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ABSTRACT: Light−matter interactions are commonly probed by
optical spectroscopy, which, however, has some fundamental limitations
such as diffraction-limited spatial resolution, tiny momentum transfer,
and noncontinuous excitation/detection. In this work, through the use of
scanning transmission electron microscopy−electron energy loss spec-
troscopy (STEM-EELS) with ultrawide energy and momentum match
and subnanometer spatial resolution, the longitudinal Fabry−Perot (FP)
resonating modes and the transverse whispering-gallery modes (WGMs)
in individual SiC nanowires are simultaneously excited and detected,
which span from near-infrared (∼1.2 μm) to ultraviolet (∼0.2 μm)
spectral regime, and the momentum transfer can range up to 108 cm−1.
The size effects on the resonant spectra of nanowires are also revealed.
This work provides an alternative technique to optical resonating spectroscopy and light−matter interactions in dielectric
nanostructures, which is promising for modulating free electrons via photonic structures.
KEYWORDS: EELS, STEM, SiC nanowire, optical resonance, electron-photon interaction

Nanophotonics, which focuses on the behavior of light on
the nanoscale and the interaction of light with nanoma-

terials, helps reduce the size of various detectors and photonic
devices, as small detectors tend to have a variety of desirable
properties, including low noise, high speed, low power, etc. An
important direction of nanophotonics is to trap light with
nanomaterials.1,2 The trapped light enabling subwavelength
optics beyond the diffraction limit can enhance the light−matter
interactions and thus find significant applications in subdif-
fraction imaging, nanoscale lasing, sensing, and surface-
enhanced spectroscopy.1−4 Understanding the light−matter
interactions on the nanoscale is always a prerequisite for such
photonic device design and applications. The laser-based optical
spectroscopies such as absorption/scattering spectroscopy and
photoluminescence spectroscopy have proved to be sophisti-
cated tools for probing the photonic response of nanomaterials
and nanostructures. For example, optical near-field techniques
are widely used to image the evanescent field of nanostructures
in the most advanced setups.5,6 However, there are also a few
limitations for conventional optical spectroscopy. First, due to
the tiny momentum for photons, only those interactions with a
small momentum transfer can be excited.7−12 Second, some
frequency windows (e.g., far-infrared) are not covered by the
current commercial laser instruments.13−16 Moreover, optical
near-field techniques need to launch continuous-wave laser light
spanning ultrawide frequency spectra to excite different-order
waveguide modes, making not only the experimental study
technically challenging but also the study of different waveguide
mode couplings difficult.13−16 Third, the spatial resolution of

optical spectroscopy is constrained by the classical diffraction
effects.17−19 The interaction cross-sections between light and
matter are typically small, thus it is usually difficult to probe the
signal from the tiny nanostructures due to the limited spatial
resolution and/or small cross-sections.1,20,21 Therefore, it is
highly desirable to overcome these limitations and to probe the
fundamental interactions in tiny photonic nanostructures more
efficiently.
Compared to the photons in optical techniques, the

transferred momentum of electrons can be much larger when
the injected electrons interact with matter.8,22,23 The transferred
momentum of a high energy electron beam scattered at angle
(θ) is several orders of magnitude larger than that of a laser
beam, which can be calculated by ℏΔk = ℏk sin θ ≅ ℏkθ. For
example, an electron beam with a collection semiangle of 25
mrad with a wavelength λe = 0.048 Å (60 keV) can give a
transferred momentum Δk up to 3.0 × 108 cm−1. In contrast, a
laser beam with a divergence of 25 mrad at wavelength 600 nm
gives a Δk of about 2.6 × 103 cm−1. In addition, the range of
transferred energyΔE of the electrons is up to a kilo-electronvolt
level, which is much larger than that in a laser beam.
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The electron energy loss spectroscopy (EELS) incorporated
in a scanning transmission electron microscope (i.e., STEM-
EELS) equipped with an aberration corrector and mono-
chromator offers considerable energy resolution and very high
spatial resolution. The recent advances of monochromators in
STEM enable an atom-wide kilo-electronvolt electron probe
with about sub-10 meV energy resolution,24−30 allowing
atomically resolved EELS analysis of many physical excitations
such as vibrational spectroscopy, phonon polaritons, and
plasmons in an extremely wide continuous spectral range with
subnanometer spatial resolution.1,13,31−37 In addition, the high
energy electrons can usually excite more multipole modes, even
including the optical inactive dark modes.9,38 However, research
on the optical resonating spectroscopy of dielectric nanostruc-
tures via STEM-EELS has been rarely reported, which is mainly
due to the optical frequency windows of the resonating modes
usually overlap with plasmon/interband transitions of dielectric
materials in EELS. In fact, for the dielectric microcavities with
suitable dimensions (few tens of nanometers to micrometers),
the intrinsically optical resonating spectra can be obtained
without the influence of plasmon and interband transitions via
aloof geometries (the electron beam positioned in the vacuum
near the sample).27,39,40

In this work, we characterize the interactions of fast electrons
and optical resonating modes in individual silicon carbide (SiC)
nanowires with different diameters using STEM-EELS in the
aloof mode where the electron beam is positioned several

nanometers away from the sample. As a natural wide-bandgap
material, SiC has important applications both in electronics and
photonics. In particular, SiC photonics has emerged recently for
the high refractive index and wide transparent windows (0.37−
5.6 μm), which can avoid multiple photon absorption that
bothers the Si photonics.41,42 The longitudinal Fabry−Perot
(FP) resonating modes and the transverse whispering-gallery
modes (WGMs) of SiC nanowires are simultaneously excited
and detected and span from near-infrared (∼1.2 μm) to
ultraviolet (∼0.2 μm) and are much wider than that of
conventional optical spectroscopy. The detected momentum
transfer can be up to 108 cm−1, which is also a few orders of
magnitude larger than that of conventional optical spectroscopy.
We systematically study many nanostructures to extract the size
effect and reveal the underlying mechanism from both the
analytical and numerical simulations. Moreover, the nanoscale
decay length of resonant EELS is demonstrated to benefit from
the subnanometer spatial resolution of STEM-EELS, which is
contributed by the strongly localized electron−photon inter-
actions in the SiC nanowire. This work provides the potential to
investigate the resonant spectral properties on the nanoscale via
STEM-EELS in an ultrawide energy and momentum range.
Figure 1a shows a schematic of STEM-EELS operation. The

60 kV focused electron beam with a 20 mrad convergence
semiangle is positioned ∼10 nm away from the SiC nanowire,
and the EELS data are collected with a 25 mrad collection
semiangle. Figure 1b shows a low-magnification high-angle

Figure 1. STEM-EELS measurements of 3C-SiC nanowires. (a) Schematic diagram of STEM-EELS system. (b) HAADF-STEMmicrograph of a SiC
nanowire with a diameter of ∼246 nm and length to diameter ratio of ∼9.8. (c) An atomic resolution HAADF-STEM image of the edge of the SiC
nanowire viewed along the [110] direction. (d) Experimental EELS mapping of the nanowire, taken by an aloof electron beam scanning along the
nanowire from s1 to s2. (e) EELS intensity line profile showing two types of peaks. (f) Enlarged view of the red box in e, showing the profile of peaks A.
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annular dark-field STEM (HAADF-STEM) micrograph of a
single SiC nanowire. The diameter of the nanowire is ∼246 nm
with a finite length (length to diameter ratio is ∼9.8). No
porosities or dislocations are observed in the nanowire. The
electron diffraction pattern along the [110] direction of the
nanowire reveals the single crystal structure without any grain
boundaries (see Figure S1a). Figure 1c shows an atomic-
resolution HAADF-STEM image of the nanowire. On the basis
of the electron diffraction pattern and the atomic image, the
crystal structure of the SiC nanowire is confirmed to be 3C-SiC
(Figure S1b). The two-dimensional space-EELS map of a SiC
nanowire is shown in Figure 1d, which is acquired with the
electron beam located at different positions in the aloof mode by
scanning from s1 to s2 along the nanowire. The spectral intensity
distribution along this line clearly shows an interference fringe.
Unfolding the EELS spectra at a fixed position near the SiC
nanowire, two groups of resonating peaks, i.e., peaks A and B, are
resolved as shown in Figure 1e. The peaks that have significantly
stronger intensity and larger peak energy intervals are regarded
as peaks B, while the dense fringes with weaker modulated
intensity and smaller peak energy intervals are peaks A. Peaks A
are stacked with peaks B and can be more clearly observed in
peaks B’s valley regions, which are highlighted by red lines, and
one is enlarged as shown in Figure 1f. In addition, no obvious
intensity decreases of peaks A from the SiC nanowire tips to
middle positions is observed, which is also verified in another
nanowire with a larger length to diameter ratio of ∼22.5 (see
Figure S2). The energies of peaks B do not change with a beam
shift along the SiC nanowire. The energy intervals of peaks B

decrease with the increase of energy and more than nine peaks B
can be distinguished at an energy of 0−6 eV in this SiC
nanowire.
To decipher the origin of peaks A, we convert the spatial field

modulation of peaks A to the momentum space, i.e., k = π/dEELS,
where dEELS is the distance of the spatial interference fringe, as
shown in the inset of Figure 2a and Figure S3. Without a loss of
generality, the dispersion relationships in the SiC nanowire with
different diameters can be extracted from the experimental two-
dimensional EELS map, as shown in Figure 2a. The dispersion
curves show that the resonating energy increases with an
increase of k. From the numerical calculations using COMSOL
Multiphysics, it is found that peaks A of the EELS can be
attributed to the longitudinal waveguide modes, which form FP
resonance through the endface reflecting feedbacks. The
dielectric dispersion of 3C-SiC is based on previous studies.43

A detailed description of the analytical model can be seen in the
Methods. Figure 2b shows the schematic of the excitation and
measurement of FP resonating modes in SiC nanowires by
electron beams. Free electrons pass near the SiC nanowire and
interact with optical excitations. The nanowire plays as an
optical cavity and increases the evanescent tails in a vacuum that
interact with electrons.36 Inelastic scattering of electrons and
optical excitations of SiC nanowires naturally cause changes to
the free-electron state, leading to the measured axial resonance
spectroscopy. The calculated dispersion relationships of four
different transverse electric (TE), transverse magnetic (TM),
and hybrid electric (HE) waveguide modes, in a SiC nanowire
with a diameter of 246 nm, are plotted in Figure 2c, i.e., TE01,

Figure 2. Size effects on the excitation of resonant waveguidemodes of SiC nanowires. (a) The dispersion of peaks A in the SiC nanowire with different
diameters. (b) Schematic diagram showing the excitation andmeasurement of FP resonatingmodes in SiC nanowires. (c) Themeasured (red dot) and
calculated (line) dispersion of peaks A in the SiC nanowire with a diameter of ∼246 nm. The peaks A are induced by different photonic modes, i.e.,
TE01, TM01, HE21, andHE12. (d) Calculated longitudinal propagating of TE01, TM01, andHE12modes with k = 1.12× 105 cm−1, E = 1.55 eV; k = 1.27×
105 cm−1, E = 1. 99 eV; and k = 1.30 × 105 cm−1, E = 2.65 eV, respectively, which are labeled by stars with different colors in c.
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TM01, HE21, and HE12, in which the subscripts are used to
complete the description of the waveguide modes. The typical
field interference pattern of the TE01, TM01, and HE12 modes
can be found in Figure 2d. The calculated dispersion
relationships agree reasonably well with the experimental
results, confirming that peaks A result from the longitudinal
propagating of different waveguide modes with FP resonating
effects. Note that the size effects on the excitation of resonant
waveguide modes are also investigated, and it is shown that the
energy of the first detected dispersion line decreases with the
increase of nanowire diameter (Figure 2a), which agrees with
the evanescent field properties of waveguide modes in
nanowires. Additionally, it should be pointed out that in the
low energy range close to the SiC optical phonon frequency, the
dielectric constant of the nanowire dramatically changes, thus
strong interactions between electrons and phonons lead to the
emergence of the surface phonon polaritons. A previous study31

shows that the surface phonon polaritons of SiC nanowires exist
in the Reststrahlen band between ∼99 meV and ∼121 meV with
strong size and geometry effects.
The features and origin of peaks B are discussed in Figure 3.

Figure 3a shows the typical background-subtracted EELS
profiles of SiC nanowires with different diameters. Since the
energy of peaks B does not depend on the axial position of the
SiC nanowires, we superimposed the EELS profiles in the axial
direction and normalized the intensity to reduce the errors of the
peak positions. It shows that the energy intervals of the peaks
decrease with the increase of nanowire diameter, and the

measurable peak numbers increase accordingly. Combined with
the numerical calculation, we found that peaks B originate from
the excitation of the transverse WGMs. Figure 3b shows the
schematic of free electrons interacting with nanowires by the
excitation of WGM. The SiC nanowire plays as a cylindrical
cavity, and the WGMs with different orders can be efficiently
excited due to the large momentum and energy transfer in the
interaction of fast electrons and photonic resonant fields. Due to
the high quality factor nature of WGMs compared with the FP
modes, the spectral intensities of peaks B are significantly larger
than those of peaks A. The measured resonating EELS energy
can be corresponding to different orders of WGMs. Figure 3c
shows the dependence of the experimental (solid dots) and
calculated (hollow) energies of peaks B to the WGMs on SiC
nanowires of different diameters. The simulated results agree
well with experimental measurements. The features of these
eigenmodes with different orders, i.e., m = 0, 1, 2, and 3, are
plotted by cross-sectional field distribution, as shown in Figure
3d. The simultaneous detection of these high order cavity modes
essentially originates from the wide momentum and energy
match in electron−matter interactions. It should be noted that
the resonating energy interval of WGMs is considerably reduced
in the high-energy range, which leads to the accidental energy
overlaps with the FP modes, as shown in Figure 1d. However, it
is unlikely that they can form hybrid modes due to the radically
different field profiles and propagationmomenta betweenWGM
and FP modes.

Figure 3. Size effects on the excitation of transverse whispering gallery mode (WGM) of the SiC nanowire. (a) Typical background-subtracted EELS
profiles of SiC nanowires with different diameters. (b) Schematic showing interaction of free electrons with the excitation of WGM. (c) Experimental
(solid dots) and calculated (hollow dots) energies of peaks B on SiC nanowires of different diameters. (d) The simulated two-dimensional cross-
sectional field distribution of the first four whispering-gallery modes (mode orderm = 0−3) with transverse magnetic polarization in a nanowire with a
diameter of 320 nm.
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Compared with optical methods, STEM can easily achieve
ultrahigh spatial resolution, so we are able to probe the spatial
distribution of different WGMs. A SiC nanowire with diameter
of ∼739 nm (Figure 4a) is selected, and STEM-EELS
measurements are performed near its surface, as shown in the
green box in Figure 4a. The EELS signal of each spatial location
and the corresponding HAADF image are recorded at the same
time during scanning in real space. The electron beam size of
STEM-EELS in this work is sub-nanometer, and the data were
acquired by scanning in space near the SiC nanowire under aloof
mode with ∼2.5 nm for each scanning step (determined by
scanning control and can achieve up to sub-nanometer if
needed). The enlarged STEM image in Figure 4b and the
corresponding EELS with different peaks (Figure 4c) near the
surface of SiC nanowires show the spatial distribution of peaks B.
We find that the intensities of peaks B decrease with the increase
of distance to the SiC nanowire, and the higher energy modes
decrease more quickly. Quantitatively, Figure 4d plots the EELS
profiles along the radial direction of a SiC nanowire for different
WGMs. The EELS intensity profiles of these WGMs are in
accordance with exponential function Im = exp(−d/λm), where
Im is the normalized intensity of EELS peaks B at distance d and
λm is the decay length describing the distance from the edge to
the position where the field decreases by a factor of 1/e. The
decay length of these EELS peaks B is plotted in Figure 4e. It
shows that the decay length decreases with the increase of
energy, i.e., the higher order the WGMs, the smaller the decay
length of EELS profiles. Theoretically, the EELS profiles are
determined by the correlation of the WGM field and the
electron dipole radiation44 (see Methods). Our numerical
calculation is well consistent with the experimental results.
The transverse WGM and longitudinal FP resonance are two

typical resonant modes in nanowire structures, which have been

widely implemented in microlasers, sensors, and nonlinear
optics.45,46 For example, the WGM-based resonators were
reported to be used in biomedical fields such as cancer
detection.47 The FP-based nanowire laser is a promising
candidate for use in the next generation of optoelectronic
devices.46 This work implements STEM-EELS to simulta-
neously measure both transverse WGM and longitudinal FP
modes for individual SiC nanowires and demonstrates the
advantages of large momentum transfer, large energy range, and
high spatial resolution for the resonant EELS, which are fully
complementary to traditional optical methods. Note that many
details of the optical cavity resonating modes (e.g., the fine
features of FP mode with tiny energy intervals) that were
previously limited by the energy resolution of EELS can be
detected in this work, benefiting from the advances in
monochromators over the past decade. Moreover, STEM-
EELS is also promising for probing the coherent interactions
between electrons and resonating light fields for strong electron-
light coupling and quantum optics of free electrons,48,49 which is
another exciting emerging field, e.g., investigation of the strong
electron-photon coupling with a sufficient pump light field in the
nanowire structures. Therefore, the advantages of this cutting-
edge technique demonstrated in this work are expected to play
an increasingly important role in multiple fields such as nano-
optics, quantum optics, and nanoscience and -technology in the
future.
In summary, the electron−photon interactions in individual

SiC nanowires are investigated via STEM-EELS, and two types
of optical cavity resonating modes, supported by the
longitudinal FP resonating waveguide modes and the transverse
WGMs, are simultaneously excited through inelastic electron
scattering, which spans from ultraviolet to near-infrared spectra.
The electron−photon interactions exhibit a much wider energy

Figure 4. Spatial characterizations of EELS spectra for peaks B. (a) HAADF-STEM image of a SiC nanowire with a diameter of ∼739 nm. (b)
Experimental EELS maps near the surface of a SiC nanowire showing the spatial distribution of peaks B of various energies. (c) The background-
subtracted EELS profiles of the SiC nanowire, showing the peaks supported from different orders of WGMs. (d) Normalized intensity profile showing
the decay features of peaks B along the radial direction of SiC nanowires. (e) The experimental and calculated decay lengths of peaks B.
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and momentum match than photon−photon, thus the single
nanowire cavity modes excited by electrons may exhibit
potential applications in the design of nanoscale optoelectronic
devices. Our work provides a new alternative technique to study
the optical resonating spectroscopy of a single nanowire and to
explore the light−matter interactions in dielectric nanostruc-
tures, which is also promising for modulating free electrons via
photonic structures.

■ METHODS
EELS Data Acquisition. The EELS data were acquired on a

Nion U-HERMES200 microscope equipped with both a
monochromator and aberration correctors, with a 60 kV work
voltage and a ∼20 pA beam current. The beam convergence
semiangle of 20 mrad was used, while the collection semiangle
was 25 mrad. The spot size of the electron beam is about 200 pm
and scanned with the line positioned ∼10 nm away from the SiC
nanowire edge.
Theoretical Modeling of Optical Modes in SiC Nano-

wire. Let us first consider the longitudinal propagating modes in
an infinite cylindrical SiC nanowire with a radius of a. The
electromagnetic fields in the nanowire are expressed in
cylindrical coordinates as E⃗ = E⃗(r)⃗e−i(ωt−βz), H⃗ = H⃗ (r)⃗e−i(ωt−βz),
where ω is the angular frequency and β is the propagation
constant.We can obtain two sets of wave equations derived from
the Maxwell equations:
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where n is an integer (0, 1, 2, 3...), Jn(x) is the nth-order Bessel
function, Kn(x) is modified Bessel functions of the second kind,
and μ and w are defined as
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When n = 0, eq 2 is reduced to the following equations:
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The solutions to eq 4 generate the transverse electric TE
(transverse magnetic TM) mode family, where the longitudinal
electric field Ez (magnetic field Hz) is zero. When n ≠ 0, the

solution to eq 2 generates the HE and EHmodes. The HE (EH)
mode family indicates that the longitudinal electric (magnetic)
field is relatively strong.
In eq 1, when β = 0, it indicates that the wave propagates

totally in the transverse plane, which is also considered asWGM,
and we have the following equations:

1

1

E
r

E
r r

E
r

k r E

H
r

H
r r

H
r

k r H

1 1
( ) 0

1 1
( ) 0

z

z

2
z

2
z

2
z

2 2 0
2

2
z

2
z

2
z

2 2 0
2

l

m
oooooooo

n
oooooooo

+ + + =

+ + + =
(5)

The electromagnetic fields can be expressed as E⃗(r)⃗e−imθ, and
H⃗ = H⃗(r)⃗e−imθ, wherem is an integer. Similarly, we can obtain the
following eigen-equation by considering the boundary con-
ditions:51

J k a

J k a
H k a

H k a

J k a

J k a
H k a

H k a

( )

( )

( )

( )

( )

( )

( )

( )

0

m

m

m

m

m

m

m

m

1
1 0

1 0
2

(1)
2 0

(1)
2 0

2
1 0

1 0
1

(1)
2 0

(1)
2 0

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑÄ

Ç

ÅÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑ
= (6)

where Hm
(1)(x) is the Hankel function of the first kind. The

solutions to eq 6 can be further divided into two groups, i.e.,
whispering-gallery TE (WTE) and whispering-gallery TM
(WTM):
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Note that the WTE (WTM) polarization modes indicate that
the electric field component (magnetic field component) is only
Ez (Hz).
The interaction of electron beams and SiC nanowires can be

treated as follows: the dipole radiation of a moving electron
induced the polarization field of a photonic nanowire, which in
turn acts on the electron and brings the energy loss. The
generated electron energy loss can be expressed as34,44
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Here, we suppose the electron with a velocity of vmoves along
the z direction, and the electron is modeled as an electric dipole
of amplitude pz(z,ω). Ezind(z,ω) is the electron-induced electric
field of the nanowire structure; −e is the electron charge, ℏ is the
reduced Planck’s constant,ω is the angular frequency. Under the
mean field approximation, eq 8 can be rewritten as
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where A is the effective interaction area and r0 is the average
interaction distance. We expand the Ezind(r0,z0,ω) by the eigen-
photonic mode of the nanowires and obtained Ezind(r0,z0,ω) =
α(ω) Ezeigen(r0,z0,ω), where α(ω) is the excited field amplitude
and is calculated through the spatial overlap integral of the
dipole field and a photonic-eigen mode:

p r z E r r( ) ( , , ) ( , ) dz0
eigen,= · *

(10)

Note that Ezeigen(r0,z0,ω) of a cylinder nanowire structure has
analytical expressions as explicitly discussed in the first section.
Finally, substituting these expressions into eq 9, we obtained the
electron loss spectra as
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