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Scanning cathodoluminescence microscopy: applications
in semiconductor and metallic nanostructures

Zhixin Liu’, Meiling Jiang’, Yanglin Hu, Feng Lin, Bo Shen, Xing Zhu, Zheyu Fang*

Cathodoluminescence (CL) as a radiative light produced by an electron beam exciting a luminescent material, has been
widely used in imaging and spectroscopic detection of semiconductor, mineral and biological samples with an ultrahigh
spatial resolution. Conventional CL spectroscopy shows an excellent performance in characterization of traditional mate-
rial luminescence, such as spatial composition variations and fluorescent displays. With the development of nanotech-
nology, advances of modern microscopy enable CL technique to obtain deep valuable insight of the testing sample, and
further extend its applications in the material science, especially for opto-electronic investigations at nanoscale. In this
article, we review the study of CL microscopy applied in semiconductor nanostructures for the dislocation, carrier diffu-
sion, band structure, doping level and exciton recombination. Then advantages of CL in revealing and manipulating sur-
face plasmon resonances of metallic nanoantennas are discussed. Finally, the challenge of CL technology is summa-

rized, and potential CL applications for the future opto-electronic study are proposed.
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Introduction

Cathodoluminescence (CL) as an optical and electro-
magnetic phenomenon referring to the radiation in a
form of fluorescence', was first discovered in the
mid-nineteenth century from cathode electron rays hit-
ting a glass substrate. When incident electrons interact
with a luminescent matter, material properties make a
difference in CL spectra. As the development of nano-
technology and nanoscience, the demand for
high-resolution microscopy and characterization tech-
niques has tremendously increased. In addition to tradi-
tional optical measurements, the scanning near-field op-
tical microscopy (SNOM) presents a higher spatial reso-
lution?, but suffers from an unavoidable interaction be-
tween the scanning probe and the material surface. CL
microscopy, on the other side, providing a label-free op-
tical imaging technique with deep subwavelength resolu-
tion, has achieved significant interests for the
mineralogy’*, semiconductor physics®?®, and many other
research fields like the tracking of cellular processes in
biology™'’. CL was also found extensive applications as

the emission source in cathode-ray-tube computer moni-
tors and televisions for the industry.

CL spectroscopy is usually operated in scanning elec-
tron microscopy (SEM)", although it is also possible to
perform measurements in transmission electron micros-
copy (TEM) and scanning transmission electron micros-
copy (STEM)". When the focused electron beam passes
through the aperture hole of the parabolic mirror and hits
on the sample surface, CL generated from the lumines-
cent material can be reflected by the mirror and collected
by photomultiplier tube (PMT) or a charge-coupled de-
vice (CCD) where CL images can be obtained. Another
case is that CL is directly received by CCD instead of
converging through lens. The system can interpret the
radiation angle distribution of the sample according to
the CCD image, since the light signal received at different
positions on the CCD reflects the light information radi-
ated from the sample in different directions. Therefore,
angle-resolved CL measurement can be realized. In addi-
tion, the system supports the use of an optical fiber to
derive the CL signal and couple it to an external spec-
trometer (Fig. 1). The spectrometer is used to separate CL
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emissions in different wavelength ranges and benefit the
spectral analysis. The mineral composition'’, band struc-
ture'*'® and impurity defects of the material'”"® can be
effectively inferred by the observed CL intensity, wave-
length range and the degree of light polarization.
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Fig. 1 | Schematic overview of a CL imaging spectrometer with
spectral analysis function. Figure reproduced from ref. "', CUP
Publishing.

Cherenkov and transition radiations are two of main
direct emission processes that involved in CL, which are
coherent with the external field of the incoming electron,
as all of the electromagnetic fields are described by the
same set of Maxwell’s equations. Incoherent emission is
generally associated with electron-hole recombination in
semiconductors which is stronger and does not interfere
with coherent radiation. Generally, these two radiation
mechanisms can be distinguished by their characteristic
angle profiles, dipolar-like lobes for transition radiation
and a lambertian angular distribution for incoherent lu-
minescence’.

Cherenkov radiation is mainly observed in semicon-
ductors, when an electron passing through a transparent
sample with its speed faster than the phase velocity of
light in that medium. Transition radiation occurs during
the reconstruction of the Coulomb field, when the point
charge of a uniform linear motion moves in a
non-uniform condition such as a medium interface. For
semiconductors, CL microscopy possesses the ability of
deep penetration depth and ultrahigh spatial resolution.
For example, in a one-dimensional CdS nanostructure,
the penetration depth of the injected electrons may reach
hundreds of nanometers or even several micrometers
under an accelerating voltage of 10 kV , and a nanoscale
resolution is achieved in CL mapping®. The optical be-
havior of different depths of material can be detected at
various accelerating voltages of the electron probe, for
example, CL intensity increases as the applied voltage
changes from 5 to 19 kV in ZnO nanobullet®’. The ultra-
high spatial resolution capabilities of CL microscopy can
be used to analyze the distribution of surface dislocations,
the property of material band structures, and the optical
emission of quantum dots***. Recently, CL microscopy
has been also successfully applied for two-dimensional
(2D) materials®, where the investigation of exciton cou-
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pling was realized with a higher optical resolution.

On the other hand, transition radiation happens when
an electron passes through a boundary between two me-
dia with different dielectric constants. It is created by the
time dependent variation and eventual collapse of the
dipole moment that generated by the incident electron
and its image charge in the dielectric. This effect was pre-
dicted and observed for metals. Surface plasmons™*
(SPs), as the collective oscillation of surface electrons at
the interface between dielectric and metal, have attracted
huge attentions for applications like super-imaging?®,
nanofocusing®, waveguiding®*, and light harvesting™.
With the development of metallic nanostructures based
plasmonics, CL has been widely applied for the SPs char-
acterization, such as the light emission from the metallic
grating structure”” and nanoparticle’*’ under the elec-
tron excitation. The emitted fluorescence during the
plasmon coupling can be applied to the imaging of the
resonance mode*** and further realize the angle-resolved
spectroscopy™*. CL microscopy as an effective charac-
terization method, can reflect the distribution of radiative
local density of states (LDOS), which directly determine
the light-matter interaction. With properly designing
metallic nanostructures, it is possible to control and ma-
nipulate the light emission at deep sub-wavelength scale
for future information and quantum studies.

In addition, both electron energy loss spectroscopy
(EELS) and photoemission electron microscopy (PEEM)
have extraordinary performance on high-resolution
characterization and provide distinctive directions for
investigating plasmons. EELS is an analytical method for
obtaining the physical and chemical information of sur-
face atoms by the loss of energy due to inelastic scattering
of electron beams incident on the surface of the sample. It
can measure dark plasmon modes and characterize di-
poles and high-order modes**°. The combination of CL
microscopy and EELS to measure dark plasmon modes
can compensate for the inability of EELS to distinguish
plasmon radiation modes from non-radiative modes.
Based on the photoelectric effect, PEEM functions on an
electron microscope that images the photoelectron emis-
sion distribution of a sample surface, obtains near-field
mapping and dynamic properties of plasmonic
nanostructures*”*,

In this review, we focus on CL investigations for semi-
conductors and metallic nanostructures, respectively. In
addition, CL microscopy at low-temperature, and with
angle-resolved, time-resolved techniques are discussed
for the modern multi-functional high-resolution charac-
terization. In conclusion, challenges and perspectives for
the future CL spectroscopy applications are presented.

CL microscopy for semiconductors

Characterization of localized luminescence properties in
semiconductors is important for the investigation of
semiconductor physics and the development of
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opto-electronic devices. CL microscopy with its unique
features of large scanning area and short total measuring
time, can be used to study any point on a sample with an
electron beam. Besides, the high intensity of the incident
electron beam reduces the exposure time, making CL
microscopy suitable to explore the internal structure and
interface dynamics of the matter.

Luminescence from a semiconductor is induced by the
electron-hole pair recombination that can be generated
by light or the electron beam excitation. For electron ex-
citation, primary electrons can excite plasmons, valence
electrons and inner shell electrons by losing energy. Each
of these processes contributes to the generation of elec-
tron-hole pairs. Plasmons can decay into excitons, excita-
tion of valence electrons can produce electron-hole pairs,
but the excitation of secondary electrons is the main
source of electron-hole pairs®. With a cascade process,
the secondary electrons which have kinetic energies of
5-10 eV, can be excited and diffused in a spherical region
with a depth of a few hundred nanometers for a general
semiconductor under an electron beam of several keV.
The electron-hole pair generated by secondary electrons
recombines and further emits the luminescence, thus the
spatial resolution of CL microscopy is at the level of the
diffusion depth of secondary electrons.

CL microscopy has been successfully used to charac-
terize the morphology of semiconductors, and other in-
sightful material physics like the spatial distribution of
threading dislocations®*, length of carrier diffusions®*,
and doping level of the electric band structure*, which
gives a full description of the sample.

Dislocations as the microscopic defect of crystalline
semiconductors, are the local irregularity within a crystal
structure. The presence of dislocations strongly influences
many material properties. For example, the defect of GaP
surface was characterized by the CL microscopy in a deep
sub-wavelength spatial resolution, where the CL image
shows black dots at the location of dislocations™. These
black dots were analyzed as non-radiative recombination
centers for free carriers in the semiconductor, and this
non-radiative property was caused by the dislocation of
the sample. Experimental results further show that dif-
ferent types of dislocations such as screws, edges and
mixed dislocations can result CL spots with similar size
and intensity. From the CL measurement, the dopant and
the orientation of the crystal, dislocations grown in the
epitaxial semiconductor are all non-radiative recombina-
tion centers. But in piezoelectric crystals such as GaN,
uniform strain produces piezoelectric polarization, pie-
zoelectric fields can dissociate excitons and separate the
electron hole pairs™. This suggests that the carrier recom-
bination may be inherent in the dislocation, and inde-
pendent with the impurity and other point defects in the
material. The beam current can affect the degree of
non-radiative recombination activities in dislocations,
and large beam current corresponds to the active

non-radiative recombination state as well as the large
dark contrast around dislocations in CL images™ (Fig. 2).
Figures 2d-2f shows a significant drop in luminous effi-
ciency due to current increase at lower magnification.
This theory shows that the decrease in luminous effi-
ciency of the white light emitting diodes (LED) can be
effectively reduced by significantly reducing the disloca-
tion density of the material.

PCL /=3.73 A |

Fig. 2 | (a) SEM image of the GaN/InGaN multiple quantum well
surface. (b,c) CL image of the same area of (a) at electron beam
currents of 0.11 nA and 3.73 nA, respectively. (d—f) The same
images at lower magnification clearly demonstrate the decline in
luminous efficiency. Figure reproduced from ref. %, AIP Publishing.

The carrier diffusion length L4 is another important
factor for the semiconductor physics and light-emitting
device application. CL microscopy provides an efficient
way to determine the carrier and free exciton diffusion
length in semiconductors®. The schematic of the meas-
urement is shown in Fig. 3a, and the electron beam ex-
cites excess carriers of the sample through a metal mask
which is opaque to the CL emission. Thus, the CL signal
generated by the carrier recombination can only be ob-
tained outside of the metal mask, and the diffusion length
of excited carriers can be calculated by ICL:IOeﬁ‘/Ld s
where Ic. and I, represent the CL intensity measured at
point x and measured at a distance > L¢**, respectively. x
is defined as the distance between the excitation point
and the edge of the metal mask. Figure 3b shows that at
low temperature, because of the tunneling-assisted
transport effect in conjunction with localized band-tail
states, the carrier diffusion length of the InGa quantum
wells strongly depends on the electron-beam current .
The diffusion length increases with the enhancement of
the excitation electron energy, where the growth of the
excited state density enlarges the tunneling probability.
Thus, it is essential to study the transmission mechanism
of high local density semiconductors by using CL.

Energy band transition is a vital physical process of
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Fig. 3 | (a) Schematic of CL method for the measurement of L. (b) Ly as a function of the electron-beam current i, at 5 K. Inset: Schematic of

the carrier transport in conjunction with localized states for low (i) and high (ii) densities of localized states. Figure reproduced from re

John Wiley & Son.

semiconductor luminescence. CL technology, as a means
of deep subwavelength spatial resolution, can characterize
luminescent properties of nanoscale semiconductor
structures and analyze the energy band transition process.
For example, CL microscopy can accurately distinguish
luminescent properties at different positions of a single
AlGaN nanocolumn containing a series of GaN quantum
disks at the top of the column®. The SEM images and CL
images of the sample are shown in Fig. 4a. CL images
contain three emission states corresponding to three de-
tection energies in Fig. 4b, solely. Luminescence spectra
of the quantum disk region and the AlGaN region are also
plotted in Fig. 4b, where the broadening of the CL1 peak
with respect to the CL2 peak is mainly due to the lateral

f. 57

strain distribution, change of the band-filled, inhomoge-
neous electric-field and variations among the quantum
disks. Therefore, using CL microscopy to study energy
band transitions of nanoscale semiconductor structures
containing complex components is of great significance.
Doping level is a concerned physical parameter of the
semiconductor, which affects its characteristic parameters
such as the forbidden band width, resistivity, carrier mo-
bility, and unbalanced carrier lifetime. The CL technique
provides an effective means for measuring the local carri-
er concentration at the nanoscale resolution. For example,
the doping level of silicon-doped GaAs semiconductor
nanowires at nanometer scale has been measured by CL
spectroscopy>* (Fig. 5). Based on generalized Planck's law,
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Fig. 4 | (a) Schematic, CL images and SEM image of the single nanocolumn. (b) CL spectra of two single GaN/AlGaN nanocolumns. Figure

reproduced from ref. *, AIP Publishing.
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Fig. 5 | (a) Schematic of the electron beam interaction with nanowire and luminescence emission. (b) SEM image of a single nanowire. (c) CL
image of a single GaAs nanowire measured at 30 K. (d) CL spectrum from nanowire at room temperature and the fit (red curve). Figure

reproduced from ref. 5, ACS Publications.
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a fitting model was demonstrated to fit the CL spectrum
of nanowires, in which Fermi energy could be distin-
guished. Experimental results indicate that the carrier
concentration calibrated by Hall measurement is con-
sistent with the one extracted from the CL spectrum (Fig.
5d). Furthermore, the influence of temperature and ex-
ternal field strength on the carrier concentration can also
be analyzed according to CL images. This theory shows
that CL microscopy provides an effective and
high-resolution method for detecting the carrier concen-
tration of semiconductor nanowires, and can also be ap-
plied to other semiconductor nanostructures with defi-
nite band structures.

The exciton effect has an essential influence on the
physical processes and optical properties in semiconduc-
tors® %, The absorption and recombination of excitons
directly affect the light absorption and luminescence of
semiconductors. In 2D semiconductor materials®* %, due
to their low dimensionality and surface defects, the spa-
tial resolution must be reduced to the nanometer scale in
order to study exciton recombination and optical proper-
ties. However, the traditional photoluminescence is re-
stricted at sub-nanoscale due to the diffraction limit of
incident light. CL microscopy is a promising method for

studying the exciton effect in 2D semiconductor materials.

For 2D material systems, the electron beam can only
stimulate electronic transitions in tens of nanometers
range resulting that collected CL signals are weak. This
problem can be effectively solved, for example, by using
an hBN/WSe,/hBN van der waals heterostructure®” (Fig.
6a). The luminescent WSe; layer is sandwiched between
hBN layers with higher energy bandgaps. The diffusion
length of electrons and holes in hBN layer is in the
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cloud : 4
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micronmeter range and the thickness of the
heterojunction layer is tenths of micronmeters. The elec-
tron can reach the WSe, layer before recombination to
achieve electron injection (Fig. 6b). Optical microscope
images and monochromatic CL images of the
heterostructure are shown in Figs. 6¢ and 6d, from which
the CL signal enhancement can be clearly observed. The
same phenomenon is also observed in MoS, and WS,
layers. Enhanced CL spectroscopy can be used to analyze
strain-induced exciton peak shift in 2D semiconductor
materials with this structure. This report paves the way
for studying exciton recombination in the 2D material by
CL microscopy. Heterostructures may have potential ap-
plications in high-energy particle detectors, field emission
display technologies and transmission electron micro-
scope displays.

CL microscopy for metallic nanostructures

As the development of modern physics and nanofabrica-
tion techniques, plasmonics has matured significantly in
the past few decades. The collective excitation of free
electrons in metallic nanostructures, known as SPs, has
been demonstrated to show fascinating optical properties
like light localization, field enhancement and the im-
provement of LDOS, which greatly benefits the develop-
ment of nanophotonics and finds applications in many
areas including bio-sensing®, light harvesting and optical
communications®. As the optical properties of metallic
nanostructures crucially depend on the exploitation of
plasmonic resonances, numerous light technologies and
devices require precise knowledge of electromagnetic
mode distributions, which directly determine the effi-
ciency of light-matter interactions. Recently, CL micros-
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Fig. 6 | (a) Schematic of hBN/WSe,/hBN van der waals heterojunction excited by electron beam. (b) Process of the generation, diffusion, and
recombination of electron—hole (e-h) pairs in heterojunction. (¢) Optical microscope image of a hBN/ WSey/hBN heterostructure. (d)
Monochromatic CL image of the heterostructure at WSe, emission energy (1.66 eV). Figure reproduced from ref. ©’, ACS Publications.
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copy with nanoscale resolution was successfully used in
the investigation of plasmonic modes in various
nanostructures such as metallic nanoantennas’ and pho-
tonic crystals’'.

Under the electron beam stimulation, the CL signal can
be generated from metallic nanostructures with the exci-
tation of plasmonic modes, which is dominated by elec-
tron-induced radiation emission (EIRE). In this case, the
induced electromagnetic field is coherent with the exter-
nal evanescent field created by moving electrons. Howev-
er, the radiative incoherent decay in metallic nanostruc-
tures only has a minor contribution to CL emissions, be-
cause the coherent electronic relaxation is several orders
of magnitude faster. The scanning electron beam func-
tions as a linear current source, enabling flexible mode
excitation and control, and plasmonic mode distributions
can be simultaneously probed with CL emissions.

Metallic nanostructures also provide a versatile plat-
form for the manipulation of light-matter interactions. By
utilizing the CL microscopy, the radiative LDOS distribu-
tion that governs the radiative spontaneous decay of
quantum  emitters, can  be  probed  with
deep-subwavelength resolution, facilitating the investiga-
tion of quantum optics. Moreover, various physical sys-
tems and devices can be exploited and manipulated at
deep-subwavelength scale by using the CL microscopy,
which can be used to find unrevealed physical phenome-
na such as the hidden chirality in achiral nanoantennas.

08 12 16
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With the polarization-resolved and angle-resolved CL
microscopy, the polarization state and radiation infor-
mation in momentum space can be obtained, promoting
the design of nanophotonic light emission devices. By
exploiting the time-resolved function, the ultra-fast dy-
namics of quantum emission can be further acquired,
which benefits the knowledge of underlying quantum
physical principles.

Resolving the standing wave mode of a single
nanoantenna is fundamental to further plasmonic re-
search. Conventionally, optical excitation only weakly
produces even-order modes under the off-normal excita-
tion angle as illustrated in scattering spectrum** (Fig. 7a).
By contrast, in CL spectroscopy, there are both odd and
even-order modes indicated as [=3, and /=4 (bottom
spectra of Figs. 7b and 7c). Because electrons possess
higher energy than light, higher-order modes are allowed
to exist. As Figs. 7b and 7c show, CL emission intensity is
proportional to the radiative LDOS. Furthermore, these
two modes can be separated by adding bandpass filter in
the collection optical path, which is easy to be achieved.
The coupling structure of nanowires and nanoantennas
(Fig. 7d) was discussed as well. Comparing two kinds of
structures, it is shown that for the asymmetric mode, the
total coupling efficiency is low and only the characteris-
tics of its hybrid mode are preserved (Fig. 7e). It is possi-
ble to adjust the coupling efficiency of the hybrid mode
by adjusting two arms of the nanowire, thereby affecting
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Fig. 7 | (a) FDTD (red) simulated, dark-field (black) scattering and CL emission spectrum of Au antenna indicate the standing wave eigenmodes.
CL images of nanoantenna with bandpass filter at (b) 650 nm and (c) 750 nm. Integrated CL intensity shows the standing wave plasmon
resonances. (d) SEM images of symmetric and asymmetric coupling structure of nanowire and nanoantennas. (e) CL images of two coupling
structures with bandpass filter at 850 nm. Figure reproduced from ref. >, ACS Publications.
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Fig. 8 | (a) Schematic of the electron stimulated heptamer nanostructure. (b) Left: panchromatic CL image of Au heptamer nanostructures.
Right: part of SEM image of Au heptamer. (c) CL spectra measured from impinging positions as indicated in (b). Figure reproduced from ref. %,

ACS Publications.

the property of the nanowire plasmon. The near-field
coupling reveals the influence of plasmon hybridization
on the electron density of states of nanowire lumines-
cence, the strong coupling between two structures here is
due to the coincidence of the local plasmonic energy of
the nanowire and the energy of the adjacent dipole of the
nanoantenna. The CL technique enables the characteriza-
tion of coupling properties at nanoscale, confirming the
position according to SEM while performing LDOS anal-
ysis at any position.

The chiral light emission of nanoantennas is crucial to
nanophotonics”. CL technology provides a favorable
platform for the tuning of chiral at sub-nanoscale. Figure
8a shows an example of Au heptamer to produce a giant
chiral CL response under electron beam excitation’?. The
corresponding chiral CL emission can be obtained by
exciting different positions marked as i—iii (Fig. 8b) of the
heptamer. Right-handed circularly polarized (RCP) and
left-handed circularly polarized (LCP) CL contributions
of the whole structure stimulated at different impinging
positions have been observed. From measured CL spectra,
the intensity of LCP CL collected under position i is larger
than RCP CL. On the other side, opposite circular polari-
zation emission states can be obtained by stimulating
positions ii and iii (Fig. 8c). Furthermore, during the
movement of the electron beam from point ii to point i,
the switch of chirality occurs within 1.86 nm. According
to this phenomenon, the ternary notation information
coding was demonstrated at sub-nanoscale. This report
opens the gate to further expansions of CL technology in
quantum communication.

Except for resolving and manipulation, some phe-
nomena hardly visible under optical excitation, like hid-
den chirality in achiral nanostructures, were discovered.

Due to the interference between symmetric and
antisymmetric modes of the structure, the generated chi-
rality of a symmetrical Al nanoantenna stimulated by the
normal incident light, is hidden in the near field. Tradi-
tional optical characterization method is difficult to
characterize the chirality effect in the near-field of the
nanostructure. However, using circularly polarized re-
solved CL microscopy can reveal the hidden chirality of

£ Alstructures

CL intensity (a.u.)

Fig. 9 | (a) Schematic of circular polarization resolved Al
nanoantenna with electron beam excitation. (b) LCP CL image of a
single nanostructure with a bandpass of 657 nm. (c) LCP CL image
for the helicity-dependent 2D display of capital letters “CL”. Figure
reproduced from ref. ", ACS Publications.
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the single symmetrical Al nanoantenna in the near-field’
(Fig. 9a). The measured LCP or RCP CL, generated by
stimulating arm-ends (left-arm or right-arm) with elec-
tron beam, can reflect the chiral radiative LDOS distribu-
tion. Therefore, the change of electron beam excitation
position allows active switching of CL helicity at
sub-nanoscale. Figure 9b shows that light and shade of

arm-ends correspond to 0 or 1 known as binary encoding.

In addition, these nanoantenna units can be used to de-
sign helicity-dependent coding arrays to achieve 2D dis-
play, as shown in Fig. 9c. This demonstration is expected
to encourage CL microscopy applied in quantum infor-
mation field.

The optical nanoantenna mediates the optical coupling
between emitters and the far field for better light emission
and reception. Exploring the response of the
nanoantenna requires accurate positioning of the
sub-wavelength scale transmitter with known orientation.
Since the size of the nanoantenna is much smaller than
the wavelength of light. The use of high-energy electron
beam as the excitation source to study the emission char-
acteristics of the Yagi-Uda antenna composed of Au na-
noparticle arrays has been proposed”. It is inferred that
the emission direction of nanoantennas depends on the
near-field and far-field interaction of plasmonic reso-
nance by collecting the angular resolution spectrum of
nanoantennas at different wavelengths. When the left-
most particle is excited by the electron beam, most of the
CL is collected in a lobe pointing to the right of the an-
tenna (Fig. 10). If taking the blue line in Fig. 10b as a
cross-cut, the intensity and range size of left and right
lobe can be obtained as shown in Fig. 10d. Furthermore,
by moving the excitation point to detect the direction of
nanoantennas at different wavelengths, the results show
that emission characteristics vary with different wave-
lengths. The experimental result indicates that Au nano-
particles can be regarded as vertical dipoles perpendicular

to the substrate when they are excited by electron beams,
which well explains the radiation pattern caused by the
collective interference of light radiated by five coherently
coupled dipole moments in nanoantennas. In conclusion,
as a high-resolution technique, the angle-resolved CL
spectroscopy can be effectively used to characterize the
emission directivity of simple and even composite struc-
tures.

The radiative lifetime of nanoantenna is also con-
cerned for plasmonic research. The introduction of ultra-
fast pump detection technology to the CL microscopy
technology enables the dynamic process detection of
quantum phenomena such as charge transfer, quantum
tunneling, simultaneously on the nanometer scale and the
femtosecond time scale. The parabolic mirror is now used
as a condenser to focus the femtosecond laser onto the
sample and pump the electrons in the sample to the ex-
cited state. At the same time, using the femtosecond elec-
tron beam pulse generated by the same femtosecond laser
as a probe to detect the sample, the relaxation of electrons
in the sample can be obtained by controlling the time
delay of the pump light and the detection electron beam.
Time-resolved CL technology can record spectral changes
at different time, show the instantaneous state and make
up for the defect of integral spectrum. For example,
time-resolved techniques provide a powerful means of
studying effects of plating Au or Al layer on the surface of
GaAs/AlAs/GaAs nanowires”. In this structure, high
energy electron beam irradiation can generate excessive
electron-hole pairs in the semiconductor nanostructure,
excitons derived from the electron-hole pairs are coupled
with SPs of the nanoantenna. In this process,
time-resolved technology can directly measure the in-
stantaneous carrier lifetime which changes with temper-
ature (Fig. 11). Time-resolved technology is more re-
al-time than the physical information reflected by the
ordinary spectrum, which is an effective way to analyze

Fig. 10 | (@) Schematic of the excitation geometry. (b) CL emission intensity as a function of angle. (c) 3D representation of theoretical radiation
pattern for this excitation position and wavelength, together with a projection onto a 2D grid. (d) Cross-cut through the angular data showing CL
intensity as a function of 6 (blue curve) together with theory (black dashed curve). Figure reproduced from ref. ’°, ACS Publications.
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Fig. 11 | Measured carrier decay times t(T) in (a) and radiative lifetime (7) in (b) with time-resolved CL spectroscopy. Figure reproduced

from ref. ’°, ACS Publications.

the instantaneous light-emitting state of CL.

Conclusions and outlook

In this paper, we mainly introduce advantages and appli-
cations of CL as a characterization tool in different mate-
rials system and physical perspectives. Based on the CL
principle, some valuable information in the sample can be
obtained, such as energy states of electrons and holes,
plasmon behavior, carrier diffusion, exciton recombina-
tion kinetics. In the early development of semiconductors,
CL technology can provide powerful support for the
measurement of structural dislocations, carrier diffusion
length, band structure and doping level in nanowires.
With the flourishing development of micro-nano pho-
tonics and plasmonics, CL microscopy plays an essential
role in the study of metallic nanostructures. It provides a
technical guarantee for the visualization and the analysis
of plasmon resonance modes. In addition to measuring
peak wavelength and intensity-related information about
the luminescence of a material, CL spectroscopy can also
be used to obtain spatial distribution, polarization,
time-domain information and angular distribution in
combination with time-resolved and angle-resolved tech-
niques.

Despite tremendous progress of CL microscopy, there
are still many unresolved problems, such as weak CL sig-
nals and poor collection efficiency. According to correla-
tive reports, utilizing additional fluorescence layer and
system optimization can increase the CL intensity and
improve the collection efficiency. With the increasing
integration of equipments and samples, CL microscopy
has continuously broadened its scope of applications,
especially for semiconductors and metallic nanostruc-
tures. As an ultrahigh resolution imaging and analysis
tool, CL microscopy provides direct guidelines for study-
ing the physical mechanism of plasmonics in nanostruc-
tures. This can eventually promote practical applications
in future optical circuits, quantum emitters and infor-
mation fields.
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