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Abstract. We report on the experimental investigation, by means of spatially-resolved cathodoluminescence
spectroscopy, of rectangular all-dielectric Ge nanoantennas sustaining Fabry-Perot resonances. The combina-
tion of spatial and spectral resolution allows us to directly image the standing-wave pattern of the local density
of optical states inside the nanoantennas, which is the fingerprint of the resonant Purcell contribution to the
overall emission enhancement previously reported in the literature for the same structures. Our results confirm
that the emission properties of Ge nanostructures can be effectively tuned by engineering the local density of
optical states and that cathodoluminescence provides valuable information to experimentally address such
modulation in their emission properties.
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All-dielectric nanoresonators operating in the visible and
near-infrared spectral range have become a crucial ingredi-
ent for the enhancement of light-matter interactions at
the nanoscale, since they combine a large local density of
optical states with negligible absorption losses [1–3].
High-index, undoped semiconducting materials have been
employed to realize dielectric nanoantennas, often in the
form of individual disks or cylinders that support a rich
variety of Mie resonances [4–8]. Many other geometries
have also been explored, such as disk dimers [9–11], hollow
structures [7, 12, 13], nanowires [14], or nanoscale trun-
cated waveguides supporting Fabry-Perot resonances
[15–18].

The optical characterization of individual dielectric
nanoantennas typically relies on confocal microscopy,
exploiting either elastic scattering [4, 14, 16], photolumines-
cence from the antenna material [15], nonlinear effects
[5–7, 10], or the coupling with photon emitters [7, 9,
11, 19]. However, diffraction-limited optical techniques do
not allow resolving the spatial features of the resonant field
distribution inside the dielectric nanoantennas. To this aim,
both near-field microscopy [18, 20, 21] and scanning-electron
cathodoluminescence microscopy [22–24] have been applied.

Specifically, apertureless near-field microscopy is mostly
sensitive to the out-of-plane component (along the tip axis)
of the local electric field outside the nanoantenna, which is
efficiently scattered by the tip, while cathodoluminescence
relies on the broadband generation of photons when a fast
electron impinges onto a surface. Such an interaction
can be effectively described as giving rise to a point-like
emitting dipole, which makes spatially-resolved cathodolu-
minescence the ideal tool to experimentally address the
local density of photonic states inside the nanoantenna
[25–27].

Ge nanoantennas fabricated on Si in the form of rectan-
gular nanoscale waveguide resonators already demon-
strated an almost 30-fold enhancement in the collected
spontaneous emission per unit volume compared to a con-
tinuous Ge film [15]. The Purcell contribution (reduction
of the excited-state lifetime) to such enhancement, in par-
ticular, was analyzed with finite-difference time-domain
simulations and attributed to the presence of Fabry-Perot
resonances for the fundamental transverse-electric (TE)
and transverse-magnetic (TM) modes supported by the
nanoantennas. Yet, only indirect evidence was provided
about this explanation, i.e. the measured enhancement of
the Ge direct-gap emission as a function of the antenna
length.
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In this work, we provide direct evidence of Fabry-Perot
standing waves in such Ge nanoantennas exploiting
cathodoluminescence microscopy. By doing so, we demon-
strate that a standing wave is indeed clearly visible along
the nanoresonator when the resonance conditions are met.
The effective index of the mode and its associated wave-
length, as extracted from the experimental maps, are in
very good agreement with the numerical predictions and
confirm that the field enhancement in the investigated
nanostructures can be partially attributed to Fabry-Perot
resonances of the truncated waveguide.

The sample under investigation was fabricated by
focused ion-beam milling employing Ga ions, starting from
a 400-nm-thick heavily-doped Ge film grown on a standard
Si(001) wafer by low-energy plasma-enhanced chemical
vapor deposition (doping concentration around 1019 cm�3)
[28]. Each antenna can be described as a truncated wave-
guide with a fixed cross-section of about 400 � 400 nm2

and varying length. A representative scanning electron mi-
croscopy image shown in Figure 1a points out that the ac-
tual nanostructure geometry presents tilted side walls and a
slight undercut into the Si substrate around the milled
antenna. All these features are accounted for in the numer-
ical simulations. Moreover, the antenna is covered with
a 50-nm-thick silicon oxide film, which is functional to
increase the quality of the ion-beam milling, as discussed
in references [15].

The cross section of the nanoresonator is designed so
that only two almost-degenerate fundamental modes are
sustained, with a dominant TE and TM character, respec-
tively. Their intensity profiles on a plane coinciding with

the transverse cross section of the antenna, simulated with
the mode solver of the FDTD Ansys Lumerical software,
are shown in Figures 1b and 1c, along with their dispersion
relations (i.e. mode wavelength as a function of the free-
space wavelength, see Fig. 1d).

In the setup employed for this work, cathodolumines-
cence is excited by a 30-keV electron beam inside a scanning
electron microscope and is collected by a parabolic mirror
(0.98 numerical aperture) that collimates the emitted radi-
ation and redirects it through an optical collection system
directly onto an InGaAs spectrometer, without the use of
any optical fiber [23]. The experimental analysis is per-
formed on the total intensity impinging onto the detector,
with no sensitivity to the polarization state of the emitted
light. We focus our analysis on an individual nanoantenna
with a length of 1400 nm, as shown in the top-view scanning
electron microscopy image of Figure 2a. The cathodolumi-
nescence spectrum is acquired as a function of the position
of the electron beam along the main antenna axis. The
resulting two-dimensional map, representing the collected
intensity as a function of the wavelength and the beam
position, is reported in Figure 2b. A quick inspection of
the map clearly reveals that, for specific wavelengths, a
standing-wave pattern is visible inside the nanoantenna,
which points to the occurrence of Fabry-Perot resonances
modulating the local density of optical states available for
the radiative decay of the emission dipoles. Such resonances
are generated by the constructive interference of the two
degenerate guided modes bouncing back and forth inside
the truncated waveguide, thanks to the reflectivity of the
end facets. They occur for antenna lengths that are equal

Fig. 1. Investigated Ge nanoantennas: (a) representative scanning electron microscopy image; (b, c) intensity profile of the
fundamental TE and TM modes, respectively, simulated employing the mode source in the FDTD Ansys Lumerical software;
(d) dispersion relations (mode wavelength as a function of the free-space wavelength) for the fundamental TE and TM modes.
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to a multiple of half the mode wavelength. In practice, the
transition dipole generated by the keV electrons impinging
onto the antenna can radiatively decay into the Fabry-
Perot modes of the nanocavity. This mechanism determines
a spatially-dependent decay rate, which reflects in the
collected intensity signal. By averaging the spatially- and
frequency-resolved signal over a wavelength range of about
50 nm around the two resonant wavelengths observed
experimentally in Figure 2b, the white solid lines superim-
posed to the map are obtained, which allow for a more
quantitative analysis of the phenomenon.

Evidence for the observed resonances is also provided by
individual cathodoluminescence spectra in Figures 2c and
2d, which are acquired at specific locations along the
antenna axis, as marked by the letters a–m in Figure 2b.
Two peaks around 1330 nm and 1460 nm are clearly visible,
corresponding to the central wavelengths of the standing-
wave patterns in the map of Figure 2b.

To analyze and interpret the experimental findings, let
us recall that the fundamental TE and TM modes in the
truncated Ge waveguide are practically degenerate. As a
result, they possess roughly the same mode wavelength,
while higher order modes are not supported by the small
cross section of the waveguide [15]. We expect that the
standing-wave patterns imaged by the cathodolumines-
cence setup present a well-defined spatial periodicity of half
the mode wavelength at the specific resonance frequency.
Such a spatial periodicity can be easily evaluated by
measuring the approximate distance between the outer
intensity peaks in the standing-wave pattern and dividing
by the number of the periods. By doing so, we find mode
wavelengths of about 335 nm and 390 nm for the two
resonance peaks. These experimental results are in excellent

agreement with the simulations reported in Figure 1d,
which predict mode wavelengths of about 338 nm and
380 nm for the same free-space wavelengths of 1330 nm
and 1460 nm, respectively. Interestingly, the non-trivial
lineshapes of the two main peaks in Figures 2c and 2d might
be a hint of the non-perfect degeneracy of the TE and TM
modes involved in the resonant emission process. It should
also be noted, for sake of completeness, that for the two
investigated resonances we observe 6 and 7 intensity
maxima inside the antenna, i.e. we have evidence for
Fabry-Perot modes in which the cavity length is 6 or 7 times
the half mode wavelength, respectively. This would point to
an expected cavity length of about 1350 nm sustaining such
resonances. Indeed, the estimate of a nominal length of
1400 nm for the footprint of the investigated nanostructure
does not take into account the presence of tilted side walls
for the reflecting end facets, which results in a shorter effec-
tive length as demonstrated experimentally.

In conclusion, we employed spatially-resolved cathodo-
luminescence spectroscopy in a scanning electron micro-
scope coupled to an optical spectrograph to provide direct
experimental evidence of the presence of Fabry-Perot
resonances in rectangular Ge nanoantennas. The investiga-
tion allows imaging the standing-wave pattern of the local
density of optical states inside the nanoantenna and
confirms that cathodoluminescence represents a key asset
in the engineering of nanophotonic devices and in the
experimental assessment of their performance. Perspective
combinations of this technique with electron energy-loss
spectroscopy might further enrich the information, leverag-
ing the possibility to discriminate between local density of
states and radiative local density of states and possibly also
between TE and TM modes [29].

Fig. 2. Cathodoluminescence investigation of the Ge nanoantenna: (a) top-view scanning electron microscopy images of the
investigated nanoantenna (the dashed line represents the trajectory of the scanning electron beam during the acquisition of
the cathodoluminescence spectra); (b) two-dimensional map (emission wavelength as a function of the electron beam position along
the antenna axis) from the cathodoluminescence investigation, with solid white lines representing the intensity profile integrated over
a wavelength range of about 50 nm around each resonance; (c) smoothened cathodoluminescence spectra acquired at specific positions
(marked with letters a-m on panel b) along the antenna axis, after vertical translation for sake of readability; (d) raw data for the
smoothened cathodoluminescence spectra of panel c.
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