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ABSTRACT: Subwavelength optical resonators and scatterers
are dramatically expanding the toolset of the optical sciences
and photonics engineering. By offering the opportunity to
control and shape light waves in nanoscale volumes, recent
developments using high-refractive-index dielectric scatterers
gave rise to efficient flat-optical components such as lenses,
polarizers, phase plates, color routers, and nonlinear elements
with a subwavelength thickness. In this work, we take a deeper
look into the unique interaction of light with rod-shaped
amorphous silicon scatterers by tapping into their resonant modes with a localized subwavelength light sourcean aperture
scanning near-field probe. Our experimental configuration essentially constitutes a dielectric antenna that is locally driven by the
aperture probe. We show how leaky transverse electric and magnetic modes can selectively be excited and form specific near-field
distribution depending on wavelength and antenna dimensions. The probe’s transmittance is furthermore enhanced upon
coupling to the Fabry−Perot cavity modes, revealing all-dielectric nanorods as efficient transmitter antennas for the radiation of
subwavelength emitters, in addition to constituting an elementary building block for all-dielectric metasurfaces and flat optics.
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Resonant light interaction at the nanoscale with all-
dielectric nanostructures finds applications in a wide

range of nanophotonics research fields such as metasurfaces,1−6

metamaterials,7 color routers,8,9 lab-on-a-chip biosensing,10

nonlinear phenomena,11,12 nanoantennas,13 and all-optical
switching.14,15 The geometrical tunability of the magnetic and
electric type resonances in all-dielectric nanostructures can
easily be demonstrated by spectrally investigating their far-field
scattering properties. Examples can be found for semiconductor
nanowires (NWs)16,17 and nanospheres.18,19 While all-dielectric
NWs, spherical, and cylindrical nanoparticles are well-studied,
nanorods or nanoblocks, which are truncated NWs, lack a
thorough experimental description. For light, a nanorod can
constitute a three-dimensional Fabry−Perot (FP) cavity in
which the electromagnetic fields resonantly couple into
standing wave patterns. The impact of the geometrical
tunability of these FP standing waves was demonstrated in
terms of Purcell enhancement, photoluminescence and
emission tailoring in finite NWs,20 the transition of cavity FP
modes into leaky waveguide modes and Mie modes,21 and the
tuning of the scattering efficiency in the visible range by means

of the lowest order FP mode in silicon (Si) nanoblocks.22 By
varying the aspect ratio of the dielectric nanocavities, it is even
possible to overlap Mie and FP modes with different
polarizations, leading to supercavity modes with an extremely
high Q factor.23 In addition, the interference of Mie-FP modes
with electric dipoles was shown to result in multifrequency
directional scattering,24 while other recent work numerically
predicts strong Fano resonances in the far-field scattering
response of Si nanorods.25 However, the clear observation of
FP modes in nanoblocks and their cavity length dependence
has only been possible for the lowest order FP mode using far-
field techniques.22 Higher order FP modes are only observed as
minor spectral undulations in the scattering cross sections.22 In
addition, the mode-paritywhich is determined by the either
odd or even number of antinodes in the standing wave
determines whether a plane wave can couple to such a mode or

Received: August 23, 2017
Revised: October 20, 2017
Published: October 30, 2017

Letter

pubs.acs.org/NanoLett

© 2017 American Chemical Society 7629 DOI: 10.1021/acs.nanolett.7b03624
Nano Lett. 2017, 17, 7629−7637

pubs.acs.org/NanoLett
http://dx.doi.org/10.1021/acs.nanolett.7b03624


not. Introducing phase retardation by changing the angle of
illumination modifies these parity dependent coupling selection
rules.21 To get more insight into the nature of cavity FP modes
in all-dielectric nanorods in terms of the parity, standing wave
antinode distribution, as well as near-field enhancement, near-
field measurements are required. Moreover, for the design of
coupled systems with, for example, precisely positioned
quantum emitters near nanoantennas,26 a well-controlled way
to locally drive the cavity FP modes is highly desired.
Scanning near-field optical microscopy (SNOM) is one of

the most powerful tools to directly visualize the near-field
patterns of optical modes supported by nanophotonic
structures with subdiffraction resolution.27 For instance,
different types of plasmonic nanoantenna structures ranging
from nanorods,28−30 nanodisks,31 triangular nanoprisms,32 and
V-shapes33 to loaded gap34 and Yagi-Uda35 antennas have been
investigated by this technique. In the infrared range, even
surface phonon polaritons can be imaged in linear antennas.36

Among all-dielectric nanostructures, the near-field distribution
of Mie and anapole modes of single Si-nanodisks,37,38 magnetic
field hotspots in a gap between Si-disk dimers39 as well as the
magnetic dipole scattering of a Si-sphere40 were recently
observed. When the scanning probe is hollow and has a
subwavelength aperture at its apex, impinging light can tunnel
through it and create a strongly localized light source.41 The
near fields of this aperture probe can, to a certain degree, be
approximated by point dipole sources42 and can in turn mimic
the transient dipole radiation of real quantum emitters.
Here, we report on a near-field study of optical cavity FP

modes supported by amorphous silicon (α-Si) nanorods. We
illustrate how both polarized plane wave illumination and
polarized local excitation by a near-field probe can launch TM
and TE modes and form FP-like standing waves in a dielectric
nanorod. Our samples consist of α-Si nanorods defined by
electron beam lithography and reactive ion etching (RIE) on a
glass substrate.9 Experimental SNOM maps are analyzed and
compared with full-field 3D finite difference time domain
(FDTD) simulations of the full probe−antenna system. The
good agreement between experimental and simulated profiles
allows us to reveal the probe−antenna coupling mechanism.
Next, the far-field extinction responses for nanorods of different
lengths are matched with their corresponding simulated near-
field distributions and experimental SNOM maps for TM and
TE polarization. Additionally, we show that only weak spectral
variations in the far-field response result from remarkably
distinct changes in the near-field mode distribution. This
further illustrates the power of SNOM in nanophotonics
research. Lastly, we consider the α-Si nanorod as a transmitting
antenna and evaluate the probe’s transmittance enhancement
upon coupling to the FP cavity modes. The current
experimental study further confirms theoretical predictions
regarding the interaction of a point electric dipole source with
all-dielectric nanostructures20,43,44 and opens new opportunities
of tailoring near- and far-field light patterns.
Results and Discussion. Excitation and Mapping of FP

Modes by Aperture SNOM. FP modes supported by the
nanorods with length l, width w, and thickness h are illustrated
in Figure 1a,b. Transverse magnetic (TM, magnetic field is
normal to the long axis of the nanorod) and transverse electric
(TE, electric field is normal to the long axis of the nanorod)
plane wave illumination is used for the excitation of FP modes
inside the nanoantenna. More specifically, panels a and b
illustrate the excitation of TM11

3 and TE11
3 FP modes,

respectively. The mode indices m, j, and n in TMmj
n and TEmj

n

indicate the number of magnetic field antinodes for TM
illumination and electric field antinodes for TE illumination in
the x, y, and z-directions, respectively.
Although the electromagnetic fields of the FP modes are

localized to the volume and surface of the nanorods, the
scanning near-field optical microscope operating in the
illumination mode allows us to tap into them. The SNOM
aperture probe effectively acts as a subwavelength localized light
source that is able to locally excite FP modes in the nanorod.
The schematic of the SNOM measurements is presented in
Figure 1c,d. The SNOM probe is a SiO2 pyramid coated by an
Al layer with a thickness of 100 nm. The linearly polarized light

Figure 1. Transverse magnetic (TMmj
n ) and transverse electric (TEmj

n )
Fabry−Perot modes supported by all-dielectric nanoantennas. (a,b)
Illustration of the plane wave source excitation of TMmj

n and TEmj
n FP

modes with the antinode number of n = 3 inside all-dielectric
nanorods with length l, width w, and thickness h. (c,d) The illustration
of the excitation and mapping of TMmj

n and TEmj
n FP modes by an

aperture type SNOM probe (n = 3). The arrows indicate the
directions of the H and E fields for a−d. (e,f) 3D representation of the
experimental SNOM images of TM11

5 and TE11
6 FP modes in a

nanorod with l × w × h = 900 × 170 × 105 nm3.
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coming from a supercontinuum white light laser is focused by
an objective through the pyramid on the apex of the probe. The
polarization of the incident light is oriented along (TM
polarization) or perpendicular to (TE polarization) the long
axis of the nanorod. A strong evanescent near-field is created
around the probe, which can excite TMmj

n and TEmj
n FP modes

in the nanorod antenna. The light transmitted through the
sample (T) is collected in the far-field by a 60× reflective
objective (NA = 0.8), while the sample is scanned under the
probe with a piezo stage (see Methods, Experimental Section).
Figure 1e,f shows typical SNOM images of the α-Si nanorod
supported by a glass substrate for TM and TE polarization,
respectively (see Methods, Fabrication Section for fabrication
details and Figure S1 in the Supporting Information for SEM
and AFM characterization). The dimensions of the nanorod are
l × w × h = 900 × 170 × 105 nm3. The transmittance map has
five peaks for TM polarization and six peaks for TE polarization
within the nanorod area. In contrast, a uniform probe
transmittance is observed on the glass substrate. The dark
area around the nanorod corresponds to the decreased intensity
of the transmitted light due to scattering when the probe is
raised near the edges of the nanorod.
Full-field 3D FDTD simulations of the probe, nanorod, and

substrate system were performed to unambiguously reveal the
origin of the pronounced near-field patterns shown in Figure
1e,f. The results are summarized in Figure 2. First, in panels a
and d, we show the simulated transmission (blue dashed curve)
at different probe positions in combination with the
experimental scan along the nanorod (red solid curve).
Remarkably, the number and position of the transmission
maxima (bright spots) is very well reproduced. By plotting the

zy cross-section in the simulation, we get access to the full field
pattern that is generated inside the nanorod for the selected
probe positions, indicated with the colored symbols in panels a
and d. Standing waves are indeed launched by the probe at,
respectively, the transverse magnetic field |Hx| antinodes
(transverse direction is along the x-axis) for TM polarization
(panels b and c) and transverse electric field |Ex| antinodes for
TE polarization (panels e and f). Note that for this central yz
cross-section, due to the symmetry, |Hx| = |H| for TM
polarization and |Ex| = |E| for TE polarization. The simulated
distributions of |H| (for TE) and |E| (for TM) fields present
loops of either electric (for TM) or magnetic field (for TE) in
the yz cross-section (see Figure S2 in the Supporting
Information). For more information about the simulations
refer to the Simulation Section.

Far-Field and Near-Field Characterization of FP Modes in
α-Si Nanorods with Different Lengths. A dielectric nanorod as
an optical nanoantenna is able to convert free space optical
radiation into nanoscale localized electromagnetic energy, and
vice versa, due to the excitation of FP modes. Therefore, the
near-field distributions of these FP modes, as observed by
SNOM, are expected to be similar to those obtained by far-field
plane wave illumination, and to be linked to spectral features in
the extinction response. The comparison of the SNOM images
and near-field distributions of FP modes excited by plane wave
illumination is shown in Figures 3 and 4 for TM and TE
polarization, respectively. Panels a and b in Figures 3 and 4
show the simulated and experimental extinction (extinction =
scattering + absorption) spectra of the nanorods with
increasing length (see Methods, Simulation Section, and
Experimental Section). To provide the excitation of FP

Figure 2. SNOM images and FDTD simulations of the aperture probe near-field coupling to TM11
n and TE11

n FP modes inside α-Si nanorod. (a,d)
Top: 2D-SNOM image of TM11

5 and TE11
6 FP modes. (a,d) Bottom: red solid (blue dashed) curves indicate the experimental (simulated) SNOM

transmission intensity at a cross-section through the middle of the SNOM image. FDTD simulations of |Hx| field (b,c) and |Ex| field (e,f) of TM11
5

and TE11
6 FP modes excited by SNOM probe. The probe positions correspond to the maximum values of the transmittance denoted by open squares

and pentagons on the SNOM scan simulations. The plotted SNOM transmission T is normalized to the transmission through the substrate
T(substrate) at the corresponding wavelength both for the experimental and simulated data. The white dotted lines show probe edges. The white
dashed lines show the α-Si nanorod and glass substrate edges. The orange crosses and dots indicate the field direction. The dimensions of the
nanorod are l × w × h = 900 × 170 × 105 nm3.
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modes both with even and odd n, the symmetry of the system
has to be broken to introduce sufficient field retardation along
the nanorod.45 We therefore used off-normal plane wave
illumination incident from the substrate side at an angle of θ =
17° from the substrate normal (see sketch in Figure 3a). This
angle corresponds to the average angle of incidence in the
experiment (see Methods, Simulation and Experimental
Sections, and Figure S9 showing the simulated extinction
spectra for different angles within the range of the experimental
illumination). For TM polarization, Figure 3a,b indicates a
strong resonant peak located around λ = 670 nm both for
nanorods and an infinite NW with the same thickness and
width (dashed orange curve). The extinction simulations of the
infinite NW were performed with normal plane wave
illumination from the substrate side. The similarity of the
extinction peaks for the nanorods and infinite NW results from
the similarity of their resonant field pattern in the xy-plane. The
extinction peaks around λ = 670 nm for nanorods and NW are
associated with a TM11 field pattern in the xy-plane (see the
distribution of the major |Hx| component in the xy-plane in
Figure S3, Supporting Information). The peak around λ = 540
nm corresponds to the higher order TM13 mode (see the field
distribution in Figure S3, Supporting Information). The TM11
resonance occurs as a result of multiple interferences of the
light reflecting from the facets of the nanorods or NW in the
xy-plane.46 The width and thickness of the nanorods or NW
define the resonance condition for light in the xy plane, and
increasing the length of the nanorods from l = 500 nm to l =

1100 nm does not change the spectral position of the extinction
peaks at λ = 540 and 670 nm. The simulations of the extinction
spectra (Figure 3a) show that the excitation of the cavity FP
modes in the xz-plane introduces additional sharp spectral
features with respect to the infinite NW, especially within the
broad extinction peak at λ = 670 nm. These features are
strongly affected by variations in the nanorod length. The
experimental nanorod extinction spectra given in Figure 3b
present similar additional peaks, in good agreement with the
simulations. The equivalent results for TE polarization are
shown in Figure 4a,b. The peak around λ = 650 nm (λ = 700
nm in the simulation) is associated with TE11 mode for
nanorods and TE12 mode for the NW; see the distribution of
the major |Ex| component in the xy-plane for TE11 (λ = 700
nm) and higher-order mode TE13 (λ = 550 nm) in Figure S4,
Supporting Information. Likewise for TM illumination, Figure
4a shows that the excitation of TE11

n FP modes leads to the
appearance of additional peaks inside TE12 band of the infinite
NW for all investigated nanorod lengths.
Figures 3c and 4c depict the simulated standing wave

patterns of the FP modes excited by a plane wave source in the
central xz-plane cross section (dashed line in panel a). As
mentioned earlier, to excite both odd and even modes, the
plane wave in the simulations is incident under an angle in
order to introduce the necessary phase retardation. However,
the off-normal angle of illumination results in asymmetric
standing wave patterns of the magnetic or electric field. To
allow a fair comparison with the experimental SNOM maps,

Figure 3. Near-field mapping of TM11
n FP modes of dielectric nanorods obtained by SNOM and plane wave illumination. (a) Extinction spectra (TM

polarization) of single α-Si nanorods with different length l = 500, 700, 900, and 1100 nm. The width and thickness equal w = 170 nm and h = 105
nm, respectively, for all nanorods. The sketch illustrates the simulation model. (b) Experimental extinction spectra of the α-Si nanorod arrays with l =
500, 700, 900, and 1100 nm. (c) Simulated distribution of the |Hx| field and its decomposition to antisymmetric and symmetric components of
TM11

3 −TM11
6 FP modes inside single α-Si nanorods. The |Hx| field was taken at the central xz cross-section of the nanorods as shown by a dashed

line in panel a. The wavelengths at which the |Hx| field distribution is plotted are marked with filled symbols on the simulated extinction spectra (a).
The scale bar of the magnetic field value is the same for |Hx|, antisymmetric, and symmetric components. (d) Experimental SNOM images of TM11

3 −
TM11

6 modes of nanorods with different lengths. The white dotted box shows the edges of the nanorods. SNOM images were taken at the
wavelengths which are marked with open symbols on the experimental extinction spectra (b).
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Figure 4. Near-field mapping of TE11
n FP modes of dielectric nanorods obtained by SNOM and plane wave illumination. (a) Extinction spectra (TE

polarization) of single α-Si nanorods with different lengths l = 500, 700, 900, 1100 nm. The sketch illustrates the simulation model. The width and
thickness equal w = 170 nm and h = 105 nm, respectively, for all nanorods. (b) Experimental extinction spectra of α-Si nanorod arrays with l = 500,
700, 900, and 1100 nm. (c) Simulated distribution of the |Ex| field and its decomposition to antisymmetric and symmetric components of TE11

5 −TE11
8

FP modes inside the single α-Si nanorods. The |Ex| field was taken at the central xz cross-section of the nanorods as shown by a dashed line in panel
a. The wavelengths at which the |Ex| field distribution is plotted are marked with filled symbols on the simulated extinction spectra in panel a. The
scale bar of the electric field value is the same for |Ex|, antisymmetric, and symmetric components. (d) Experimental SNOM images of TE11

5 −TE11
8

modes of nanorods with different lengths. The white dotted box shows the edges of the nanorods. SNOM images were taken at the wavelengths
which are marked with open symbols on the experimental extinction spectra (b).

Figure 5. Spectral dependence of Fabry−Perot cavity modes inside α-Si nanorod. (a,c) The experimental extinction spectra of the array of α-Si
nanorods with length l = 900 nm at TM and TE polarization. (b,d) Top row: the SNOM images of TM11

7 −TM11
4 and TE11

9 −TE11
6 FP modes of

individual α-Si nanorods with l = 900 nm. Bottom graphs: red solid (blue dashed) curves indicate the experimental (simulated) SNOM transmission
intensity at a cross-section through the middle of the SNOM image. SNOM images were taken at the wavelengths which are marked with open
symbols on experimental extinction spectra (a,c). Both experimental (2D scans and red curves) and simulated (blue dashed curves) SNOM
transmission intensity profiles are scaled individually for clarity. Absolute normalized transmission values allowing a direct comparison between the
different modes can be found in the Supporting Information, Figure S10. Also the exact wavelengths corresponding to the different profiles are
provided in the Supporting Information.

Nano Letters Letter

DOI: 10.1021/acs.nanolett.7b03624
Nano Lett. 2017, 17, 7629−7637

7633

http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b03624/suppl_file/nl7b03624_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b03624/suppl_file/nl7b03624_si_001.pdf
http://dx.doi.org/10.1021/acs.nanolett.7b03624


these asymmetric field patterns were decomposed into their
symmetric and antisymmetric components using group
representation theory.47,48 More details are given in the
Supporting Information. Doing so reveals the dominant
mode contribution and its parity. For TM polarization, the
distribution of the transverse magnetic field |Hx| shows an
increasing number of antinodes from three to six with the
increasing length of the nanorods. The TM11

3 mode evolves into
TM11

4 , TM11
5 , and TM11

6 modes upon increasing the nanorod
length from l = 500 nm to l = 1100 nm. |Hx| matches the
dominant symmetric or antisymmetric part of the magnetic
field for TM11

3 , TM11
4 , and TM11

6 . However, for TM11
5 , both the

symmetric and the antisymmetric components have a
considerable contribution to the |Hx| field presenting five
antinodes. Figure 3d shows that the number of bright spots in
the experimental SNOM images are accurately reproduced by
the number of the transverse magnetic field |Hx| antinodes with
even and odd parity in Figure 3c. In contrast to the simulated
asymmetric near-field distributions obtained for plane wave
illumination, the SNOM images yield symmetric patterns for
which the mode parity can be deduced from the parity of the
number of bright spots. The SNOM images predominantly
map the |Hx| component and the discrepancy with other field
components for TM modes is demonstrated in Figure S5
(Supporting Information). Respectively, for TE polarization,
Figure 4c shows that TE11

5 mode with five electric field
antinodes evolves into TE11

6 , TE11
7 , and TE11

8 FP modes upon
increasing the length. The bright spots in the SNOM images in
Figure 4d are now reproduced by the antinodes of the
transverse electric field |Ex| in Figure 4c with even and odd
parities. The SNOM images predominantly map the |Ex|
component, and the discrepancy with other field components
for TE modes is demonstrated in Figure S6 (Supporting
Information).
Spectral Dependence of FP Modes in α-Si Nanorods. Apart

from investigating the mode evolution with changing antenna
length, it is interesting to have a look at the spectral
dependence for a fixed length and closely compare the near-
field response with the far-field extinction response. Figure 5
shows the evolution of both TM11

n and TE11
n modes for a

nanoantenna with l = 900 nm upon increasing the excitation
wavelength. SNOM images were selected at the wavelengths
corresponding to peaks in the extinction spectra as indicated in
Figure 5a,c. We provide the experimental and simulated SNOM
transmission intensity at a cross-section through the middle of
the SNOM maps (bottom graphs in Figure 5b,d). With
increasing the probe’s illumination wavelength, TM11

7 , TM11
6 ,

TM11
5 , TM11

4 and TE11
9 , TE11

8 , TE11
7 , TE11

6 FP modes are revealed
in the SNOM images. Note that for TM11

7 mode, Figure 5b, we
expect to see seven antinodes (bright spots). However, the
spatial resolution of the probe is limited by its aperture
diameter of 100 nm, and the antinodes at the edges of the
nanorod cannot be resolved. Consequently, only five spots are
observed. Overall, the experimental profiles correspond very
well to the simulations. Although some variation in relative
peak intensities is observed, the number of antinodesand
hence the mode numberas well as their positions are
accurately reproduced. Remarkably, a very rich variety of well-
defined standing-wave near-field patterns is revealed in the
SNOM measurements, despite the fact that the corresponding
extinction spectra only indicate a weakly varying far-field
response. This further underpins the importance of near-field
studies in the field of nanophotonics.

Enhancement of Transmission through the Aperture
SNOM Probe. It was recently numerically predicted that
dielectric nanoparticles or finite NWs are able to direct light of
a localized point dipole through the excitation of Mie or FP
modes.20,43,44 The aperture probe in our experiments can
effectively be considered as a localized light source mimicking a
point dipole source.42,49 The SNOM scans in Figure 1e,f show
how the transmitted light intensity at the bright spots inside the
antennas can be higher as compared to transmittance through
the bare glass substrate. This reflects an inhomogeneous
enhancement of the transmittance of the SNOM aperture
probe in forward direction when the probe excites the antenna
FP modes. Figure 6a,b shows the experimental ratio (black

squares) of the transmittance detected at the bright spots
Tmax(nanorod), that is, where the FP modes are excited, and the
transmittance at the substrate T(substrate), as calculated from
the SNOM images of the nanorod with l = 900 nm in Figures
5b,d. The coupling of the probe near-field to the FP modes
enhances the probe transmittance in the forward direction. The
maximum value of the enhancement equals Tmax/T(substrate)
= 1.7 and Tmax/T(substrate) = 2.1 when, respectively, TM11

5

and TE11
6 modes are excited. Simulated values (red dots) are

included in Figure 6a,b. The experimental Tmax/T(substrate)
values are in good agreement with the simulations for λ > 700
nm. The mismatch at λ < 700 nm can be attributed to an
underestimation of the absorption losses in this wavelength
range in the simulations (see Supporting Information, Figure
S8). It should be noted that the simulated far-field radiation
pattern in forward direction of TM and TE FP modes excited
by the SNOM probe shows that indeed most of the scattered
light is collected by the collection objective in the experimental
setup (see Figure S11 in the Supporting Information).

Conclusions. We have applied the aperture type scanning
near-field optical microscopy (SNOM) technique to map the
near-field of Fabry−Perot optical modes supported by
individual α-Si nanorods. In stark contrast to their mostly
uneventful far-field extinction response, a rich variety of distinct
patterns of bright spotscorresponding to enhanced trans-
mittance of the probe excitationare observed in the near-field
scans. As expected for a Fabry−Perot cavity, the distribution
and number of these bright spots are found to strongly depend
on both the excitation wavelength and the length of the
dielectric antenna cavity. Decomposing the simulated field
profiles into their symmetric and antisymmetric components

Figure 6. Enhancement of the probe transmittance at the excitation of
FP modes inside a α-Si nanoantenna as observed by a fixed NA
objective. (a) Excitation of TM11

n FP modes. (b) Excitation of TE11
n FP

modes. Tmax(nanorod) is an average of two SNOM intensity values
inside nanorod taken at two bright spots with highest intensity inside
the nanorod. T(substrate) is the transmission value for the probe
located directly on the substrate glass surface. The dimensions of the
nanoantenna are l × w × h = 900 × 170 × 105 nm3.
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using group theory, in combination with far-field extinction
spectroscopy measurements, allowed us to unambiguously link
the SNOM maps to standing wave resonances of TM and TE
polarized leaky waveguide modes supported by the silicon
nanorods. Due to the localized dipole-like nature of the
aperture-probe, both odd and even parity TM and TE modes
are easily addressed. Odd parity Fabry−Perot modes are
characterized by an odd number of bright near-field spots, while
even parity modes are recognized by an even number.
Interestingly, the strong coupling with TM and TE FP
modes results in an enhancement of the probe’s transmittance
in the forward direction up to a factor of 2, illustrating how
these high refractive index nanorods can effectively act as
optical transmitter antennas. The presented optical near-field
investigation of all-dielectric nanorod antennas will contribute
to the further development of directional optical energy transfer
at the nanoscale, radiation control of quantum emitters,26,50,51

all-dielectric metasurfaces, and flat optics.
Methods. Fabrication Section. In the present work, we

investigate dielectric nanoantennas made from amorphous
silicon (α-Si). A layer of 105 nm α-Si was deposited on a glass
substrate using plasma enhanced chemical vapor deposition
(PECVD). Different arrays of nanorod antennas were
subsequently patterned using e-beam lithography and in-
ductively coupled plasma (ICP) SF6/CF4 dry etching
according to our previously reported recipe.9 The α-Si has a
high refractive index of 4.0 and a low extinction coefficient k of
0.086 at λ = 600 nm. In the near infrared at 700 nm, k reduces
to 10−5. The pitch of the nanorod arrays is 4 μm. This ensures
minimal near- and far-field coupling between the rods. Both
SNOM measurements of single nanorods and far-field
extinction spectroscopy were performed on the same samples.
Simulation Section. Simulations were performed using the

finite-difference time-domain (FDTD) method.52 For simu-
lations with the plane wave excitation, a total-field scattered-
field source was used. From these simulations, the extinction
spectra as well as the field profiles were obtained. The
experimental refractive index data of the α-Si, as determined by
ellipsometry, was used, and the refractive index of the glass
substrate was taken as 1.52. To match the experimental
spectroscopy conditions, the angle of incidence of the plane
wave was set to 17°. This angle equals the average angle of the
light cone impinging on the nanorod arrays in the measure-
ments.
In the simulations which include the presence of the SNOM

probe, the probe was modeled as a hollow SiO2 pyramid coated
with a 100 nm thick Al layer. The diameter of the hole at the
apex of the pyramid equals 100 nm. The distance between the
apex of the probe and the nanorod is 10 nm. For excitation, a
plane wave source is positioned inside the pyramid. The
polarization of the plane wave source was oriented either along
(TM polarization) or perpendicular to (TE polarization) the
long axis of nanorods. The probe was moved with steps of 10
nm along the nanorod long axis (Figure 1c,d), while the
transmitted light intensity was recorded. To better simulate the
experimental conditions, the NA of the collection objective was
taken into account by calculating the transmission intensity
through a rectangular surface spanning the same collection
angle.29

Experimental Section. SNOM Measurements. Near-field
measurements were performed with an aperture type scanning
near-field optical microscope (WITec, alfa300 s53) in trans-
mission illumination mode. The probe consists of a hollow

SiO2 pyramid coated with 100 nm of Al. A small hole of 100
nm in diameter is etched at the pyramid’s apex. This
subwavelength hole provides the optical resolution below the
diffraction limit. A supercontinuum white light laser (NKT
Photonics, Koheras SuperK Extreme Standard) with an
acousto-optical tunable filter (AOTF) was used as the light
source. The AOTF selects simultaneously up to eight
wavelength channels from the spectrum of the supercontinuum.
The spectral width of each channel is around 10−20 nm. After
the passing through a polarizer, the light is focused on the apex
of the probe by an objective with 20× magnification, NA = 0.4.
The long axis of the nanorods was either parallel or
perpendicular to the light polarization. The light transmitted
through the aperture probe and the nanorod was collected in
the far-field by a reflective objective with NA = 0.8 and
delivered to a spectrometer (Princeton Instruments) equipped
with a Si CCD camera. The sample scanning was performed in
atomic force microscopy contact mode.

Extinction Measurements. Extinction measurements were
conducted on the arrays of nanorods (see Fabrication Section).
Experimental extinction spectra where obtained with a Fourier
transform infrared (FTIR) spectrometer microscope (Bruker
Vertex 80v and Hyperion) equipped with 15× magnification
Cassegrain condensers for excitation and collection in trans-
mission.9,45 After passing through a polarizer, the light is
focused by the bottom Cassegrain condenser on the nanorod
arrays at angles between 10° and 24°. The central angle of θ =
17° equals the angle used in the FDTD simulations. The top
condenser collected the light transmitted through the array.
Simulations of the FP modes in the range of the experimental
angles show minor changes in their far- and near-field response
related to the excitation efficiency of even parity modes (see
Figure S9 in the Supporting Information). These modes
especially are sensitive to the phase retardation of the
asymmetric illumination conditions.

■ ASSOCIATED CONTENT

*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.nano-
lett.7b03624.

SEM and AFM characterization of α-Si nanorods (Figure
S1); FDTD simulations of the probe near-field coupling
with E field component for TM11

5 and H field for TE11
6

(Figure S2); comparison of the field pattern of TMmj
n and

TEmj
n FP modes of the nanorods in the transverse (xy)

plane and TMmj and TEmj modes of the infinite nanowire
(NW) (Figure S3 and S4); the simulations of the all
components of the H and E field of TM FP modes
excited by plane wave source (Figure S5); the
simulations of the all components of the E and H of
TE FP modes excited by plane wave source (Figure S6);
a group representation theory based approach for field
decomposition (Figure S7); comparison of the α-Si
nanorod scattering and absorption cross sections (Figure
S8); the simulated extinction cross-section spectra and
near-field patterns with variation of the incident angle
(Figure S9); the normalized values of the experimental
and simulated SNOM transmission (Figure S10); the
simulations of the far-field radiation patterns of TM and
TE FP modes excited by SNOM probe (Figure S11)
(PDF)

Nano Letters Letter

DOI: 10.1021/acs.nanolett.7b03624
Nano Lett. 2017, 17, 7629−7637

7635

http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b03624/suppl_file/nl7b03624_si_001.pdf
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.nanolett.7b03624
http://pubs.acs.org/doi/abs/10.1021/acs.nanolett.7b03624
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.7b03624/suppl_file/nl7b03624_si_001.pdf
http://dx.doi.org/10.1021/acs.nanolett.7b03624


■ AUTHOR INFORMATION

Corresponding Authors
*E-mail: frolov@nanolab.phys.msu.ru.
*E-mail: niels.verellen@imec.be.

ORCID
Aleksandr Yu. Frolov: 0000-0003-0988-1361
Andrey A. Fedyanin: 0000-0003-4708-6895
Author Contributions
A.Y.F. and N.V. contributed equally to this work.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors acknowledge fruitful discussions with Yuri S.
Kivshar. N.V. and J.L. acknowledge financial support of the
FWO Flanders. N.V., H.P., and V.V.M. are supported by the
Methusalem funding by the Flemish Government. D.D.
acknowledges support by the Australian Research Council
(ARC) funding (CE140100003). A.Y.F. acknowledge financial
support from Russian Foundation for Basic Research (grant 16-
32-00720, numerical calculations). A.A.F. acknowledge financial
support from Russian Science Foundation (15-12-00065, data
analysis). M.R.S., A.Y.F., and A.A.F. acknowledge financial
support from Ministry of Education and Science of the Russian
Federation contract 14.W03.31.0008.

■ REFERENCES
(1) Kuznetsov, A. I.; Miroshnichenko, A. E.; Brongersma, M. L.;
Kivshar, Y. S.; Luk’yanchuk, B. Science 2016, 354, aag2472.
(2) Lin, D.; Fan, P.; Hasman, E.; Brongersma, M. L. Science 2014,
345, 298−302.
(3) Arbabi, A.; Horie, Y.; Bagheri, M.; Faraon, A. Nat. Nanotechnol.
2015, 10, 937−943.
(4) Kamali, S. M.; Arbabi, E.; Arbabi, A.; Horie, Y.; Faraon, A. Laser
Photon. Rev. 2016, 10, 1002−1008.
(5) Kruk, S.; Hopkins, B.; Kravchenko, I. I.; Miroshnichenko, A.;
Neshev, D. N.; Kivshar, Y. S. APL Photonics 2016, 1, 030801.
(6) Chong, K. E.; Staude, I.; James, A.; Dominguez, J.; Liu, S.;
Campione, S.; Subramania, G. S.; Luk, T. S.; Decker, M.; Neshev, D.
N.; Brener, I.; Kivshar, Y. S. Nano Lett. 2015, 15, 5369−5374.
(7) Jahani, S.; Jacob, Z. Nat. Nanotechnol. 2016, 11, 23−36.
(8) Yu, N.; Capasso, F. Nat. Mater. 2014, 13, 139−150.
(9) Li, J.; Verellen, N.; Vercruysse, D.; Bearda, T.; Lagae, L.; Van
Dorpe, P. Nano Lett. 2016, 16, 4396−4403.
(10) Yavas, O.; Svedendahl, M.; Dobosz, P.; Sanz, V.; Quidant, R.
Nano Lett. 2017, 17, 4421−4426.
(11) Shcherbakov, M. R.; Neshev, D. N.; Hopkins, B.; Shorokhov, A.
S.; Staude, I.; Melik-Gaykazyan, E. V.; Decker, M.; Ezhov, A. A.;
Miroshnichenko, A. E.; Brener, I.; Fedyanin, A. A.; Kivshar, Y. S. Nano
Lett. 2014, 14, 6488−6492.
(12) Shcherbakov, M. R.; Shorokhov, A. S.; Neshev, D. N.; Hopkins,
B.; Staude, I.; Melik-Gaykazyan, E. V.; Ezhov, A. A.; Miroshnichenko,
A. E.; Brener, I.; Fedyanin, A. A.; Kivshar, Y. S. ACS Photonics 2015, 2,
578−582.
(13) Krasnok, A. E.; Miroshnichenko, A. E.; Belov, P. A.; Kivshar, Y.
S. Opt. Express 2012, 20, 20599−20604.
(14) Shcherbakov, M. R.; Vabishchevich, P. P.; Shorokhov, A. S.;
Chong, K. E.; Choi, D.-Y.; Staude, I.; Miroshnichenko, A. E.; Neshev,
D. N.; Fedyanin, A. A.; Kivshar, Y. S. Nano Lett. 2015, 15, 6985−6990.
(15) Shcherbakov, M. R.; Liu, S.; Zubyuk, V. V.; Vaskin, A.;
Vabishchevich, P. P.; Keeler, G.; Pertsch, T.; Dolgova, T. V.; Staude, I.;
Brener, I.; Fedyanin, A. A. Nat. Commun. 2017, 8, 17.
(16) Cao, L.; Fan, P.; Barnard, E. S.; Brown, A. M.; Brongersma, M.
L. Nano Lett. 2010, 10, 2649−2654.

(17) Brönstrup, G.; Jahr, N.; Leiterer, C.; Csaḱi, A.; Fritzsche, W.;
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