nanowires
obtained by scanning the position of the focused 532 nm laser spot in a quarter of the back focal plane of the microscope objective. The radius in this
polar plot corresponds to the elevation angle of the incident beam 6, while the azimuthal angle corresponds to the azimuthal angle of incidence ¢,
The bottom horizontal edge (¢, = 0°) of the absorption profile corresponds to p-polarized excitation, while the left vertical edge (¢, = 90°)
corresponds to s-polarized excitation. For other angles of incidence the polarization is a superposition of p- and s-polarized light.

—
[=}
L

Normalized F. R
o
i

e
o

(=}

20 40 60
Angle of incidence 6, (deg)

o
~
e
=3
K

1

0.02

Absorptance

0.00

20 40 60
Angle of incidence 6, (deg)

Figure S. (a) Measured normalized directional absorption Fy(¢;) of nanowires excited with p- and s-polarized light (black and red open circles,
respectively) as a function of the angle of incidence. The blue and magenta open squares represent the simulated absorptance of the array of 100 nm-
thick nanowires with a hexagonal cross section normalized to the value at 6, = 0° (solid lines are guides to the eye). (b) The blue and magenta
squares represent the same absorption as in (a), but plotted in the absolute values of absorptance. The black and red open circles are the simulated
angle-dependent absorptance of an array of 90 nm-thick nanowires with a circular cross section for p- and s-polarized illumination, respectively. The
solid lines connecting the symbols are guides to the eye. The solid lines in (b) show the absorptance of the effective medium consisting of 90 nm
thick nanowires calculated using transfer matrix formalism. The black line corresponds to the p-polarized absorptance, while the red solid line plots

the s-polarized absorptance.

The PL emission spectrum of nanowires upon excitation at 6,
= 0° is shown in Figure 4a. InP nanowires grow preferentially in
the wurtzite crystal structure on top of the zincblende InP
substrate.’* Because the electronic band gap of InP in the
wurtzite phase at room temperature is larger than that of
zincblende, the emission peak of wurtzite nanowires is blue
shifted compared to that of the substrate.*>*® The maximum
emission of the zincblende InP substrate is at A ~ 915 nm while
the maximum emission of nanowires is at 4 ~ 870 nm. To
differentiate the emission of the nanowires from the emission of
the substrate, each spectrum has been fitted with a double-
Gaussian function (red solid line in Figure 4a). The two
constituting Gaussians of the fit are shown with the blue lines in
this figure. A Gaussian fit is chosen because it represents the
inhomogeneously broadened emission resulting from the local
variations of the semiconductor band structure due to
impurities and defects. The intensities of the nanowire emission
as a function of the excitation angle and polarization have been
extracted from the amplitude of the Gaussian peak centered at
870 nm. In this way, we only probe the angle-dependent
absorption of the nanowires, discarding the contribution of the
underlying substrate.

The directional absorption pattern Fyy (6, @;) of a dilute
array of uncoupled nanowires, normalized to its value at normal
incidence, 6, = 0°, obtained by scanning one-quarter of the NA

of the microscope objective is shown in Figure 4b. The bottom-
left corner of this polar plot corresponds to the normal
incidence, that is, the illumination parallel to the axis of
nanowires. The radius measured from that corner corresponds
to the elevation angle @, while the azimuthal angle corresponds
to angle ¢; measured from the horizontal edge of the plot. The
absorption pattern is not cylindrically symmetric because the
laser spot focused in the BFP was polarized along the direction
@; = 0°. Such polarization resulted in a p-polarized illumination
of the nanowires along ¢; = 0° (bottom horizontal edge) and s-
polarized excitation along ¢, = 90° (left vertical edge of the
pattern). In the other directions the polarization of excitation is
a superposition of these two states. In the case of p-polarized
excitation, the absorption pattern shows a high value at 6, = 0°
that decreases to a minimum at 6, ~ 30° after which the
absorption increases again. The absorption pattern for s-
polarized excitation shows a maximum at d; = 0° and a more
abrupt decrease than for p-polarized excitation until 8; ~ 35°.
At larger angles, the s-polarized absorption increases again. An
anisotropic absorption pattern with respect to the angle of
incidence and polarization is characteristic for receiving
nanoantennas.

Because of the nearly cylindrical symmetry of nanowires,
Faw(6, @;) should not depend on ¢; as defined relative to the
polarization axis, but it depends on 6, and the polarization.



Therefore, we have performed more detailed line scans in the
directions strictly corresponding to p- (¢; = 0°) and s-polarized
(¢ = 90°) excitation in the range of 6, from 0 to 70°. Figure Sa
shows the directional light absorption in nanowire antennas
Fyw(8,) for p- (black open circles) and s-polarized (red open
circles) excitation, obtained from the time-reversed Fourier
microscopy measurements and normalized to the value at 6; =
0°. Both measurements show high absorption at 6, = 0° and
their angular behavior is consistent with Figure 4b. In the
following section, these measurements are compared to finite
element simulations.

Theoretical Modeling. We have used finite-difference
time-domain (FDTD) simulations to reproduce the angle-
dependent light absorption in uncoupled nanowires (the details
of the model can be found in the Supporting Information).
These simulations consider a box periodic in the x- and y-
directions with a size of S X § X 3.4 um® in the (x, y, z)
directions, respectively. The simulation box consists of one InP
nanowire with a hexagonal cross section with a diameter of 100
nm measured from the center of the hexagon to the vertex
(circumradius) and a length of 3.1 gm. The nanowire stands
vertical on top of an absorbing InP substrate. For both, the
nanowire and the substrate, we used the refractive index of the
zincblende InP, as the refractive index of wurtzite InP has never
been determined experimentally. The periodic repetition of the
simulation volume effectively results in considering a dilute
two-dimensional array of uncoupled nanowires. To simulate the
absorptance of the nanowires alone, we placed a power monitor
only for the nanowires. The array is illuminated with a plane
wave source with a wavelength of 4, = 532 nm at different
angles of incidence and for p- and s-polarizations. From these
simulations, we obtain the angle-dependent absorptance of the
array of uncoupled nanowire antennas. The blue and magenta
open squares (connected with guides to the eye) in Figure Sa
show the simulated absorptance for p- and s-polarized incident
light, respectively, normalized to the value at 6, = 0°. The
simulated angle-dependent absorptance shows a good agree-
ment with the measurements for the respective polarizations,
which are plotted in the same figure with open circles. The non-
normalized values of the simulated absorptance are plotted in
Figure Sb with blue and magenta open squares (connected with
guides to the eye) for p- and s-polarized excitation, respectively.
Despite the ultralow filling fraction (0.03%), the array of
uncoupled nanowires absorbs ~3.7% of the incident light at 6,
= 0° This remarkable property makes nanowires very
interesting nanostructures for applications in photovoltaics
and for sensitive photodetection.

In order to compare the simulations to Mie theory, we have
determined the diameter of a circular cylinder that absorbs the
same amount of light as the hexagonal cylinder.>” The
simulated directional absorptance of a circular cylinder with a
diameter of 90 nm is plotted in Figure Sb with open circles for
p- (black) and s-polarized (red) excitation, respectively. To
compare the simulated angle-dependent optical absorptance to
the predictions of Mie theory, we use the transfer matrix
formalism for a system consisting of three planar layers: a semi-
infinite layer of air, an effective medium with a refractive index 7
=n + ik and a thickness L equal to the nanowire length, and a
semi-infinite substrate.”®*” Because the volume filling fraction
of the nanowires in the layer is only 0.03%, we assume that the
real component of the effective refractive index n of the
nanowire layer is that of air.'”**®' The angle-dependent
imaginary component x(6;) of the effective refractive index of

the nanowire layer accounts for the scattering and absorption of
incident light by nanowires.”® Because of the low volume filling
fraction, x(6;) can be calculated using the independent

scattering approximation, which gives the relation®”
47x(6,) N
= = (Qa S(ei) + Qsca (91))dL_
4o ° t |4 (4)

where Q,;,,(0,) and Q,,(6,) are the angle-dependent absorption
and scattering efficiencies of individual nanowires, respectively,
d is the diameter of nanowires, and N is the number of
nanowires in a volume V. Unlike the commonly used Maxwell-
Garnett effective medium theory, the independent scattering
approximation accounts for the resonant response of nanowires
as a function of the angle of incidence and polarization of the
incident light. From eq 4, we obtain

(Qabs(ei) + Qscat(ei))dLllo
N
4zV ©)

K(gi) =

In our sample, we have N = 1 per volume V = La?, where a is
the Jattice constant of the nanowire array. Light scattered by the
nanowires is not expected to contribute significantly to the
absorption in their neighbors due to the large separation
between them. Therefore, we assume that Q,,(6) = 0ineq S
and that x(6;) accounts only for the absorption of the incident
light. The absorption efficiency for infinitely long nanowires can
be calculated using Mie theory.”” The underlying substrate is
modeled using the real component of the refractive index of
InP (n = 3.7), while the imaginary component is neglected in
order to calculate the transmittance of the system. In this way,
we can rule out the absorptance of the substrate from the
calculations. Such approximation leads to a 1.6% relative
decrease of the reflectance of the nonabsorbing InP substrate
compared to the absorbing InP substrate. Because not all the
reflected light by the substrate is absorbed by the nanowires,
the error introduced by the approximation is even smaller than
1.6% and can be neglected. The absorptance of nanowires can
be calculated assuming that A(6,) = 1 — T(6,) — R(6,), where
T(6,) and R(6;) are the angle-dependent transmittance and
reflectance of the multilayer system, respectively.

The black and red solid lines in Figure Sb show the
absorptance calculated using the transfer matrix method based
on the absorption efficiency of InP circular cylinders with a
diameter of 90 nm obtained from Mie theory for 4y = 532 nm
and p- (black solid curve) and s-polarized (red solid curve)
incident light, respectively. This absorptance obtained decreases
to 0 at 6, = 0° for both polarizations. The comparison of the
calculated Mie-based absorptance and the simulations from
Figure Sb (that reproduce the measured directional absorption
in Figure Sa) reveals that for small angles of incidence, up to 6,
~ 30° Mie theory can not describe the angle-dependent
absorption in the nanowires. For angles larger than 6, ~ 30°,
the angular behaviors of the simulated and calculated
absorptance show a good agreement for p-polarization with a
local minimum at 6, ~ 40° and increase for larger angles. The
simulated and calculated s-polarized directional absorptance
shows a good agreement for angles larger than 6, ~ 30°. At
these angles, the s-polarized absorptance is visibly modulated
by Fabry-Pérot resonances in the nanowire layer due to its
finite thickness. The fact that the measurements, simulations,
and calculations converge for both polarizations at large angles
validates the independent scattering approximation made for
the transfer matrix calculation and implies that the nanowires



behave as individual scatterers with an absorption at large
angles of incidence dominated by light coupling to Mie
resonances. It is worth pointing out that the absorptance of
uncoupled nanowires at large angles can be larger than the
absorptance at 6, = 0° despite the lower absorption efliciency
Q.ps (see Supporting Information). This happens due to the
longer optical path in the nanowire layer and the reflection
from the underlying substrate that supplies nanowires with
more light to absorb. Such effect can be relevant when
designing nanowire-based solar cells for harvesting direct and
diffuse light.

While light coupling to Mie resonances seems to be the
dominant process determining the absorptance for large angles
of incidence, at small angles light couples to the nanowire from
the top in a different way. To explain the origin of strong light
absorption at 0, = 0°, we make use of rigorous numerical
simulations (described in the Supporting Information). We
consider a circularly cylindrical InP nanowire of diameter d =
90 nm and length L = 3.1 ym standing on top of a flat InP
substrate. The simulations consider the complex refractive
index of the InP nanowire and the real component of the
refractive index of the InP substrate. The nature of the coupling
of the normally incident light to the nanowire antennas can be
explained by examining the near-field amplitudes in Figure 6.
Figure 6a shows the amplitude of the total electric field in the
x—2z cross section illuminated at 6; = 0° with a polarization
vector along the x-direction. From the electric field variation
along the nanowire, the light appears to couple to a guided
mode. Such coupling has been previously observed in finite
nanowires illuminated parallel to their axis or using focused
excitation, ®3* showing a strong dependence on the nanowire
diameter.”® Tt should be pointed out that the coupling of
incident light to guided modes is forbidden for infinitely long
cylinders due to the momentum mismatch between the wave
vectors of light in free space and guided modes, therefore, this
coupling is not considered in Mie theory.

The E, component of the simulated electric field in the cross
section of the nanowire (marked as the z; in Figure 6a), is
plotted in Figure 6b. We compare this electric field component
profile to the one of the HE,; guided mode supported by an
infinitely long, 90 nm thick nonabsorbing cylinder with the
same real component of the refractive index as in InP (n = 3.7)
calculated analytically.” The respective analytically calculated
E, field profile is plotted in Figure 6c. The symmetry of the
simulated field profile is in excellent agreement with the
analytically calculated field profile of the HE;, guided mode,
which confirms that the incident light couples to this guided
mode in finite nanowires. The spatial map (absorption profile)
of the time-averaged power absorbed per unit volume (P,,)
(see Supporting Information) in the x—z cross section of the
nanowire illuminated at 6, = 0° is shown in Figure 6d and
resembles the symmetry of the HE,; guided mode. Figure 6e
illustrates the simulated absorption profile (P,), of the E,
component of the electric field in the cross section of the
nanowire (marked as z, in Figure 6d). This field component
was chosen because of its characteristic pattern in the HE;,
guided mode. We compare this simulated (P,,), absorption
profile to the analytically calculated one for the E, component
of the electric field in an infinitely long cylinder, which is
plotted in Figure 6f. The agreement of the simulated and
analytically calculated absorption profiles (P,,), in the
nanowire underlines the guided-mode character of the
absorption in this nanostructure. Moreover, it is noticeable

Figure 6. (a) Amplitude of the electric field around an InP nanowire
standing on top of the InP substrate excited at §; = 0° with a plane
wave with a wavelength of 532 nm and the polarization vector along
the x-direction. The nanowire is 3.1 #m long and has a diameter of 90
nm. (b) Magnitude of the E, component of the electric field in the
horizontal cross section of the nanowire (marked as z, in panel a). (c)
Magnitude of the E, component of the electric field of the HE;; mode
calculated analytically with a phase that corresponds to the z; position.
(d) Spatial map of the time-averaged power absorbed per unit volume
(P, in the x—z cross-section of the same nanowire illuminated at 0,
= 0°. (e) Simulated (P,,), of the E, component of the electric field in
the horizontal cross section of the nanowire illuminated at 6, = 0°
(marked as z, in panel d). (f) Analytically calculated absorption profile
(P,s), of the E, component of the electric field of the HE;; mode in
the horizontal cross section of an infinitely long cylinder. The phase of
the field is set to match the z, position in (d). (g) Spatial map of the
time-averaged power absorbed per unit volume (P,,) in the x—z cross-
section of the same nanowire illuminated at 6, = 70°. (h) Simulated
(Ps) of the total electric field in the horizontal cross section of the
nanowire illuminated at 6, = 70° (marked as z; in panel g). (i)
Analytically calculated absorption profile of the Mie resonance in the
diameter of the corresponding infinitely long cylinder illuminated at 6;
= 70°.

that the absorption is stronger in the bottom part of the
nanowire even though light couples to the guided mode at the
top facet and is gradually absorbed as the mode propagates in
the nanowire. The increase of absorption in the bottom of the
nanowire is related to the reflection of the guided mode at the
bottom facet of the nanowire, reinforcing the absorption in the
vicinity of this facet. The reflection occurs due to the difference
between the effective refractive index of the guided mode
(which in this case is close to 1) and that of the InP substrate
(n = 3.7). This phenomenon depends on the confinement of
the guided mode in the nanowire, which influences its



propagation length in the absorbing material. In thicker
nanowires (e.g, 100 nm in diameter, simulation not shown
here), the propagation length of the fundamental guided mode
is shorter and the maximum absorption can occur in the top
part of the nanowire.

We examine also the absorption profile in the nanowire
illuminated at 6; = 70°, plotted in Figure 6g. This absorption
profile is notably different from the one at €; = 0° incidence in
Figure 6d and does not show the difference in the magnitude of
the absorption between the top and the bottom of the wire.
The white dashed line in Figure 6g indicates the x—y cross
section z; of the absorption profile in the diameter of the
nanowire. This profile is displayed in Figure 6h and compared
to the analytically calculated absorption profile in Mie
resonance in an infinitely long cylinder of the same geometry,
that is shown in Figure 6i. The similarities between the
absorption profile in the finite nanowire and infinite cylinder
indicate that at large angles of incidence light is predominantly
absorbed by the excitation of Mie resonances.

From the theoretical analysis we conclude that light incident
at small angles couples to the HE;; guided mode and
propagates along the nanowire. This guided-mode is sub-
sequently absorbed as it propagates, notably enhancing light
absorption in individual InP nanowires at small angles of
incidence with respect to their axis. For the investigated
wavelength of illumination, the coupling of the incident light to
guided modes outperforms the coupling to Mie resonances
occurring at large angles of incidence. However, the
absorptance of such an array at large angles of incidence can
exceed the guided-mode absorptance at &, = 0° due to the
longer optical path in the nanowire layer. Both types of
coupling are not only angle-dependent but also diameter-,
wavelength-, and length-dependent. The dimensions and
orientation of nanowires used as solar cells should be carefully
chosen so that the direct light couples to guided modes, while
the diffuse sun light scattered by the atmosphere is harvested
via Mie resonances.’"5%%*

Conclusions. We have developed a technique called time-
reversed Fourier microscopy to illuminate microscopic samples
with well-defined angles of incidence. Using this technique we
have measured the angle-dependent light absorption in dilute
arrays of vertical InP nanowire antennas. Our measurements
demonstrate experimentally the limitations of Mie theory to
describe the light absorption in vertical nanowires at small
angles of incidence measured from the nanowire axis. We have
also compared the absorption measurements to numerical
simulations for nanowires with a finite length. These
simulations revealed that at normal incidence light efficiently
couples to the HE; guided mode. As the angle of incidence
increases, the coupling to the HE;; guided mode becomes less
favorable and the coupling to Mie resonances prevails. Our
results are relevant for the design of nanowire-based solar cells,
where understanding and optimizing the angle-dependent
absorption is important to improve the performance of such
devices.
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