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limit, and may also serve to enhance and 
direct the emission from local sources. In 
both regards, the antennas act as a cru-
cial bridge between the electromagnetic 
radiation in the far- and near-field regions, 
and have recently attracted considerable 
attention.[1] Metal-based nanoantennas, 
composed of materials such as silver 
and gold, harness the properties of plas-
monic excitations to control light on the 
nanoscale, opening up many opportuni-
ties within areas such as telecommunica-
tions, sensing, and photovoltaics.[2–4] The 
plasmonic response of such nanoantennas 
stems from the collective oscillation of 
electrons,[5] which enables significant 
enhancement of the electric near-field, 
whereas the magnetic near-field is not con-
siderably affected. However, the inherent 
ohmic loss associated with plasmonic exci-
tations gives rise to Joule heating and, as 
a result, their use in temperature-sensitive 
applications, such as surface enhanced 

Raman spectroscopy, might be hindered.[6,7]

By contrast, all-dielectric and semiconductor nanoantennas 
composed of high-index materials in a low-index background 
may support both electric and magnetic Mie-type resonances, 
therefore facilitating significant field confinement whilst 
maintaining low losses across the visible and near-infrared 
spectral regions.[8–13] These dielectric or semiconductor nano-
antennas confine fields within the volume of the structure, 
which results in lower field confinement compared to their 
metallic counterparts, but also allows for a greater effective 
interaction volume between the incident field and the bulk 
material in, for example, nonlinear processes.[6] All-dielectric 
nanophotonic technology can be readily employed in loss- 
and temperature-sensitive applications.[14] Moreover, inter-
play between electric and magnetic resonances in these nano-
antennas provides a means of engineering the directionality of 
scattering and second-harmonic generation.[15–18] Consequently, 
arrays of dielectric nanoantennas represent a promising route 
toward low-loss metamaterials and metasurfaces,[16,19,20] in addi-
tion to nanoscale photodiodes.[21] Moreover, destructive inter-
ference between two different dipole moments in nanoscale 
antennas may lead to nonradiative anapole modes.[22,23] Impor-
tantly, dielectric nanoantennas are suitable for engineering 
nonlinear optical effects if they are composed of materials with 
a high nonlinear susceptibility, such as GaAs[24] and AlGaAs.[6] 

All-dielectric nanoantennas enable the manipulation and confinement of light 
on the nanoscale through a variety of resonant excitations. Understanding 
and controlling the interactions among resonances at a level of individual 
nanoantennas is required for the development of appropriate design 
rules for their applications, especially with regard to nonlinear optics, 
where the nonlinear interaction depends on the resonant behavior in a 
superlinear manner. Here, cathodoluminescence imaging spectroscopy 
is used to experimentally investigate the electric and magnetic modes 
supported by single AlGaAs nanoantennas and their hybridization in a 
dimer configuration. An interplay is shown between the resonant modes of 
the nanostructures and interband emission of the semiconductor material, 
which contrasts with Si nanoantennas, where the bandgap effects are not 
significant. The measurements are in very good agreement with numerical 
simulations, which also provided further insight into the nature of the 
modes. The resonant modes of semiconductor nanoantennas are important 
for engineering linear and nonlinear metasurfaces, as well as for sensing 
applications and fluorescence control in nanophotonic environments.
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Nanoantenna Modes

1. Introduction

The ability to manipulate, confine and redirect light on the 
nanoscale is essential in the development of photonic devices, 
metamaterials and metasurfaces, as well as for integrated 
optical applications, including solar cells and sensors. To 
this end, optical nanoantennas enable the collection and 
confinement of light to volumes smaller than the diffraction 
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The large effective interaction volumes, and low inherent 
losses, permit dielectric nanoantennas to sustain large optical 
powers, hence making them advantageous for nonlinear appli-
cations. In addition, the nonlinear polarizabilities may be 
enhanced by the multipolar nature of the electric and magnetic 
modes, with their interplay also establishing a means for con-
trolling the directionality of nonlinear emission.[6,25–28] High 
nonlinear efficiencies provide a wide range of possible appli-
cations,[29] including nonlinear microscopy, holography, and 
the achievement of efficient quantum-entangled light sources 
through spontaneous parametric down-conversion.[9]

With respect to the nanoantenna geometry, a nanopillar 
(cylindrical) design is particularly beneficial as it offers two 
degrees of freedom, namely, diameter and height, which per-
mits tuning of the electric and magnetic modes. Additionally, 
dimers, which are composed of two nanopillars with a sub-
wavelength gap, may also support magnetic hotspots,[30] that, 
along with electric hotspots, influence the local density of 
states.[31] All-dielectric dimer structures have also been used to 
enhance fluorescence,[7,32] and enable greater control over the 
direction of emission compared to single particles.[33,34] Cou-
pling between adjacent nanopillars has been shown to give 
rise to hybridization of the electric and magnetic modes, which 
has previously been observed using silicon nanoparticles.[35] 
Crucially, in order to effectively harness the properties of such 
dielectric nanoantennas, the nature of resonances supported by 
single and coupled nanoantennas must be fully explored and 
understood.

In this paper, we experimentally study the electric and 
magnetic resonances supported by individual AlGaAs nano-
pillars in the visible and infrared spectral ranges and the 
hybridized modes present in individual dimers, using 
cathodoluminescence (CL) imaging spectroscopy. By scanning 
a focused electron beam across the nanoantennas, we reveal 
the resonances that are inaccessible under the plane wave illu-
mination and investigate the interplay between the resonances 
and bandgap emission in the nanoantenna 
material. The CL emission was measured 
from single pillars of different diameters 
so that the dependence of the supported 
modes on the aspect ratio and size of the 
nanopillars can be revealed. Additionally, 
the spectral and spatial characteristics of the 
dimer resonances were investigated, showing 
hybridization of the electric and magnetic 
modes. The experimental results exhibited 
very good agreement with numerical calcula-
tions, which allowed the electric or magnetic 
character of the resonances to be identified.

2. Results and Discussion

The geometry of the nanoantennas is 
outlined in Figure 1a, for both single and 
dimer configurations. The height, h, of the 
fabricated nanopillars is fixed at 400 nm, 
while the diameter, d, and dimer separation, 
s, are varied. These nanostructures support  

both magnetic and electric optical resonances as a con-
sequence of their size, high index and low absorption 
losses. Excitation of magnetic modes occurs due to the cou-
pling to displacement current loops, while electric modes 
arise as a result of collective polarization,[36,37] leading to 
characteristic field distributions of magnetic and electric 
multipoles. Due to the symmetry of the nanopillars, the hori-
zontal magnetic and electric dipole modes are degenerate in 
all in-plane directions.

In order to characterize the response of the nanoantennas, CL 
imaging spectroscopy was employed (see the Experimental Sec-
tion for details), in addition to numerical simulations. Figure 1b 
illustrates a scanning electron microscope image of a nanopillar, 
where d = 400 nm. The corresponding CL intensity map at a 
wavelength of 730 nm is due to band-edge emission of the semi-
conductor (Figure 1c). In this case, the strongest CL emission 
occurs when the e-beam is positioned at the center of the nano-
pillar, due to symmetry. Moreover, the CL spectra of individual 
nanopillars of different diameters, excited in the center, all 
exhibit this band-edge peak, which is evidently insensitive to the 
size of the pillars (Figure 2a,b). The experimental measurements 
and modeling spectra displayed very good correspondence in a 
frequency range below the bandgap (at the wavelengths longer 
than ≈730 nm), whereas above the bandgap the CL signal is sig-
nificantly suppressed. This behavior contrasts with, for example, 
Si nanoantennas, where the role of interband emission is not 
significant and, therefore, experimentally measured resonances 
are clearly visible in the CL spectra above the bandgap.[35,38] 
Examination of the simulated eigenmode electric field pro-
files for these structures allowed for identification of electric  
(Figure 2d,f,h,j) and magnetic (Figure 2c,e,g,i) modes at the 
resonance peaks. Here, we note that theoretical study and iden-
tification of the resonances in single and dimer nanocylinders 
of finite length can only be done by semianalytical[39] or numer-
ical[31] means, as analytical closed form solutions in these cases 
are unobtainable.[40]
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Figure 1. Structure of the AlGaAs nanoantennas and their characterization using cathodo-
luminescence. a) Single pillars with height h, diameter d, and dimers, with a separation s.  
b) Scanning electron microscope image of a nanopillar with d = 400 nm, and c) corresponding 
CL intensity map, at a wavelength of 730 nm with a pixel size of 20 nm and bandwidth of 30 nm, 
where the CL signal is predominantly due to band-edge emission of the semiconductor. The 
scale bar in (b) is 200 nm.
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For all the nanopillar diameters studied, high-order 
resonances manifest in the visible region, whilst predomi-
nantly dipolar and quadrupolar modes are supported in 
the infrared. Considering the 360 nm diameter nanopillar, 
Figure 2a illustrates a resonance at 770 nm that is in good 
agreement with the corresponding simulation, which is 
shown to be magnetic in its origin (Figure 2g). However, the 
simulated peak at 740 nm (Figure 2h), is not displayed in the 
experiment, as it is likely hidden by the large band-edge lumi-
nescence at 730 nm. In the infrared region, there are three 
peaks at 1450, 1150, and 990 nm which are closely mirrored 
by the simulations. These resonances are due to the excitation 
of magnetic dipolar, electric dipolar, and magnetic quadrupolar 
modes, respectively, as identified by the mode field distribu-
tions (Figures 2c–e).

In the case of the 420 nm diameter nanopillar (Figure 2b), 
the experimental resonances at around 790 and 800 nm are in 
good agreement with the simulations (780 and 790 nm, respec-
tively), with a slight red-shift possibly due to a difference in 
size or a deviation from a pillar shape (e.g., tapering). A peak 
corresponding to the simulated resonance at 760 nm is not 
evident in the CL measurement, as it may be masked by the 
resonance at 790 nm. In this case, there are four infrared peaks 
at 1005, 1120, 1270, and ≈1500 nm, which exhibit good agree-
ment with the simulations, with the exception of the resonance 
at 1270 nm, which is not perceptible in the simulated spectrum 
as it is likely hidden by the broad magnetic dipole resonance 

at ≈1600 nm. Additionally, the sensitivity 
of the CL system drops sharply toward 
1600 nm, and therefore the experimental 
peak at 1500 nm may extend further into the 
infrared, in line with the simulations.

Comparing the two diameters, it is 
obvious that an increase in diameter yields 
both a general red-shift in the resonances, 
and change of their spectral separation, 
leading to an overlap of the electric and mag-
netic modes. In particular, the three infrared 
resonances evident in Figure 2a are shown 
to red-shift in Figure 2b. This enables the 
tuning of the spectral response of the nano-
antennas via altering their diameters and is 
hence particularly advantageous for many 
applications requiring a specific wavelength 
of operation.

In the case of dimer structures, the cou-
pling between adjacent nanopillars also 
gives rise to hybridization, yielding sym-
metric and antisymmetric bonding modes 
that provide a greater opportunity for 
engineering their emission and confine-
ment properties. Normal incidence plane 
wave illumination is only able to excite sym-
metric modes, where the dipole moments 
are parallel, whereas excitation using a 
quasi-point-like e-beam allows for the inves-
tigation of both symmetric and antisym-
metric modes. These antisymmetric modes 
concentrate energy and contribute to the 

local density of states. Figure 3a outlines the CL spectrum 
acquired when a dimer (individual pillar diameter of 330 nm 
and separation of 110 nm) is illuminated at various posi-
tions with an e-beam. Peaks at 1100, 1200, and 1350 nm are 
apparent, which are broader compared to the single pillar 
spectra (Figure 2a,b). This is borne out by the corresponding 
simulation (Figure 3f), which also displays a variation in the 
peaks intensity and wavelength as the excitation position is 
altered. In particular, the magnitude of the peak at 1200 nm 
is shown to vary significantly (Figure 3a,f). Moreover, spectra 
calculated via the eigenmode simulations (Figure 3g), illustrate 
multiple resonances that overlap to produce the broad peaks 
observed in the experiment. By contrast, plane wave excitation 
of the dimer at the normal incidence (Figure S1, Supporting 
Information) exhibits only two resonances for each incident 
polarization, corresponding to the excitation of the symmetric 
modes.

Figure 3b–e illustrates maps of the CL intensity at the wave-
lengths 1000, 1100, 1200, and 1350 nm, respectively. These 
maps highlight the spectral variation in the CL distribu-
tion that arises due to the interplay of the contributing 
modes. For instance, the CL map shown in Figure 3e  
is predominantly the result of the three magnetic modes 
residing in the wavelength range 1330–1410 nm. Addition-
ally, when considering the linewidths exhibited in Figure 3g,  
the two antisymmetric mode peaks in the aforementioned 
range are narrower than the symmetric ones, suggesting lower 
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Figure 2. CL spectra for single AlGaAs pillars with a) d = 360 nm and b) d = 420 nm, due to 
e-beam excitation at the center of the nanopillars: (blue lines) experimental CL measurements 
and (red lines) simulations using dipole excitation. Grey shading indicates the spec-
tral range wherein CL emission from the nanopillars is obscured by CL emission from the 
substrate. c–j) Eigenmode simulations showing the electric field distributions for the modes 
supported by the nanopillars in the visible and near-infrared region: (c,e,g,i) magnetic modes 
and (d,f,h,j) electric modes. Field distributions are cross-sections of the electric field intensity 
taken along the x–z plane through the center of the nanopillars. The corresponding spectral 
positions of the modes are indicated in (a) and (b) with colored markers, where each shape 
corresponds to a specific mode.
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radiative losses, and, therefore, a greater contribution to the CL 
map may originate from the symmetric mode. Significantly, 
Figure 3b displays CL hotspots at the nanopillar edges closest to 

one another, with the asymmetry confirming 
the presence of mode hybridization. This 
asymmetric CL profile likely corresponds 
to an antisymmetric electric mode, as illus-
trated in Figure 4a.

A detailed overview of the specific dimer 
modes is provided in Figure 4, which dis-
plays the electric field distributions of the 
eigenmodes. The three antisymmetric 
electric and magnetic modes cannot be 
excited under normal incidence plane wave 
illumination (Figure 4a–c). There is strong 
spectral overlap between the multiple sym-
metric and antisymmetric modes, giving 
rise to the broad peaks (Figure 3a,f). It is 
evident from Figure 3g that the symmetric 
and antisymmetric electric dipole modes 
both occur in the spectral vicinity of the iso-
lated electric dipole mode, which manifests 
at 1100 nm, as can be expected. All four 
possible alignments of the magnetic dipole 
modes reside in the region 1220–1410 nm, 
around the isolated magnetic dipole mode 
at 1360 nm. This splitting of the original 
single pillar modes is a hallmark of hybrid-
ization, confirming the coupling between 
the two nanopillars. Additionally, the cou-
pling strength will manifestly depend on 
their separation, which represents another 
degree of freedom for tuning their optical 
properties. It is also worth noting that 
the CL profiles are due to multiple modes 
being concurrently excited, which hinders 

the visibility of individual mode distributions. Nonetheless, 
the CL profiles display a degree of correspondence with 
the individual simulated field profiles (cf. Figure 3b–e and 
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Figure 3. CL emission from an AlGaAs dimer with s = 110 nm and an individual pillar d = 
330 nm. a) Experimental CL spectra with the corresponding excitation positions shown in 
the inset. The scale bar is 200 nm. b–e) CL intensity maps for the wavelengths 1000, 1100, 
1200, and 1350 nm, respectively, with a pixel size of 60 nm. The spectral positions of the 
maps are indicated in (a). The bandwidth for each map is 30 nm. f ) Simulated spectra for 
the dimer under dipole excitation, with the corresponding excitation positions shown in 
the inset. g) Spectra calculated via the eigenmode simulations, showing the peak positions 
and spectral widths of the individual modes. Solid and dashed colored lines correspond to 
symmetric and antisymmetric modes in the dimer, respectively. The electric and magnetic 
dipole modes present in an isolated pillar with d = 330 nm are shown by black and grey 
solid lines, respectively.

Figure 4. Simulated eigenmode electric field profiles for the dimer nanopillar considered in Figure 3. a–c) Antisymmetric modes and d–f) symmetric 
modes. The field distributions are cross-sections of the electric field intensity taken through the center of the nanopillars along a,b,e) the x–z and 
c,d,f) the x–y planes. The directions of the electric and the magnetic dipoles are shown, together with the wavelengths. Color frames correspond to 
the peaks in Figure 3g.
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Figure 4), which further indicates the field distribution of the 
modes.

It is apparent that, depending on the excitation posi-
tion of the dimer, different modes are preferentially excited 
(cf. Figure 4 and Figure 3a,f). In other words, efficient driving 
of a specific mode occurs when the highly localized electric 
field generated by the e-beam overlaps the electric field of the 
eigenmode. Moreover, the e-beam induced coherent radiation, 
which arises due to electrons passing across the sample inter-
face (the predominant radiation source below the bandgap), 
was represented as a vertical dipole in the very first approxima-
tion.[38] As the dipole is orientated vertically along the direction 
of the e-beam current, it will strongly excite modes that pos-
sess a vertical electric field component at its position. This 
ability to preferentially excite different modes depending on the 
illumination position also paves the way for greater control of 
the directionality of the radiation pattern and the Purcell effect 
for individual quantum emitters strategically positioned with 
respect to nanopillars.

3. Conclusion

We have experimentally demonstrated electric and mag-
netic resonances in both single and dimer AlGaAs nanoan-
tennas. CL imaging spectroscopy provided direct confirmation 
of the modes in both the visible and infrared spectral ranges. 
The modes were subsequently analyzed via numerical simula-
tions, allowing their electric or magnetic character to be ascer-
tained. The dimers support multiple hybridized modes that 
spectrally overlap, giving rise to the broad peaks observed in 
the CL spectra. The spectra vary significantly as the electron 
beam moves across the dimer, illustrating the preferential exci-
tation of different modes with the variation of the excitation 
position. The results verify that the modes of individual and 
coupled nanoantennas can be effectively characterized, leading 
to a fuller understanding of their optical properties. This is a 
necessary step in the development of nanoantennas with spe-
cific emission and confinement characteristics, for enabling a 
greater range of potential applications.

4. Experimental Section

Sample Fabrication: The design and fabrication procedure of 
the nanopillars are summarized in Figure S2 of the Supporting 
Information. AlGaAs was chosen as the constituent material for the 
nanoantennas, due to its compatibility with nanophotonic technology, 
permitting integration with optical sources and detectors. Moreover, 
recent advances in nonconventional CMOS-compatible fabrication 
processes have established AlGaAs as a viable alternative platform 
to Si, especially with regard to applications involving quadratic 
nonlinearities.[41] A 400 nm layer of Al0.18Ga0.82As, on top of a 1 µm 
thick Al0.98Ga0.02 layer sandwiched between two transition regions with 
linearly varying aluminum molar fraction, was grown by molecular-
beam-epitaxy on a [100] nonintentionally doped GaAs wafer. An array of 
nanopillars was realized by patterning circles with diameters between 
300 and 450 nm, and equally spaced by 3 µm, with a scanning electron 
microscope lithography system. The samples were subsequently dry 
etched with nonselective ICP-RIE with SiCl4:Ar chemical treatment. The 
etching depth of 400 nm, controlled by laser interferometer, defined the 

nanopillars and revealed the AlAs layer. The etched sample was then 
oxidized at 390 °C for 30 min in an oven equipped with in situ optical 
monitoring, under a precisely controlled water vapor flow with N2:H2 
carrier gas. After oxidation, each Al0.18Ga0.82As nanopillar remained 
on a uniform AlOx substrate, whose low refractive index enables sub-
wavelength optical confinement in the nanocavity by total internal 
reflection.

Simulations: Full-vectorial electromagnetic simulations implemented 
with the finite element method in the COMSOL software were used 
to investigate the modal structure of single and dimer nanopillars. In 
the simulation domain, the Al0.18Ga0.82As nanopillars were standing  
in air (n = 1) on a uniform semi-infinite AlOx substrate (n = 1.6). The 
dispersion of the complex permittivity of Al0.18Ga0.82As was modeled 
from the experimental data.[42] Open boundary conditions were 
simulated using perfectly matched layers. The optical excitation was 
implemented with a single point dipole source of unitary amplitude. The 
scattering efficiencies were subsequently calculated as the ratio of  
the outgoing flux of the Poynting vector generated by the point dipole 
source with and without the nanostructures. Eigenfrequencies and 
spatial electric field profiles of the nanostructure modes were calculated 
with an eigenmode analysis implemented in COMSOL.

Experiment: CL measurements were carried out using a commercial 
system (SPARC, Delmic). In order to characterize the CL emission, a 
focused 30 keV electron beam was scanned across the sample surface, 
acting as a broadband nanoscale light source for the local excitation of the 
antennas, thereby providing sub-wavelength resolution.[43,44] Moreover, 
due to the high localization, the electron beam can excite modes 
that are momentum- and symmetry-forbidden for a plane wave.[35,43] 
Upon e-beam illumination, the excited modes subsequently radiate 
into the far-field, with the signal collected by a parabolic mirror and 
directed into a spectrometer (Figure S3, Supporting Information). The 
e-beam was scanned across the sample, yielding 2D CL intensity 
maps. The CL signal was averaged over the pixels corresponding 
to the region of interest, to produce CL spectra (Figures 2a,b  
and 3a). CL originating from the GaAs substrate exhibits a peak at a 
wavelength of 870 nm that obscures emission from the nanopillars, and 
thus no measurements were possible within its spectral vicinity. This 
background CL, measured when the substrate was directly illuminated, 
was subtracted from each measurement. This results in an artificial drop 
in signal near 870 nm, due to the inherently larger background signal 
acquired when the substrate is directly excited, compared to indirect 
excitation of the substrate when the nanopillars are illuminated. CL 
spectra in the visible and infrared regions (Figure 2a,b, left and right of 
the gray region) were acquired sequentially, as efficient collection of CL 
in both regions required a change in optics and camera. Sensitivity in 
the infrared region is inherently lower than in the visible region, which 
necessitated longer exposure times. The infrared CL spectra were also 
filtered in MATLAB. An estimation of the magnitude of CL signal in the 
infrared region relative to the visible was carried out via comparison with 
the corresponding simulations (Figure 2a,b). It is important to note that 
CL imaging provides information exclusively on radiative modes (i.e., 
modes that couple to far-field radiation), whereas, for example, electron 
energy loss spectroscopy[45,46] probes both the radiative and nonradiative 
density of states.[47]

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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