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Summary
Cathodoluminescence (CL), the excitation of light by an electron beam, has gained
attention as an analysis tool for investigating the optical response of a structure, at a
resolution that approaches that in electron microscopy, in the nanometer range.
However, the application possibilities are limited because the use of transparent
substrates, one of the most common sample substrates for optical characterizations in
multiple research fields, is normally avoided in CL microscopy, since these materials
generate a strong signal that contributes as a background to the measurement.
The main goal in this thesis is to achieve cathodoluminescence detection of
nanostructures on glass-based substrates. For that purpose, a CL system with
enhanced collection efficiency and confocal detection of the signal was developed,
built and tested. The design is based on an integrated Scanning Electron and Optical
Microscope, a setup that offers simultaneous correlated acquisition of the electron
and light signals. Besides cathodoluminescence, other interesting applications derive
from the combination of these techniques, but they are out of the scope of this thesis.
Chapter 1 intends to give general introduction to cathodoluminescence as a
microscopy analysis tool. First we discuss its generation principle: considering the
excitation and emission mechanisms, electron-hole recombination, transition radiation
and surface-plasmon-polariton radiative outcoupling are identified as the main CL
sources in the structures investigated in this thesis. In bulk samples, the emission is not
restricted to the nanometer size spot where the incoming electron beam is focused,
but it extends to a region that spreads below it, where electrons scatter and interact
with the host material. Cathodoluminescence is potentially generated throughout this
volume, the size of which increases dramatically with the electron beam energy.
Therefore it should be considered as an extended excitation, although its size can be
modulated by a spatially confined generation yield. Most of the CL setups are
incorporated in the vacuum chamber of an electron microscope, where the light
collector is a parabolic mirror placed on top of the sample. The advantages, challenges
and improvement examples of these standard setups are discussed. An overview of
applications in cell and molecular biology, geosciences and nanophotonics emphasizes
the increasing interest on applying the technique at the nanometer regime. The
chapter ends by summarizing the main challenges that cathodoluminescence
microscopy encounters for successful imaging of nanostructures on glass, which
define the design criteria for our setup.
The system details are presented in chapter 2: a brief description of the
integrated electron light microscope functionalities and the implementation of the
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confocal detection path are presented. Explanation of the available acquisition modes,
alignment procedures and typical imaging examples serve to establish an operation
routine. The effect of the pinhole can be observed by comparing unfiltered and
confocal CL images on the same region of a sample. Additionally, the filtering is
evaluated without using the electron beam: a laser excitation path included in the
setup allows acquiring confocal fluorescence images of a sample with luminescent
beads on a glass substrate, for different sizes of the pinhole diameter. Besides efficient
CL detection, potential applications of the setup could include: (i) emission localization
for excitations with long propagation length, (ii) simultaneous light and electron
excitation, (iii) monitoring the effect of electron excitation with subsequent light
microscopy, and (iv) the incorporation of light or electron pulses for time-resolved
characterization.
The use of low energies for the electron excitation probe is proposed in
chapter 3 as a strategy to reduce the background CL contribution. This is further
investigated with Monte Carlo simulations that show the dependence of the electron
interaction volume on the electron beam acceleration voltage. We observe however,
that to detect nanostructures with a weak cathodoluminescence signal it is necessary
to increase the electron current, which in the low acceleration voltage regime may
compromise the spatial resolution. With the low energy approach, individual 30nm
phosphor particles are resolved and the high order resonant modes of a gold
nanowire on an indium tin oxide (ITO) covered glass microscope slide are detected.
For high electron energies, the substrate cathodoluminescence is too strong
and overwhelms the signal. Chapter 4 demonstrates confocal filtering as an effective
tool for background rejection at high acceleration voltages. The filtering achieved for
a given pinhole size is estimated with simulations of the electron interaction volume
and measurements of the axial intensity distribution of a phosphor nanoparticle,
which acts as a point source. As an illustrative example, a series of CL confocal
sections of a gold nanowire on a transparent substrate shows a contrast inversion at
the plane where the nanowire is in focus. Here, the highest CL intensity is detected at
the position of the structure. The need of a high resolution electron probe is
evidenced by acquiring the CL spectral distribution of a gold triangle nano-plate,
which shows a strong sensitivity to the excitation probe position. Both of the
strategies presented in this thesis, the use of low energy excitation and confocal
filtering are applicable not only for transparent substrates but for any highly
cathodoluminescent material.
Chapter 5 explores the use of quantum dots as cathodoluminescent biological
markers. In cellular biology, investigation of cellular interactions requires imaging the
specific functional proteins on top of the organelles ultrastructure. Therefore, direct
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correlation between electron and light optical information is a key element for
understanding cell function at a molecular level. Among other potential
cathodoluminescent markers, quantum dots have the additional advantage that they
are already routinely incorporated as bio-labels in fluorescence and consequently,
many different bio-functionalization possibilities are currently available. Here, we
report on the cathodoluminescence detection of bio-functionalized quantum-dots
embedded in cells. A high similarity between the fluorescence and
cathodoluminescence signals is observed, but the cathodoluminescence signal
originates from a smaller sample volume defined by the electron penetration depth.
We observe a bleaching of the quantum dots emission under high electron irradiation
dose, which so far prevents high magnification imaging. However, recording the
fluorescence emission after incremental low dose electron irradiation reveals a
complicated dependence of the emission intensity on electron dose, featuring even a
regime wherein intensity slightly increases. The origin of this behavior is discussed as a
charging mechanism, building on existing models that are also used to explain
photo-blinking, -bleaching and -brightening of fluorescence from quantum dots. The
results presented support the use of cathodoluminescence as a high resolution
imaging technique for optical characterization of biological systems.
Finally, the main findings on the cathodoluminescence emitted from ITOcovered glass slides, the substrate through this work, are summarized in chapter 6. A
dynamic behavior of the intensity and spectral distribution of the emission is observed.
Cathodoluminescence measurements at different electron doses reveal a faster
cathodoluminescence bleaching with increasing dose, but also the appearance and
growth of a new intensity peak at a different position in the spectra. Secondary
electron images of the irradiated areas suggest that deposition may be involved in this
process. Additionally, experiments with different thicknesses for the ITO conductive
layer point to glass as the main responsible for the background emission in our
measurements. The results reinforce the importance of sample pre-exposure and
confocal filtering for CL characterization at high electron energies.
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Samenvatting
Kathodeluminescentie (Cathodoluminescence (CL) in het engels), de excitatie van licht
door een elektronenbundel, heeft de interesse gekregen als een analysemethode voor
het onderzoeken van de optische respons van een structuur, bij een resolutie die dat
van een electronmicroscoop benaderd, namelijk in het nanometer bereik. Echter, de
toepassingen zijn gelimiteerd omdat het gebruik van transparante substraten,
veelvuldig gebruikt voor optische karakterisatie in vele onderzoeksgebieden, normaal
gesproken vermeden wordt in CL microscopie omdat de sterke straling gegeneerd
door deze materialen bijdraagt als achtergrondstraling bij een meting.
Het belangrijkste doel in dit proefschrift is kathodeluminescentie detectie van
nanostructuren op glass gebaseerde substraten. Voor dat doel is een CL systeem met
verbeterde collectie efficiency en confocale detectie ontwikkeld, gebouwd en getest.
Het ontwerp is gebaseerd op een geïntegreerde Scanning Electron en Optical
Microscope, een opstelling dat simultane correlatieve acquisitie van de electron en
licht signalen biedt. Afgezien van kathodeluminescentie levert deze combinatie andere
toepassingen op maar die liggen buiten de strekking van dit proefschrift.
Hoofdstuk 1 geeft een algemene introductie van kathodeluminescentie als
een analyse tool voor microscopie. Als eerste bediscussiëren we het generatie
principe; mechanismes waardoor kathodeluminescentie gegenereerd en gemitteerd
wordt, elektron-gat recombinatie, transitie straling en oppervlakteplasmon polarition
radiatieve uitkoppeling zijn de belangrijkste bronnen van CL uitgezonden door de
structuren onderzocht in dit proefschrift. In bulk substraten is de emissie niet
gelimiteerd tot de nanometer spot van de gefocuseerde elektronenbundel, maar is het
vergroot tot een gebied onder het substraatoppervlak waar de elektronen scatteren
en interacteren met het materiaal. Kathodeluminescentie wordt potentieel gegeneerd
in dit volume, waarvan de afmeting groter wordt bij toenemende energie van de
elektronenbundel. Om deze reden moet de excitatie beschouwd worden als over een
groter volume, alhoewel de grootte gemoduleerd kan worden door een generatie
opbrengst die spatieel beperkt is. Veel CL opstellingen bevinden zich in de
vacuümkamer van een elektronenmicroscoop, waarbij het gelicht gecollecteerd wordt
door een parabolische spiegel boven het substraat. De voordelen, uitdagingen en
verbeteringen van deze standaardopstellingen worden bediscussieerd. Een overzicht
van toepassingen in de cel en moleculaire biologie, geowetenschappen en
nanophotonica benadrukken de toenemende interesse om deze techniek toe te
passen op nanometer schaal. Het hoofdstuk eindigt met de belangrijke uitdagingen
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die kathodeluminescentie microscopie ondervind voor het succesvol afbeelden van
nanostructuren op glas, wat het ontwerp criterium van onze setup definieert.
De details van het systeem worden geïntroduceerd in hoofdstuk 2: een korte
beschrijving van de geïntegreerde elektronen en lichtmicroscoop functionaliteiten en
de implementatie van het confocale detectie pad worden gepresenteerd. Uitleg van
de beschikbare acquisitie modes, uitlijn procedures en typische afbeeldingen dienen
als standaard werkingsroutine. Het effect van de pinhole kan worden geobserveerd bij
het vergelijken van ongefilterde en confocale CL afbeeldingen van hetzelfde gebied in
een substraat. Bovendien is het filteren geëvalueerd zonder het gebruik van een
elektronenbundel; een laserexcitatie pad in de opstelling maakt het mogelijk om
fluorescente beads af te beelden met verschillende pinhole groottes. Naast efficiënte
CL detectie kan de setup bebruikt worden voor de volgende potentiële applicaties: (i)
emissie lokalisatie voor excitaties met lange propagatie lengtes, (ii) simultane excitatie
met licht en elektronen, (iii) monitoren van elektron excitatie met subsequente
optische microscopie, (iv) de incorporatie van licht of elektronenpulsen voor
tijdsopgeloste karakterisatie.
Het gebruik van lage energie elektronenbundels wordt voorgesteld in
hoofdstuk 3 als een strategie om de achtergrond CL contributie te verlagen. Dit is
verder onderzocht met Monte Carlo simulaties die de afhankelijkheid laten zien van
het electron interactie volume aan de beam energie. We hebben gezien dat
nanostructuren die weinig CL emitteren dat de stroom van de elektronenbundel
vergroot moet worden, wat ten koste kan gaan aan spatiale resolutie als de energie
van de elektronenbundel verlaagt wordt. Met de lage bundelenergie laten we zien dat
we individuele fosfordeeltjes van 30nm kunnen onderscheiden en worden de hogere
orde resonante modes van een nanodraad op een microscoop glaasje bedekt met
indium tin oxide (ITO) gedetecteerd.
Voor hoge elektron energieën, is de kathodeluminescentie van het substraat
te hoog en overwelmd het signaal. Hoofdstuk 4 laat zien dat confocale filtering een
effectieve methode is om achtergrondsignaal te onderdrukken bij hoge elektron
energieën. De bereikte filtering voor een gegeven grootte van het pinhole is geschat
met simulaties van de elektron interactie volume en metingen van de axiale
intensiteitsverdeling van een fosfor nanodeeltje dat als puntbron functioneert. Als
illustratie een voorbeeld waarbij een serie confocale secties van een goud nanodraad
op een transparante substraat die een contrast inversie laten zien op het vlak waar de
nanodraad in focus is. De hoogste CL intensiteit wordt gemeten op de positie waar de
nanodraad zich in het focus bevind. De noodzaak van een hoge resolutie
electronenspot wordt aangetoond door de CL spectrale verdeling van een gouden
nanodriehoek, die een sterke afhankelijk toont van de excitatiepositie. Beide
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strategieën die geïntroduceerd worden in dit proefschrift, het gebruik van lage
energie excitatie en confocale filtering zijn niet alleen toepasbaar voor transparante
substraten maar ook voor elk ander sterk kathodeluminescent materiaal.
Hoofdstuk 5 onderzoekt het gebruik van kwantum dots als
kathodeluminescente biologische markers. In celbiologie vereist onderzoek van
cellulaire interacties het afbeelden van specifieke functionele proteïnes bovenop de
ultrastructuur van organellen. Daarom is directe correlatie tussen de elektronen en
licht optische informatie een sleutelelement om de cel functie op moleculair niveau te
begrijpen. In vergelijking met andere potentiele kathodeluminescente markers hebben
kwantum dots het additionele voordeel dat ze al veel gebruikt worden als bio-labels in
fluorescentiemicroscopie, om die reden bestaan er veel verschillende biofunctionalisatie mogelijkheden. Hier rapporteren we kathodeluminescente detectie
van bio-gefunctionaliseerde kwantum dots ingebed in cellen. Een grote overeenkomst
tussen het fluorescentie en kathodeluminescentie signaal is waargenomen, maar het
kathodeluminescentie signaal is afkomstig van een kleiner volume gedefinieerd door
de penetratiediepte van elektronen in het substraat. Wij observeren bleaching van de
kwantumdot emissie onder hoge elektron bestralingsdoses, wat tot nu toe het
afbeelden onder hoge vergroting verhinderde. Echter, het opnemen van de
fluorescente emissie na toenemende elektrondoses laat een gecompliceerde relatie
zien tussen de intensiteit van de emissie aan de elektrondosis, er is zelfs een regime
zichtbaar waar een lichte toename van de emissie zichtbaar is. De orgine van dit
gedrag wordt verklaard als een opladingsmechanisme, voortbouwend op al bestaande
modellen die ook worden gebruikt om fotoblinking, fotobleaching –en verheldering
van fluorescentie afkomstig van kwantumdots te verklaren. De gepresenteerde
resultaten ondersteunen het gebruik van kathodeluminescentie als een hoge resolutie
microscopietechniek voor optische karaketerisatie van biologische systemen.
Tenslotte zijn de belangrijkste vindingen aan kathodeluminescentie van met
ITO bedekte glasplaatjes, het substraat gebruikt in dit werk, samengevat in hoofdstuk
6. Een dynamische gedrag van de intensiteit en spectrale verdeling van de emissie is
waargenomen. Kathodeluminescentie metingen bij verschillende elektrondoses laten
een snellere kathodeluminescentie bleaching zien bij toenemende dosis, maar ook de
verschijning en groei van een nieuwe piek in het spectrum. Secondaire elektron
plaatjes van de bestraalde gebieden suggeren dat depositie hierbij een rol kan spelen.
Bovendien laten experimenten met verschillende dikte ITO lagen zien dat glas de
belangrijkste bijdrage levert aan de achtergrond emissie in de metingen. De resultaten
versterken het belang van het van tevoren blootstellen van het substraat aan
elektronen en het confocale filteren voor CL karakterisatie bij hoge elektron
energieën.
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Cathodoluminescence as a
microscopy technique

This

thesis

presents

an

optimized

cathodoluminescence

microscope for nanostructures characterization. To explore the
optimization requirements it is first necessary to introduce the
mechanisms involved in cathodoluminescence (the light emission
induced by an electron beam), and its implementation as a
standard microscopy technique. Here, we intend to give a general
description of the processes that take place during the
phenomenon,

present

some

of

the

typical

detection

configurations and give an overview on the most popular current
and emerging applications of the technique. The chapter
concludes by establishing the main challenges that appear when
implementing cathodoluminescence to the nanometer regime
and addressing the actual research demands. They will provide the
guidelines of our microscope design.
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1 Cathodoluminescence as a microscopy technique
Introduction
Microscopes allow us to visualize and investigate the composition, topography, inner
structure and other properties of small scale objects. The strategy used to retrieve
such information defines the type of microscopy technique. Light microscopy, which
includes bright field and fluorescence, is perhaps the most known and explored so far.
However, there are many other microscopy techniques available at present. In
particular, techniques that use a physical scanning probe such as atomic force
microscopy (AFM) and scanning tunneling microscopy (STM), together with electron
microscopy (EM) have been fundamental to the materials and life sciences
development in the last decades. Each of the techniques provides specific information,
has different resolution limits and fits certain sample imaging conditions. Therefore,
combination of two of more of them is usually necessary to fulfill the sample
characterization requirements. For example, the interactions regulating a specific
group of bio-molecules can be analyzed by using fluorescence microscopy to identify
a region containing the target proteins, and AFM to image individual molecules in
their native environments and to implement single-molecule force spectroscopy [1].
Also, the combination of atomic force microscopy (AFM) and X-ray diffraction (XRD)
can be used to study the influence of deposition parameters on the surface
morphology and structural behavior of thin films fabricated by magnetron sputtering
deposition [2].
In this thesis we will focus on cathodoluminescence (CL) spectroscopy, a technique
that offers the characterization capabilities of light microscopy (e.g., information
about the optical properties, electronic structure, composition, etc.) with a resolution
in the nanometer range, very close to that achieved in electron microscopy. By using
an electron probe to retrieve the optical properties, the CL signal correlates the
structure (in high detail) with the function of a material, based on its optical response.
However, successful CL imaging of nanostructures is difficult under certain sample
conditions and detection configurations, as will be raised later in this chapter. The use
of transparent dielectric substrates like glass is particularly challenging. Our goal is to
design and build a detection system capable of CL characterization of nanostructures
on transparent substrates.
To begin with, we introduce cathodoluminescence by giving an overview of the
principle, the most common CL detection setups and some applications in materials
science and biology. Next, we point out the challenges of CL as a microscopy
technique for the imaging of nanostructures. They will define what we need to
consider in the design of our CL setup.
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Cathodoluminescence, excitation and emission mechanisms:
Cathodoluminescence (CL) is the excitation of light by the interaction with an electron
beam. The light emitted is characteristic of the composition and structure of the
exposed material, giving information about its optical and electric properties. To
investigate a sample via CL, an electron beam is focused on its surface. As a result not
only CL but secondary, backscattered and auger electrons, as well as X-rays are
generated. The region where they originate forms the electron interaction volume,
which spreads out below the focus and whose extent is proportional to the
acceleration voltage of the incident (or primary) electron beam. CL is excited directly
by the primary electron beam but also to a large extent by the other charge carriers
created in the interaction volume. The yield at which a CL-photon is generated by an
electron depends on many parameters like the incoming electron energy and velocity,
the material structural and electrical properties, presence of defects, etc., so that it is
only possible to make an average estimation of the total CL radiation intensity.
However, knowledge of the typical energies and trajectories of the interacting
electrons allow localizing where CL is potentially originating.
Figure 1 displays a cross-section of the electron interaction volume within a sample
consisting on a glass substrate covered with a 70nm layer of indium tin oxide (ITO),
when exposed to a 20kV electron beam. These results were obtained with Monte
Carlo simulations using CASINO v3.2 [3]. The lines in Fig. 1(a) are representative of the
electron trajectories and contain many scattering events (usually changing the electron
direction). The figure shows the electrons penetrate up to ~3.4µm below the sample
surface. The yellow and red lines point out secondary and backscattered electrons
respectively, while the blue trajectories represent electrons that have been absorbed
or transmitted within the material [4]. Backscattered electrons are associated with
elastic collisions and therefore are not the main source of CL, since the energy is not
transferred to the material. Figure 1(b) illustrates the energy absorbed by the sample.
The gray tone goes from light to dark in proportion to the absorbed energy, and the
contour lines indicate the percentage of energy that hasn’t yet been absorbed within
the surrounded volume. In this way, 95% of the electrons energy has been dissipated
within the volume enclosed by the light blue curve. The energy lost representation
could be useful to estimate the distribution of CL generation in the volume. For
example, in a hypothetical case in which the photon generation rate is energy
dependent, being more efficient at higher energies, the data in Fig. 1(b) would
suggest that most of the CL is produced closer to the electron beam focus.
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Figure 1 Monte-Carlo simulations of the electron interaction volume at 20kV obtained for a SiO2 substrate
with a 70nm ITO layer. (a) Interaction volume of the electron beam within the sample. The trajectories are
colored red, yellow or blue according to whether the electron is a backscattered, secondary or is absorbed
by the material. (b) Density of absorbed energy. The gray shading becomes darker as the density increases.
The percentage in each contour line corresponds to the fraction of energy that hasn’t been absorbed within
the volume contained by the line.

Different contributions to a CL signal can be distinguished depending on whether the
radiated electromagnetic (EM) far field is coherent with the evanescent EM field that
goes with the moving electron, and on the excitation mechanism. Coherent CL
radiation includes transition radiation (TR), Cherenkov radiation (CR) and diffraction
radiation. Briefly, transition radiation is generated from the decay of the effective
dipole formed by the incoming electron and its image charge, when a swift electron
reaches a dielectric/metal interface. Cherenkov radiation is originated when a charge
passing through a dielectric moves faster than the phase velocity of light in that
medium. An electron passing close to a structured surface (e.g. a periodic structure)
can produce diffraction radiation [5].
Electron-hole pair recombination generates incoherent radiation, involving inelastic
decay from an excited level to the ground state. This emission process is similar to that
observed in Photoluminescence (PL), and is the main source of CL in semiconductors.
Actually, the correspondence between PL and CL has been demonstrated for ZnS
overcoated CdSe quantum dots embedded in a polycrystalline ZnS matrix [6], as well
as for a Eu:GaN semiconductor film [7], and more recently for epitaxial core-shell
CdSe/CdS quantum dots [8]. On the other hand, CL in metals is dominated by TR and
indirect emission mediated by Surface Plasmon Polaritons (SPP). These are collective
free charge oscillations confined to a metal dielectric interface. SPPs propagate along
the interface and give rise to an evanescent field that can outcouple as light. Emission
via SPP can also be classified as coherent, depending if primary or secondary electrons
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are involved. Detailed explanation of the different sources of CL can be found in [5,
9].
Through this thesis, CL emission from metallic nanostructures and dielectric materials
will be investigated. CL will be generated by focusing an electron beam with energies
between 2kV and 30kV, inside a Scanning Electron Microscope (SEM) chamber.
Consequently, incoherent radiation for the dielectric and TR together with SPP
excitation in metallic structures, are the main contributions to the measured CL.

CL microscopy systems
The information retrieved by the CL emission and the high spatial resolution of the
electron beam allow material characterization at the micro/nano scale, making CL to
be used as a microscopy technique. A basic CL system consists on an electron source
with lenses and deflectors, a sample and a photon detector. The particular
requirements for these elements and their location inside the set-up depend on the
sample characteristics and research demands. While some designs are exclusively built
for cathodoluminescence measurements (as some CL microscopes for mineral
characterization), others use CL as a complementary technique, for example by
incorporating a photon detector to an electron microscope.
In the most common CL configurations the sample is placed inside the vacuum
chamber of either a Scanning Electron Microscope or a Transmission Electron
Microscope (TEM), as shown in Fig. 2 and in [10-17]. There, CL collection is performed
from above the sample by a reflecting parabolic mirror. A hole in its upper part allows
the electron beam to pass through it and reach the sample. For optimal functioning,
the mirror focus needs to be aligned with the focus of the electron beam in the
sample. Light generated in this point will be collimated and directed by the collector
mirror towards a photon detector, e.g. a photomultiplier tube (PMT) or a CCD sensor.
In this case the acquisition is panchromatic, i.e., the detection is sensitive to the
intensity but not to the wavelength of the CL emission. To obtain spectral
information, a band filter, monochromator or a grating needs to be placed before the
light sensor. Other detectors and optical elements can be added for distinct
characterizations. However, the dimensions of the vacuum chamber limit the number
and size of the elements in the detection path. This restriction can be eliminated by
guiding the light to the outside of the chamber. Custom designs do this by letting the
light pass through a transparent window, or coupling it first to a fiber connected to
the external part of the microscope (with the proper vacuum isolation). See, for
example, the cathodoluminescence imaging spectroscopy setup in [11].
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Figure 2 Examples of CL detection configurations. Parabolic mirror integrated to an (a) SEM and (b)
TEM/STEM system. Images taken from [18] 1 and [17] 2, respectively. (c) Objective lens placed below the
sample, in a SEM. Illustration reproduced from [19], Copyright 1973 The Japan Society of Applied Physics.

CL collection from below can also be incorporated in both SEM and STEM/TEM
systems (although in the last case this configuration would block simultaneous
electron and CL detection), but it is restricted to sufficiently thin or transparent
samples. As it will be discussed in this thesis, optically transparent dielectric materials
are known to be strongly cathodoluminescent, making them inconvenient to function
as substrates. This apparent disadvantage was turned by Boyde and Reid into a
different acquisition mode: the strong glass CL emission can be used to make
transmission images of thin samples placed on top of a glass slide [20].
Despite the above, in 1973 Ishikawa and coworkers introduced a system where an
objective lens (OL) is placed below the sample, inside the vacuum chamber of a SEM.
The OL collects the light, which is then directed by a mirror towards a photon detector
on a side port of the chamber [19]. A strong point of this configuration is the large
1

2

Reprinted with permission from (Directional Emission from Plasmonic Yagi–Uda Antennas
Probed by Angle-Resolved Cathodoluminescence Spectroscopy, Toon Coenen, Ernst Jan R.
Vesseur, Albert Polman, and A. Femius Koenderink, Nano Letters 2011 11 (9), 3779-3784).

Copyright (2011) American Chemical Society.
© IOP Publishing. Reproduced by permission of IOP Publishing. All rights reserved
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collection angle of the OL. In contrast to the situation where the detection is done
from above, the collector doesn’t need to be modified to give space to the electron
beam column or other detectors. The authors decided to use araldite as a transparent
substrate, probably because of its relatively low CL emission. They describe a sample
preparation process where a 20µm thick araldite layer is deposited on the cleaved
surface of a NaCl crystal, followed by dissolution of the salt and Al evaporation steps.
Using this procedure, CaWO4 and ZnS crystals were characterized via CL. 50nm CL
resolution for a 20kV electron beam with a measured spot size of 40nm was reported.
Nevertheless, to our knowledge, there have been no more reports on similar CL
systems in the following years. A reason for this could be the specimen mounting
procedure, since it is not compatible with some types of samples. One other limitation
the technique may have encountered is the performance of the objective lenses
available by the time: a low Numerical Aperture (NA) affects directly the collection
efficiency and therefore the success of the method.

Applications of CL in geosciences, photonics and biology
CL characterization has multiple applications in material and life sciences. Here, we
would like to point out the contributions of the technique to the fields of geology,
photonics and cellular and molecular biology. In the geosciences CL is implemented to
identify the constituent elements, crystalline phases, the presence and concentration
of defects and trace elements within a mineral, among others. Based on this data, the
chemical and thermal processes that took place during the formation and subsequent
alteration of a geo-material can be reconstructed [21].
The main mechanism of CL radiation in such materials is electron-hole pair
recombination and can be interpreted using a scheme of energy levels based on band
theory of solids [22, 23]. Luminescence takes place when the energy given to the
system is enough to promote a charge from its ground (or non-excited) state to an
excited level. The spectral and intensity distribution of the CL emission reveals the
energy levels that take part in the radiative process. Most minerals are
semiconductors, but only a few of them exhibit intrinsic CL. Generally, their band
gaps are too large and the emission falls out of the visible range. In these situations, it
is the presence of defects or impurities in the material what causes
cathodoluminescence. These impurities are called activators and their presence
modifies the band structure of the host lattice, adding energy levels that allow visible
emission transitions. Activators include Mn2+ and Rare earth elements, among others.
Often the host crystal levels don’t participate in the emission process and this is
restricted exclusively to transitions between the activator levels. The CL emission is
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then specific to the impurity. When this is not the case, the CL properties are
determined by the impurity/host combination, so that the same activator can have a
different emission profile depending on the material containing it. The CL intensity is
proportional to the concentration of impurities (whenever the last is low enough so
that self-quenching effects are not present), so that the activator density distribution
within the material can be inferred from the CL signal strength.
Other type of impurities like Fe2+, Fe3+, Co2+ and Ni2+ are known to quench the CL. In
this case the resultant band structure allows relaxation of the system by energy
transfer and non-radiative transitions. All processes where the radiation-less relaxation
mechanisms are faster than luminescence will result in quenching. Lattice defects not
associated with impurities, or thermal effects on the lattice can also reduce the CL.
Energy transfer between neighbor impurity ions instead of photon emission occurs
when the activator concentration is too high (self-quenching).
Though the information obtained with CL and photoluminescence is similar, the
electrons in CL carry more energy and penetrate deeper into the sample (valid for
optically non-transparent materials). As we saw above, the penetration depth can in
fact be controlled by tuning the energy of the primary electron beam. Also, the
electron beam can be focused on a spot much smaller than a light probe.
Consequently, CL reveals internal structures that are unexposed in PL and with higher
spatial (excitation) resolution. On the other hand, the electron excitation is
comparable to a continuous white source. The excitation wavelength cannot be
tuned, so that it is not possible to make selective excitation [24]. This could be helpful,
for example, to differentiate between trace elements with overlapping emission
spectra.
CL has been successful as a characterization technique for geological materials. The
most common minerals together with typical impurities have been studied using CL
and their spectra are well-established [22, 25, 26]. This information allows quick
identification when examining a new sample.
Cathodoluminescence has also been applied in the life sciences to obtain high
resolution images of thin specimens. As mentioned before, in 1983 Boyde and Reid
proposed a method where the strong CL emission from glass is used to make
transmission images of biological tissues. 7µm thick histological sections were fixated
on glass microscopy slides. The specimen works as an electron beam stopper,
preventing the electrons to reach the glass and generate light. The CL intensity is then
sensitive to variations of thickness or density within the section. Internal structures and
different cell organelles within the tissue were imaged with a resolution higher than
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the normally achieved in light microscopy (considering the techniques available by the
time). Heavy metals can be included during fixation to give the images a higher
contrast, but satisfactory results are obtained without the need of a labeling
procedure [20]. Figure 3 shows some examples of transmission CL imaging.
Simultaneously acquired secondary electron (SE) images reveal the surface structures
but are insensitive to the thickness.

Figure 3 Simultaneously acquired 20kV SE (left) and CL transmission images (right) of (a)-(b) an onion cell
and (c)-(d) a skin cell on top of an indium tin oxide (ITO) covered glass substrate. The onion cell size exceeds
the field of view of the microscope, resulting in the radially symmetric intensity modulation (a decrease in
the direction outward from the center) that appears in the CL image (b).

The main contribution of CL to bio-imaging could be the labelling and visualization of
protein distributions within the cell, with a better resolution than in fluorescence and
a higher contrast than in electron microscopy [27, 28]. To achieve this, much effort
has been oriented to find a proper CL nano-label. Prerequisites include being
non-toxic for the cell, having ample possibilities for specific bio-labelling and sufficient
luminescence yield. Organic dyes are preferred since they have been already
functionalized and are widely used as fluorescence biomarkers; they are assimilated
without causing severe damage or drastic modifications to the processes taking place
inside the cell. However, CL emission from such materials is weak and decays rapidly
when exposed to the electron beam [29]. Other types of materials as metal complexes
suffer less from electron beam damage, but their CL intensity is in general not high
enough for practical imaging applications. In particular, the europium-complex group
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exhibits a relatively high intensity and was investigated in detail by Niitsuma and
coworkers. Yet, when synthesized for biological staining no CL emission was observed
[30]. Recently, metallic nanoparticles and quantum dots are being investigated as
potential CL labeling agents [31].
The possibility of using nanoparticles like nano-phosphors as CL labels is quite
promising because besides being strongly luminescent, they are remarkably stable
under electron beam irradiation [32, 33]. On a first stage, non-functionalized
nano-phosphors, nano-diamonds with Nitrogen Vacancy (NV) centers and
nano-diamonds with ‘band-A’ defects were imaged in CL, reporting the detection of
particles as small as 30nm with emission in the green, red and blue regions of the
spectra, respectively [31]. Optimizing the synthesis, functionalization procedures and
size control, and succeeding on imaging these types of nano-labels when surrounded
by biological material are the next steps to achieve color CL labeling of biological
specimens, and consolidate CL as a bio-imaging technique.
Another interesting application of CL microscopy is the characterization of photonic
and photo-electronic materials [34-38]. Metallic nanowires, rods, nanoparticles and
cavities among other nanostructures, have shown to be able to control light and to
localize and enhance electric fields. This is partly possible because of plasmons
(oscillations of the free charges in a material) and surface plasmons (plasmons
confined to a dielectric/metal surface) resonances in these structures, which can be
excited by, and out-couple into light at selected frequencies. With CL, the optical
properties of these nano-antennas can be investigated at sub-wavelength resolution.
For example, CL photon emission maps of silver nano-rod antennas evidenced
polarized emission depending on the excitation probe position, and the influence of
the rod’s geometry on the plasmon resonances excited in the structure [39].
Similarly, the whispering-gallery plasmon modes supported by ring cavities have been
resolved with high detail (~11nm resolution) using CL spectroscopy. The circular
grooves were patterned by focused-ion-beam (FIB) milling on a single-crystal gold
surface. The measurements showed the strong dependence of the resonant modes on
the ring radius and in particular on the groove depth. When this is reduced, the peaks
in the CL spectrum shift to shorter wavelengths due to the coupling of the groove
mode across the disk [11]. CL measurements in S-doped ZnO nanowires confirmed a
broader bandwith gap of the near band edge (NBE) peak that normally appears in the
undoped structures, as well as a notably enhanced green emission, associated to the
introduction of defects that create distortion of the ZnO lattice [34]. Recently, the
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directional emission properties of a Yagi-Uda antenna configuration were mapped at
different electron probe positions, with angle-resolved CL images obtained by
projecting the Fourier plane of the radiation on a CCD [18].
The confinement and selective enhancement of fields offered by optical
nano-antennas make them to be considered as a new class of components for
optoelectronic devices. Potential applications in sensing, photovoltaics, terahertz
generation, optical communications, energy harvesting, nanolasing, to name a few,
are currently under investigation [40-44]. Enhancement of the non-linear processes
e.g., two photon luminescence, would in its turn contribute to improvements on
imaging techniques as fluorescence or Raman spectroscopy. The high-resolution
probing of energy propagation and field enhancement that can be achieved with CL is
critical for understanding and designing optimized antennas.

Challenges of the technique
The examples above illustrate the potential of CL as a high spatial resolution analysis
tool. However, some difficulties arise when the implementation is brought to the
nanometer scale. They are mainly related with the sample requirements and detection
efficiency. Below we list the ones we have considered as the most relevant, which will
be discussed with more detail in the following chapters:
1. CL signals from nanostructures can be weak. This mainly occurs in two situations:
for incoherent CL emission originating from electron-hole pair recombination (as in
dielectric materials) the radiation intensity is proportional to the number of CL
generating centers and therefore the small size of a structure results in a lower
intensity signal. Also for the case of coherent radiation (as in nano-antennas), the
electron beam is an inefficient probe for optical excitations mediated by plasmons and
transition radiation, generating one CL photon in the visible range per 1×105
electrons [5].
2. Light collection in the existing CL systems is limited. The collector element is usually
placed on top of the sample. However, the electron beam column and other detectors
are also usually located in the upper part of the vacuum chamber. Although the
additional detectors can be temporarily disabled, the tilt of the collector or an
aperture on it is needed to allow the electron beam to reach the sample, reducing the
area where the signal is integrated. Additionally, for an emitter at an interface
between two media, most of the radiation goes towards the higher refractive index
material. This is quite often the sample substrate.
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3. Sample substrates are restricted to low cathodoluminescent materials. The electron
beam has a penetration depth of a couple of micrometers for typical electron energies
around 20keV. Given the nanostructures size, the sample substrate is also excited
during CL acquisition and the generated emission contributes as a background to the
measurement. If the background is too intense, it can overwhelm the structure signal,
especially when this last is weak. Glass, the most used substrate in bio-applications
and other standard optical characterizations, is strongly cathodoluminescent.
4. In an intensity CL map obtained by scanning microscopy the emission is
non-localized. Despite the nanometer size excitation probe, the CL generation
mechanisms allow the emission to be originated at a different and larger region than
the excitation. A scanning acquisition where only the intensity level is registered is not
sensitive to the location of emission. Obtaining this information would require a wide
field image of the CL spatial distribution for each of the excitation positions in the
scanned area.
The main goal in this work is to perform CL characterization of nanostructures on
transparent substrates, by designing, building and optimizing a CL setup; the
optimized design needs to address the challenges above. The results obtained are
presented as follows: the next chapter describes the instrument development,
including the available acquisition modes and some application examples that serve to
characterize the system performance. In chapter 3 the use of low energy
electron-beam excitation is proposed as an strategy to reduce the strong CL
background generated in transparent substrates; the situations in which this approach
can be succesfully implemented will be discussed and illustrated with spectral and
intensity CL maps of phosphor nanoparticles and a gold nanowire on top of ITO
covered glass slides. Chapter 4 introduces a general method to minimize the substrate
background CL contribution for high-energy electron beam excitation, based on
confocal filtering of the emission. The efficience of the filtering will be estimated and
then evaluated using nanophosphors as point CL sources, as well as by analyzing
confocal cathodoluminesence images of plasmonic nanostructures obtained with a
20kV e-beam. In chapter 5 we explore the use of bio-functionalized quantum dots as
CL probes in EM. Experiments on quantum dots embedded in cells allow us to
compare FL and CL signals, and to study the effect of electron exposure on the FL/CL
emission, for different doses. Finally, chapter 6 collects some of the main findings
obtained on the CL properties of ITO/glass substrate, responsible for the background
signal in our measurements.
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Confocal system in a Scanning
Electron Microscope
We have built a cathodoluminescence microscope for

nanostructures characterization based on an integrated confocal
light and electron microscope. With this system, three different
imaging modes can be operated independently: scanning electron
microscopy with both secondary and back-scattered electron
detection, cathodoluminescence microscopy with panchromatic
and spectral confocal detection, and light (in particular
fluorescence) microscopy. While this thesis focuses on efficient
cathodoluminescence

detection,

the

system

also

offers

simultaneous acquisition and direct correlation of the images
obtained with each of the techniques. The microscope main
features, implementation of the confocal path, alignment
procedures and available acquisition and scanning modes are
explained in this chapter. Correlated electron/light images and
confocal vs. unfiltered cathodoluminescence detection illustrate
the system capabilities. The influence of the pinhole size on the
signal to background ratio is evaluated from confocal fluorescence
images and is used to estimate the filtering achieved in
cathodoluminescence detection.
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Introduction
Nanometer sized structures exhibit distinct optical properties depending on their size
and composition, which opens multiple possibilities for applications within biology
and materials sciences. To explore their applicability, such nanostructures require
optical and structural characterization. While with light microscopy (LM) one can study
the function of a material based on its emission wavelength, the spatial resolution of
the technique is restricted to some hundreds of nanometers by diffraction. On the
other hand, electron microscopy (EM) can resolve structures far below this limit. EM
images however lack the possibility of wavelength discrimination. By integrating both
techniques it is possible to simultaneously obtain information on the structure and
function with nanometer resolution.
Cathodoluminescence (CL) characterization already merges light and electron
microscopy: it uses the high resolution electron probe to excite light in a material and
an optical detection path to record the emission. The excitation occurs either via direct
coupling to the optical local density of states, or from the recombination of charge
carriers generated by the electron beam in the sample material. There are some
challenges to deal with when applying CL for materials characterization at the
nanoscale: though high-resolution xy color images are obtained using CL, the
resolution in the z (axial) direction is considerably larger due to the electron interaction
volume, which can extend several micrometers below the sample surface.
Additionally, signals involving nanostructures can be notably weak [5]. An optimized
CL setup should look for improvement of the z resolution and light detection
efficiency. It is possible to accomplish this considering that in light microscopy (LM)
high collection efficiencies are obtained with a high numerical aperture (NA) objective
lens and optical z sectioning is achieved by applying confocal filtering to the collected
signal.
Existing integrated CL systems usually compromise the performance of the light
and/or electron microscope: sample tilt during acquisition limits the collection angle in
both LM and EM. An optical detector placed in between the electron column and the
sample restricts the electron working distance and can partially or completely block
electron and other related EM detectors. An example of this is the standard parabolic
mirror used to collect the light from above the sample, where the mirror itself requires
an aperture for the passing of the primary electron beam. A notably improved version,
with a system of piezo-motors for accurate alignment of the mirror, covers an angular
range of 1.46π [10]. This value is equivalent to a NA of 0.96, which can also be
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reached by an objective lens. Regardless the collector element, its location above the
sample is the major obstacle to enhance the collection efficiency.
In general, CL detection is done without considering the z resolution. Recently, a
system that uses an objective lens for collection and applies confocal filtering to the
signal was reported [7]. They examined thin samples (of less than 400µm), where the
confocal filtering was not implemented to gain z resolution, but to better localize the
emission in xy. However, their setup required to tilt the sample and the back aperture
of a 0.3NA objective lens was not fully filled, reducing their effective NA to 0.17, a
low value given the requirements above.
This chapter presents an electron, light and cathodoluminescence microscope with
enhanced detection efficiency and spatial resolution. The system is based on a custom
design of an integrated electron and light microscope, where a high NA objective lens
maximizes the CL collection and a confocal detection path localizes the emission in

xyz. The microscope should ideally have: 1) Aligned electron and optical axes, so that
EM and LM images can be directly correlated. 2) Enough space to place the electron
and other standard EM detectors without affecting the image quality (in this way the
integration does not affect the standard functioning of the individual microscopes). 3)
A high NA objective lens for large light collection efficiency. 4) Expandable optical and
detection paths to allow multiple excitation and detection configurations. 5) A sample
scanning stage for confocal acquisition. 6) A confocal path for detection, where the
pinhole element can be easily translated for alignment adjustments.
The basic integrated light and electron microscope setup (previously reported in [45])
fulfills conditions 1-3. An expanded optical breadboard that includes a confocal
detection module and a sample scanning stage were incorporated to meet
requirements 4-6. Next, we present a brief introduction and an application example of
the light-electron microscope, followed by a detailed description of the confocal
system components, alignment procedures, evaluation of the confocal filtering, and
the resulting operating modes. Application of the system to cathodoluminescence
detection will be covered in chapters 3 and 4 and is therefore skipped or only shortly
mentioned here.

Results
Starting point: Integrated Light and Electron Microscope
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We have modified the vacuum door of a Quanta™ 200 FEG Scanning Electron
Microscope (SEM) from FEI to combine an optical with an electron microscope (Figure
1). In our system, a high numerical aperture (NA) objective lens (CFI Plan Apochromat
40× 0.95 NA from Nikon) is placed below the sample and the electron column,
collecting the light emitted by the sample and directing it outside the SEM chamber
via a prism mirror and a transparent optical window adapted to the vacuum SEM
door. As mentioned before, when collecting from below the sample, the objective
lens does not restrict the electron working distance neither blocks other SEM
detectors. This statement is valid in both directions: the objective lens detection
efficiency does not get compromised by the presence of the electron column and
detectors. Figure 1(b) shows the 0.95NA objective lens with a 240µm working
distance mounted on the stage on the vacuum side of the door. An optical
breadboard is attached to the other side, where different optical paths are assembled
for light detection and excitation. The tube lens, CCD camera and blue LED source of
a wide field fluorescence microscope can be seen in the example of Fig. 1(c). Further
details on the door design can be found in [46].
The setup is meant to perform characterization of samples mounted on transparent
substrates, which includes glass based substrates, widely used in different light
microscopy techniques for both biology and materials characterization. Their biocompatibility broadens the type of samples that can be investigated, making them a
preferred choice over other materials.
This design allows simultaneous correlative light and electron microscopy [46]. One of
the major advantages of such a configuration is the direct correlation between the
nanometer resolution structural information provided by the electron image and the
optical response obtained with light microscopy, which often displays functional
information such as protein distributions. Sample transfer processes from one to other
technique are no longer needed. This is important because sample modifications can
occur during this step, or just take long enough so that the sample conditions at
which both images are acquired present substantial differences (this can easily occur
to biological specimens). To match up the same area in both images is also not
straightforward since they provide essentially different information, and features
appearing in one image can just not give any contrast in the other. Consequently,
simultaneous correlative light and electron microscopy has a high impact as a
technique, in particular for imaging of biological systems.
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Figure 1 Integrated Light and Electron Microscope. (a) An objective lens and a sample holder are mounted
in the vacuum side, while an optical breadboard is attached to the outside of the modified door of a
Scanning Electron Microscope. (b) Under the sample, a 240µm working distance objective lens can be
placed without blocking the electron column and detectors. (c) LED source, CCD camera and other optical
components of a fluorescence microscope mounted on the optical breadboard: the system allows
simultaneous acquisition and direct correlation of the fluorescence and electron images.

Figure 2 is an application example of a sample of SW480 adenocarcinoma cells
labeled for the protein cortactin with Alexa488 [46]. First, a secondary electron (SE)
image at low magnification is taken to select a cell or region of interest, as shown in
Fig. 2(a). Although electron and fluorescence images can be recorded simultaneously,
the fluorescence image in Fig. 2(c) is acquired before the high magnification electron
image in Fig. 2(b), to avoid electron beam damage effects. The backscattered electron
(BSE) image of Fig. 2(b) is taken immediately after. The merged information reveals
the cortactin-rich areas are correlated with the presence of formation regions for
cellular surface structures that have a roll in cell mobility.
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Figure 2 Correlative fluorescent and electron microscopy for cell imaging: (a) low magnification SE image (b)
backscattered image of a region of interest, revealing the cell surface topography (c) fluorescence image of
the same area. Fluorescence comes from the Alexa488 dye that was used to label the protein cortactin.
Cortactin concentrations are proportional to the signal intensity. Scale bar in (b)-(c): 5µm.

Integrated Confocal Optical and Electron Microscope
A three-axis xyz scanner (TRITOR 100 from piezosystem Jena, Inc., 80µm range) and a
confocal detection path were added to the initial microscope setup to enable
scanning confocal microscopy and confocal cathodoluminescence detection. Figure
3(a) shows the modified system: the SEM vacuum door now holds a larger optical
board to allow longer and/or additional optical paths (compared to the setup in Fig.
1). The breadboard is enclosed in a light isolation box with shielded apertures on the
side for optical and electrical connections to voltage supplies, signal readers, scanner
and piezo controllers, as indicated in Fig. 3(b). The top part can be easily removed for
adjustments on the optical paths.
The inside of the SEM chamber can be seen in Fig. 3(c): the sample holder and xy long
range translators (Vacuum-Compatible Miniature Translation Stages M662.v, from
Physik Instrumente (PI) GmbH & Co) were mounted on the xyz scanner (note the
coordinate system in Fig. 3b). For light collection we used either a CFI Plan
Apochromat 40× 0.95 NA air objective lens or a CFI Plan Apochromat 100× 1.4 NA
oil objective lens from Nikon, in the last case we included vacuum compatible
immersion oil, obtained after degassing [47]. A procedure for placing the objective
lens focus at the sample is presented in Appendix A. The lens collimates and sends the
light outside of the chamber as a parallel beam, so that the required optical elements
can be placed along the path without the space restriction that occurs in the
divergent case.
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Figure 3 Confocal Scanning Electron and optical microscope: (a) front view and (b) side view of the door
dismantled from the SEM. (c) Vacuum side with the xyz sample scanner added for confocal acquisition (d)
excitation and detection optical paths mounted in our system. A tube lens focuses the collimated beam
onto a pinhole, making the PMT and spectrometer detection confocal.
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A typical optical path construction is shown in Fig. 3(d). Here, we have assembled four
channels: the first one includes a tube lens to form a wide field image on a CCD
camera. The CCD image was used only for focusing and alignment purposes, but it
could be potentially used for example, to study the angular distribution of the
emission [48]. A second channel goes towards a Hamamatsu H5783 Photomultiplier
tube (PMT) which registers the signal intensity, to generate panchromatic CL images.
When wavelength characterization is required, the light is sent via an optical fiber to a
spectrometer. In the last case an extra lens is needed to couple the light into the fiber.
The spectrometer consists of a Princeton Instruments Acton SP2156 grating
spectrograph and a liquid nitrogen cooled CCD camera (PyLoN:100BR-Excelon), also
from Princeton Instruments. Finally, a fourth channel is used for light excitation, it
sends in a collimated laser (via a fiber port) that fills the back aperture of the objective
lens, enabling e.g., fluorescence acquisition (a dichroic mirror and a long pass filter are
then included). To select among the different channels, we decided to use flipping
mirrors instead of beam splitters, so that the signal level is kept as high as possible.
For confocal detection, the CL collected and collimated by the objective lens is
focused with a 200mm plano-convex tube lens (TL) onto a screen with a pinhole. In
this way, light generated outside the (OL) focus is blocked by the screen and can’t
reach the light detectors behind it. The pinhole is mounted on a xyz translator (a
differential xy translator that is again mounted on a single-axis (z) translation stage,
both from Thorlabs) for fine alignment with the optical path, and can be removed to
make unfiltered acquisition. Behind the pinhole, a third lens makes the beam parallel
again, leaving space to mount more than one detection path, in our case the PMT and
spectrometer channels. A dielectric broad band flipping mirror switches between
them. The reflected light goes to the larger detector area of the PMT, so that the
spectrometer signal does not get affected by small mechanical misalignments that
may occur during the movement of the mirror mount (repeatability within 200 µrad).

Imaging modes
The secondary and backscattered imaging modes can be used as in a standard SEM.
For light detection there are multiple possibilities: the CCD camera provides a
reflection, fluorescence or cathodoluminescence wide field image of the sample
depending on the excitation source, being an electron beam for the last case.
Acquisition with the PMT and spectrometer is done by scanning the sample and
recording the signal intensity level pixel by pixel to form an image, unfiltered or
confocal according to the application. The PMT will generate a panchromatic image,
while the spectrometer gives wavelength information on the signal emitted. It is also
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possible to use the spectrometer only in a point or region of interest (ROI), selected
beforehand from the acquired SEM or light image. Figure 4 summarizes the available
acquisition modes.

Figure 4 Combination of the electron and light microscope: acquisition modes for light detection available
in our system. The text boxes in blue specify the type of photon detector.

The scanning for CL imaging is done either by the electron beam (while the sample is
kept at fixed position), or translating the sample (then the electron beam is kept
fixed). The first option generates an image where the intensity is modulated by the
field of view defined by the aperture limiting the optical system. In confocal
acquisition mode this corresponds to the pinhole. Figures 5(b) and 5(d) are CL maps of
metallic structures on an ITO/glass coverslip that show the intensity modulation when
scanning the e-beam, with unfiltered and confocal detection (50µm pinhole in a 40×
magnification optical system), respectively. Note the size difference between the
images, approximately equivalent to the field of view for each case. Comparison of
the intensity levels within an image acquired by scanning the electron beam can be
done only when the imaged area is relatively small compared to the field of view
diameter, so that intensity variations from this modulation are negligible. Otherwise,
image post-processing is required. The advantage of this scanning mode is the
acquisition speed, since electron beam deflection can be done faster than mechanical
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translation: from ~1µm/ms with the piezo-scanner to ~1000µm/ms with the e-beam,
for a 1000 x 1000pixels (50×50)µm2 image. In addition, electron scanning avoids
artifacts that could occur during mechanical sample translation caused by, e.g.,
vibrations or a strength asymmetry between the scanning directions.

Figure 5 Scanning approach: e-beam vs. sample scanning. Secondary electron (top) and simultaneously
acquired CL (bottom) images of metallic structures on a conductive transparent substrate. Figures (b) and
(d) were obtained by scanning the electron beam without and with confocal filtering, respectively. The
image size was chosen to show CL intensity modulation. This is not observed in image (f), acquired by
scanning the sample over the same area as in (d).

However, when the area of interest is large or modulation effects are not desired, the
best option is to scan the sample. Because in this configuration both axes are kept
fixed, there is no modulation of the signal and intensities within the CL image can be
directly compared. Figures 5(e) (SE) and 5(f) (CL) correspond to this acquisition mode.
The imaged area (1µm2) and integration time per pixel (0.02s) are the same as in Figs.
5(c)-(d), though the pixel size is larger (114nm2 vs. 69nm2 in the e-beam scanned
images). The main difference is in the CL intensity distribution: in Fig. 5(d) a circular
profile surrounds the nanowire and only the nanowire (NW) edge closer to the
distribution center stands out in the image, while Fig. 5(f) has a more uniform
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background and the signal is stronger at both the ends of the nanowire. Additionally,
the scanner enables zy, zx and 3D imaging when doing confocal acquisition.

Pinhole alignment
The electron and optical axes are aligned within ~10µm, a step necessary to maximize
light collection and a demand in confocal acquisition. A method to achieve it is
explained in chapter 3 (see Figs. 2(b)-(d) in that chapter). Even more critical is the
alignment of the pinhole position with the optical axis. For xy, this can be done by
acquiring a CL image while scanning with the electron beam. A sample of a
luminescence substrate covered with a thin metallic film illustrates the procedure.
Hole-cross markers have been patterned in the film so that more light is generated
when the e-beam passes over them. Once the ~10µm alignment is done (a
pre-condition to start the pinhole alignment), the electron and optical axes match the
center of the image. This is shown in the SEM and unfiltered CL images of Figs. 6(a)
and 6(b). As explained above, in confocal mode a projection of the pinhole appears in
the CL image, indicating its position with respect to the optical axis. Figures 6(g)-6(i)
show three situations where a 50µm pinhole (equivalent to a 1.25µm in the sample
for a 40× magnification optical system) is misaligned. The pinhole, which is mounted
in a xyz translator, can be shifted until the projection is centered in the image, as
shown in Fig. 6(c). Figures 6(d)-6(e) are zoomed-in versions of Figs. 6(a)-(c), to
emphasize the pinhole alignment and the contrast between the confocal and
unfiltered CL images.
The pinhole is aligned in the axial direction (z) by placing it at the focal distance of the
tube lens. There are many strategies to achieve this, for example, by using a
collimated laser beam or a pinhole sample with a strong lamp on top and following
the beams along the optical path. Alternatively, it can be done using the CL signal. A
requirement is that the cathodoluminescence comes from a single z plane (with a
thickness below the diffraction limit), at the focus of the objective lens. The CL
intensity is recorded (either with the PMT or the spectrometer), while moving the
sample along the z axis. Figure 7 shows examples of the intensity distribution
obtained in this way. For unfiltered acquisition (without the pinhole), the maximum of
the distribution is achieved when the sample is at focus. The pinhole is then added
and the same procedure is done, acquiring the z intensity profile of the CL by
scanning the sample (red dot curve in Fig. 7). The pinhole is aligned when the zposition of the confocal distribution peak matches the unfiltered one (as in Fig. 7). If
this is not the case, the axial position of the pinhole needs to be adjusted by moving
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the translator stage where it is mounted. It is important to keep in mind that if the CL
source is not extended (or uniform) in xy, intensity variations can be originated from
either sample or pinhole displacements on that plane. In this situation xy CL images
are necessary to confirm the CL sample keeps aligned with the pinhole in that plane.

Figure 6 Confocal filtering and pinhole alignment. (a) SE, (b) CL and (c) Confocal (with a 50µm diameter
pinhole) CL images of a luminescence sample (YAG) with a hole-patterned metallic film on top. The
electron beam reaches the YAG directly in the area within the crosses, generating more light. The pinhole
projection in (c) appears in the center of the image, indicating it is aligned with the electron and optical
axes (d-f) Zoomed in versions of the images above. Note the difference between the CL and confocal CL
images. (g)-(i): examples of a misaligned pinhole: a change in its position is clearly visible in the confocal CL
images. The black arrows show the translation direction from (g) to (h), (h) to (i) and (i) to (c), where the
pinhole is finally aligned.
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Having a CL source confined in z is not simple considering the use of glass, a strongly
cathodoluminescence material, as sample substrate. We will see in chapter 3 that the
electron range (the depth of the electron interaction volume of an incoming beam in
a material) increases drastically with the acceleration voltage, and it is already around
1µm for a 10kV electron beam on ITO. CL is in principle generated along all this
range. Therefore, using low voltages (below ~5kV) is necessary to restrict the radiative
volume to a few nanometers in the axial direction. The other option would be to use a
material which gives a much higher CL intensity than the substrate emission, so that
the last can be neglected, and even then it is recommended the use of low voltages to
keep the substrate CL at a minimum value. The z profiles in Fig. 7 have been obtained
using LuAG:Ce nano-phosphor beads, which give a considerably strong signal.

Figure 7 Pinhole axial alignment. Unfiltered (black) and confocal (red) CL intensity profile of a phosphor
particle along the z direction, for a 50µm diameter pinhole. The curves are obtained by measuring the
intensity when translating the sample. They are normalized for comparison. The z position of both maxima
overlap, indicating the pinhole is axially aligned with the optical path.

Confocal filtering strength: dependence on the pinhole size
We evaluated the confocal filtering of our system by building a fluorescence
microscope. A fiber port collimates a He-Ne laser beam (632.8nm wavelength), which
is directed by a dichroic mirror into the vacuum chamber (see Fig. 3d). The beam is
focused by a 40× objective lens on a sample of 20nm diameter fluorescent beads (Life
Technologies Carboxylate-Modified Microspheres, Crimson Fluorescent, emission
wavelength peak at 645nm) deposited on an ITO-coated glass substrate (SPI Supplies,
170μm thick coverslip with a ~70nm ITO layer). Note that unlike standard confocal
microscopes, the excitation here is non-confocal. Scanning confocal fluorescent
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images were acquired by translating the sample while using the PMT to record the
signal intensity for every pixel. The dichroic (Semrock 650nm single-edge dichroic
beamsplitter, 98% average reflection 500-640nm, 90% average transmission from
660–825nm) together with the long pass filter (Semrock 633nm ultrasteep long-pass
edge filter, 93% average transmission 647-1427nm) fit the excitation/emission profile
of the particles.
As for the case of the integrated wide field fluorescence (Fig. 2), confocal fluorescence
and electron images can be directly correlated, under the condition that the optical
and electron axes have been previously aligned. In the left picture of Fig. 8, a
fluorescence image is placed on top of a previously recorded low magnification
secondary electron (SE) image, to show the overlay. The high resolution SE image at
right reveals the presence of features giving a dark contrast on the regions where
strong fluorescence is generated. This can be associated to clusters of the crimson
particles. Other structures appearing in the zoomed-in SE image give no fluorescence
signal, like the bright features on the right top corner.

Figure 8 Overlapped (left) and correlated scanning confocal fluorescence and secondary electron images of
a sample containing clusters of 20nm diameter fluorescent beads on an ITO covered glass substrate. The
secondary electron image shows the clusters originating the strongest light signal.

To quantify the filtering, a cleaner area (compared with the region shown in Fig. 8)
and with a lower density of bead clusters was selected. We investigated the effect of

40

Results

the pinhole size on the signal to noise ratio (𝑠/𝑛), by analyzing the fluorescence
images obtained with a 20µm-100µm diameter pinhole, and without it (unfiltered
case). Figure 9(g) was obtained by measuring the intensity level in a selected particle
within the cluster and the average level in a square in the background. The selection
was the same for each case, and additional images were taken after the series to
confirm that bleaching effects can be neglected. The signal to noise ratio was
calculated considering a basic model where shot noise is the main contributor to the
noise level in the measurement, which is particularly valid when detecting weak
signals. For an imaging system limited by optical shot noise, the variance in the total
number of detected photons (signal and background) follows a Poisson distribution.
Therefore: 𝑛 = √𝑠 + 𝑏, and 𝑠/𝑛 = 𝑠/√𝑠 + 𝑏 [49]. The obtained behavior is expected
from confocal theory (a basic review of the confocal principle can be found in
appendix B): an aperture that is too small not only filters out the background, but also
a considerable fraction of the signal. A better background filtering is obtained by
increasing the pinhole diameter until an optimal value is reached. From there, making
the aperture bigger only raises the background level with respect to the signal. The
plot indicates that a ~40µm pinhole gives the best 𝑠/𝑛. This value agrees with the
estimated from the theory (though this is not a univocal definition [50]), roughly
around one Airy unit. In our system this would correspond to a pinhole with a
diameter of 33µm for the 40× objective lens, but the effective magnification can
slightly vary in the actual setup.
Figure 9(f) was acquired when the pinhole is removed from the optical path. As
discussed before, in this case there is still an effective filtering given by the smallest
aperture (or aperture projection) along the optical path. The image also shows what
appears as an asymmetric filtering in xy. We found this is associated to an elongated
excitation probe (laser), an effect generated by the dichroic mirror. A scanning
acquired image is formed by the convolution of the excitation probe and the sample
profile. Including a confocal filtering for the excitation can prevent this effect and in
general will improve the achievable resolution; this is already implemented in
commercial confocal microscopes and will be a future improvement to our setup.
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Figure 9 (a)-(f) Confocal Fluorescence Images for different pinhole sizes. (g) Signal to noise ratio obtained
from the images. The areas selected for the intensity measurements are shown by the yellow and blue
arrows in (a). The red dashed line is just indicative of the trend behavior.

General remarks
Up to this point, we have shown a system that combines optical, electron and
cathodoluminescence microscopy, where each of the techniques can operate
independently and their performance is not reduced by the integrated design.
Additionally, we have incorporated a confocal path for light detection. This is not only
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relevant for the optical microscopy modes like fluorescence, but it could represent a
significant improvement for cathodoluminescence: the filtering provides localization of
the emission in xyz; also, it allows imaging of samples on glass substrates, so far very
restricted for CL acquisition because of their strong emission. Background rejection
and the characterization of the radiative CL volume as function of the electrons
acceleration voltage are application examples of confocal CL microscopy that have not
yet been explored; we will approach them in chapters 3, 4 and 6.
The microscope offers multiple imaging options and more important, the images of
each technique can be directly correlated. This property represents a major advantage
in all the applications that investigate the optical response as a function of the shape,
size and composition of a nanometer sized sample, where overlay methods can
induce significant errors. We have seen for example that in cell imaging, the presence
of a protein can be associated to specific structures within the cell by combining the
fluorescence and electron information. We can also include cathodoluminescence to
this type of characterizations. CL, electron and fluorescence imaging of functionalized
quantum-dots embedded in a cell will be investigated in chapter 5. Additional
implementation possibilities include simultaneous optical and electron excitation of,
e.g., photonic structures, the use of pulsed light or electron sources for time-resolved
measurements, and incorporation of other probing alternatives that emerge from the
individual development of each technique.

Conclusions
We have introduced a confocal cathodoluminescence system based on an integrated
light and electron microscope. With the optical and electron axes aligned, the setup
also offers simultaneous acquisition and direct correlation of electron, light and
cathodoluminescence images. Secondary and backscattered electron, as well as widefield and confocal fluorescence (LED or laser excited) are some of the available
imaging modes in our system. Their performance is the same as in the standard
individual microscopes. The design allows using a high NA objective lens which
besides than providing high-resolution optical images guarantees efficient collection
of the CL.
An extended breadboard made space to build the confocal and other detection paths.
The sample was mounted on a xyz scanning stage, which in confocal detection
enables zy, zx and 3D fluorescence and cathodoluminescence imaging. The effect of
the filtering in xy was directly observed in the confocal CL images. We used this to
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align the pinhole with the optical axis, a condition that is necessary for optimized
detection. Also, we presented a method to align the pinhole in the axial direction,
using the CL signal. This can be convenient as an alignment routine prior to every
imaging session. The 𝑠/𝑛 for different pinhole sizes was evaluated using a confocal
fluorescence microscope built in the setup, and assuming a shot noise behavior. For
an emission around 645nm, a 40µm diameter pinhole gives the highest value. This
value is close to the estimated diameter of 33µm equivalent to 1 Airy unit, as
calculated from confocal theory.
The results presented here show that the microscope fulfills the requirements for
successful cathodoluminescence characterization of nanostructures on transparent
substrates. Implementation approaches and measurements on nanostructures
including metallic optical antennas, quantum dots and phosphor particles will be
addressed in the following chapters.
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Cathodoluminescence
Microscopy of nanostructures
on glass substrates

Cathodoluminescence (CL) microscopy is an emerging analysis
technique in the fields of biology and photonics, where it is used
for the characterization of nanometer sized structures. For these
applications, the use of transparent substrates might be highly
preferred, but the detection of CL from nanostructures on glass is
challenging because of the strong background generated in these
substrates

and

the relatively

weak

CL

signal

from

the

nanostructures. Previously, we have presented an imaging system
for very efficient CL detection through the substrate using a high
numerical aperture objective lens. In this chapter we will show that
this system allows for detection of individual nano-phosphors
down to 30 nanometer in size, as well as the up to 9th order
plasmon resonance mode of a gold nanowire on an ITO coated
glass. We will also analyze the CL signal-to-background
dependence on the primary electron beam energy and discuss
different

approaches

to

minimize

its

influence

on

the

measurement.
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Introduction
Cathodoluminescence (CL) based techniques use the excitation of light by an electron
beam to study the optical and electric properties of a material. As a characterization
tool, CL has applications in many research fields, e.g. in geosciences, where it is used
to identify minerals, crystalline phases and the presence of defects in solids [51]. Here,
the structures of interest typically have lateral dimensions in the order of micrometers.
More recently, CL is being used to map the local density of states (LDOS) of photonic
nanostructures: resonances of, e.g. optical antennas, dielectric cavities, and their
effect on the properties of nearby emitters can be investigated at a resolution far
below the wavelength [10, 18, 52, 53]. In cell biology, protein distributions could be
visualized directly in electron microscopy (EM) using bio-functionalized CL generating
nanolabels, in a process similar to immuno-labeling for fluorescence microscopy.
Nano-phosphors, quantum dots and nano-diamonds with nitrogen-vacancy (NV)
centers, are being investigated as potential biological markers [31, 33, 54]. For these
emergent applications, it is important to optimize the CL detection efficiency, as the
signal generated by nanoscaled structures can be very weak.
The most common CL systems use either a Scanning Electron Microscope (SEM) or a
Transmission Electron Microscope (TEM). CL detection is in general performed from
above the sample using a parabolic mirror that contains a small hole for the passage
of the electron beam [14, 55-57]. However, this limits the amount of generated signal
that can be detected, because most of the light will be emitted into the higher
refractive index, usually the sample substrate. As an example, for a dipole emitter
oriented perpendicular to a glass-vacuum interface 86% of the light goes into the
glass (see Fig. 1a). Detection through a transparent substrate would then be beneficial
to increase the collection efficiency.
Through-substrate CL detection could be performed with an objective lens (OL) placed
below the sample, inside the vacuum chamber of a SEM. This configuration was
already explored in 1973 by Ishikawa and coworkers. The OL collects the light, which
is then directed by a mirror towards a photon detector on a side port of the chamber
[19]. In their work, the sample was mounted on an araldite substrate. However, to our
knowledge, no further work has been reported on similar CL systems since then. A
reason for this could be the requirement to mount the sample on araldite, which
limits applicability. Other transparent substrates, like regular glass microscope slides,
are known to generate a strong CL signal. Such CL as a background can easily
overwhelm the signal from the structure of interest. Another possible limitation the
technique may have encountered could be the performance of the objective lenses
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available by the time, affecting the collection efficiency and therefore the success of
the method.
Nevertheless, CL detection with an OL collecting light through the substrate would
not only increase the signal detection efficiency, but it would bring additional
advantages: (i) as the OL is placed below the sample, it does not block other detectors
in the SEM vacuum chamber, and (ii) the symmetry of the OL system makes it easy to
interpret the detection optics and correct for aberrations. Also, if substrates like glass
could be used, it would extend the possibilities for CL microscopy, as in most of the
CL characterizations reported so far the nanostructures are mounted on Si-based or
other non-transparent conductive supports. Glass substrates could be particularly
beneficial for the applications in biosciences and nanophotonics, because of (i)
compatibility with other optical techniques that can complement the information
retrieved from CL, (ii) bio-compatibility and the wide range of available surface
functionalization techniques for glass or conductive oxide surfaces, (iii) applications in
nanophotonics, e.g. in sensing and detection, may ultimately need a transparent
substrate. Our aim is to accomplish efficient CL microscopy of potential biomarkers
and plasmonic nanostructures supported on glass substrates.
In the previous chapter we have introduced an integrated light and electron
microscope in which an inverted high numerical aperture (NA) objective lens is placed
in a SEM [45], as shown in Fig. 1(b). In this system light microscopy and scanning
electron microscopy can be performed simultaneously on the same area of a sample
[46]. The alignment of the light and electron axes guarantees a direct spatial
correlation of the different imaging modes, which is particularly useful to perform CL
detection through the substrate. Here, we will present the implementation of CL
microscopy, including spectroscopic measurements, and evaluate the potential of the
technique for CL characterization of nanostructures on transparent substrates.
Considering the relatively weak signal from nanostructures and the background
generated in the substrate, a main challenge is to optimize the CL signal to
background ratio.

CL microscope
Figure 1(b) shows the system used in these series of measurements, with an objective
lens (CFI Plan Apochromat 40× 0.95 NA from Nikon) mounted inside the vacuum
chamber of a commercial SEM (Quanta™ 200 FEG microscope from FEI). The
integration has been performed by modifying the vacuum door of the microscope
[45]. The electron beam comes from the top where it interacts with the sample. In the
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process secondary electrons (SE), backscattered electrons (BSE) and CL are generated.
To detect the CL, the objective lens collects the light and directs it outside the vacuum
chamber as a collimated beam, as indicated in Fig. 2(a). A breadboard is attached on
the outside of the door, where optical paths to different detectors are mounted.
Flipping mirrors are used to switch the detection mode. In our setup, 3 optical
channels are enabled: the first one focuses the light onto a CCD camera to form a
wide field image (here only used for alignment of the optical path); a second one uses
a photomultiplier tube (PMT) to detect CL intensity. The last path couples the light to
a spectrometer (Princeton Instruments Acton SP2156 spectrograph in combination
with a PyLoN:100BR-Excelon CCD camera) via a fiber (See Fig. 2a).

Figure 1 (a) Emission profile of a dipole oriented perpendicular to a vacuum/glass (n=1.55) interface. The
red and yellow lines indicate the maximum collection angle for 1.4NA and 0.95NA, respectively. (b) Side
view of our integrated microscope, with an inverted objective lens placed below the sample holder and the
electron beam column, in the vacuum chamber of a SEM.

Alignment between the electron and the optical axes is done by scanning the electron
beam over the sample while detecting the light intensity in the PMT for each position,
so that a CL map of the area under exposure is obtained. For a uniform CL sample, a
radially symmetric intensity distribution is observed, where the maximum value in the
distribution corresponds to the center position of the OL and the full width at half
maximum (FWHM) of the profile is determined by the smallest aperture along the
optical system. The OL can be mechanically translated until the maximum of the
optical signal matches the center of the area scanned with the electron beam (Fig.
2d). The markers on the substrate in Figs. 2(b)-2(d) serve to illustrate the alignment
with the SEM image.
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Figure 2 (a) CL detection system: an objective lens collects the light and sends it outside the SEM vacuum
chamber, where flipping mirrors enable a CCD, a PMT or a spectrometer for detection. Top-left inset:
optical paths mounted outside the SEM chamber. (b) SE image and CL maps obtained by scanning with the
electron beam when the optical and electron axes are (c) <10µm shifted and (d) when the axes are aligned
within 1 µm. The maximum intensity corresponds to the objective lens center position, i.e. the optical axis,
while the center of the image gives the electron axis.

For areas which are small compared to the variation in the detection efficiency of the
OL, a CL map can be obtained by scanning the electron beam and recording the CL
signal at each position. Alternatively, a CL image can be acquired by scanning the
sample, while the electron beam is kept fixed in one position. The sample holder in
our system is equipped with both long-range piezo translators (Vacuum-Compatible
Miniature Translation Stages M662.v, from Physik Instrumente (PI) GmbH & Co) and a
xyz-piezo scanner (TRITOR 100 from piezosystem Jena, Inc). Wavelength information
of the emission is obtained by enabling the spectrometer path during the scanning or
when the electron beam is focused in a spot or region of interest (ROI). The CL
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acquisition (wide field, intensity or spectral) does not interfere with the standard SE,
BSE and other available SEM detection modes.
The CL radiation may have a preferential direction depending on position and
orientation of the emitter. A dipole on an interface or embedded in a thin film on a
dielectric substrate has emission peaks near to angles corresponding to NA = 1 (see
Fig. 1(a) and, e.g., also [58]). To collect light emitted near the total internal reflection
angle, a high numerical aperture (NA) is required. We achieve a NA of 1.4 (CFI Plan
Apochromat 100× from Nikon) using vacuum compatible immersion oil. For the
perpendicular dipole example in Fig. 1(a), 99% of the downward emission would be
collected with a 1.4 NA OL, compared to 88% for NA = 0.95. Additional losses due to
elements along the optical path and the limited efficiency of the photon-detectors will
reduce the total detection efficiency to typical values of 5-10%.

Results
Nano-phosphors cathodoluminescence
To illustrate CL microscopy on glass substrates, we examined a sample of
nanophosphors ranging in size from 30nm to 100nm. Recently, such particles have
gained interest because of their strong emission intensity and stability under electronbeam irradiation. Additionally, their potential for bio-functionalization makes them
ideal candidates for use as biological markers in electron microscopy [31]. Figure 3
shows SE and CL images of Ce:LuAG nanophosphors (from Boston Applied
Technologies), diluted in ethanol and drop-cast on a ITO covered glass slide (170µm
thick glass coverslip coated with ~70nm thick ITO layer, from SPI Supplies). The
images were recorded with a 5kV electron beam and a probe current of
approximately 0.5nA. Clusters of particles of varying size can be clearly discerned in
both images. By comparing the SEM and CL images (Figs. 3(a) and 3b) it can be seen
that light is excited in a region larger than the phosphors, which appears as a ‘halo’
around the structures in the CL images. This effect is mainly associated to
backscattered electrons that emerge from the glass at a small angle and hit the
phosphors, even when the primary electron beam is not directly exciting them.
The CL images show that the intensity drops with the particle size. Still, nanometer
sized phosphors can easily be observed in CL, as it is shown in Fig. 3(b) for a 50nm
particle. Also the smallest particle size in the nano-phosphor dispersion, 30nanometer,
can be observed in CL (Figs. 3(c) and 3d). Figure 3(d) shows the CL intensity profile
along two of these particles, placed near to each other. Again, we attribute the
slightly increased CL intensity in between the particles to excitation of both
nano-phosphors via backscattered electrons originating from the underlying substrate.
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Figure 3 Nano-phosphors on a glass substrate with an ITO layer: (a) SE and (b) CL images. The CL intensity is
proportional to the particle size and density. The red square highlights a 50nm particle, showed in the inset
(horizontal field of view: 200nm). (c) CL map of two 30nm nano-phosphors next to each other. Inset:
correlated SE image (scale bar: 50nm). (d) CL intensity profile along the white dashed line indicated in (c).

Cathodoluminescence from plasmonic nanowires
The phosphor nanoparticles shown above are tailored for CL applications as the CL
cross-section is relatively large. In the case of CL spectroscopy of radiative modes in
plasmonic nanostructures, the excitation probability is much more reduced. For
instance, the electron generation of surface plasmon polaritons (SPP), one of the main
excitation sources of CL in metal nanostructures such as optical nanoantennas, is very
low: around 3X10-7 SPP per electron (per nanometer SPP wavelength) are generated
with a 30kV e-beam impinging on a gold surface [5, 56]. We examine the capability
of our system for plasmonic inspection using a sample of gold NWs, again on an
ITO-coated glass substrate. The incident electron beam excites charge density
oscillations confined to the metal-dielectric interface of the NW. These surface
plasmons travel forth and back forming standing waves along the NW, which behaves
as a resonator. Plasmons can out-couple as electromagnetic radiation, where the
emission wavelength is determined by the plasmons excited, which in turn depend on
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the NW composition and dimensions, as well as on the position of the excitation
probe.
Figure 4(b) shows a CL map obtained for a gold NW with a 2kV electron beam.
Intensity maxima can be clearly observed at the NW endpoints and are related to a
higher surface plasmon excitation probability. To characterize the plasmon mode
profile of the NW we have acquired the CL spectral distribution at one of the
endpoints. These are shown in Fig. 4(c). At least five wavelengths peaks can be
identified at around 689nm, 730nm, 783nm, 852nm, and 951nm. To confirm that
the modes observed correspond to the NW surface plasmon resonances, we
calculated the expected modes assuming a one-dimensional Fabry-Pérot resonator for
a gold NW 1.4µm long and with a diameter of 70nm. The resonant wavelengths were
scaled to out-coupled radiation following the method described by Novotny [59]. The
calculated resonances were compared with the peaks from the measurement, where
the best fit is shown in Fig. 4(d). From the plot, the peaks appear to correspond with
the 5th up to the 9th order resonant modes. Here, the influence of the ITO/glass
substrate has not been considered.
We can include this effect by modeling the NW behavior using finite-difference timedomain (FDTD) calculations. In these simulations, a dipole emitter is located 5nm away
of one of the edges of the NW, placed on a vacuum/ITO interface. The dipole is
oriented parallel to the NW long axis direction. The lower medium consists on a 70nm
thick ITO layer on top of a semi-infinite glass medium. The calculations were
performed using a commercial-grade simulator based on the FDTD method (Lumerical
solutions, Inc.).
Figure 4(e) shows the fraction of the power dissipated towards the glass over the total
power emitted by the dipole, together with the measured spectra. Again, there is a
good agreement between both curves. We can obtain the spatial electric field
distribution on a plane parallel to the interface (crossing the NW) to identify the
resonant orders (see insets in Fig. 4(c)). The mode profiles indicate this time that the
measured peaks correspond to the 6th up to the 10th resonant mode. Additional
simulations (not included here) suggest that small variations (within 30nm) of the ITO
thickness can induce a significant shift on the peak positions, adding uncertainty to
the identification of the mode order. Further discussion about the effect of the ITO
layer on the resonant peak position is outside the scope of this chapter, but we would
like to emphasize that both results match the measured peaks with high order modes
(> 5th order). It is important to notice that for these high order resonances, the
spectral shift of the peak positions induced by the surface plasmon phase change
upon reflection at the ends of the NW can be neglected [60].
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Figure 4 (a) SEM and (b) panchromatic CL images of a gold NW obtained with a 2kV electron beam. (c)
Spectral distribution of the CL signal acquired by excitation on a spot over one of the edges of the NW. Top
insets: FDTD simulation results for the electric field distribution (x component) along a NW for the different
resonant mode orders. The emitter can be seen at the right end of the NW. Simulations by Robert J.
Moerland. (d) Measured resonance modes compared with the ones calculated using a Fabry-Pérot resonator
model for a NW in air. (e) Red curve: FDTD calculation of the emission wavelength distribution for a (x
oriented) dipole located at the edge of a 1440nm long, 70nm width gold NW on top of a 70nm thick ITO
layer on glass. The black curve shows the spectra obtained in our measurements.
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The images in Fig. 4(c) also show that the modes are almost uniformly distributed
along the NW, so that we cannot observe a strong variation in the spectra by
changing the e-beam position. Low order modes, which are more sensitive to the
excitation probe position, are outside the detection range of the spectrometer
(>1000nm, see also Fig. 4d).
Finally, both models also predict that the peak intensity (or excitation probability)
decreases with the mode order. The wavelength dependence of the quantum
efficiency of our spectrometer CCD accounts for the relatively smaller peak of the
lowest order mode at 950nm. CL from the substrate is also observed as a wide
background with a peak around 650nm-700nm (See Fig. 4c). Given the overall low
plasmon CL excitation probability mentioned above, the fact that the system allows to
distinguish up to the 9th/10th order resonant mode clearly shows the detection
efficiency of our system.

Discussion
The results above demonstrate successful CL imaging of nanostructures on glass
based substrates. This can be partially attributed to the use of a high NA objective
lens, which improves the detection efficiency and, for structures with a high angle
emission profile, the signal to background ratio (s/b). However, a crucial factor is also
the proper selection of the primary electron beam settings: in all situations described
we were restricted to relatively low values for the acceleration voltage, and it was
necessary to optimize the current for each case individually. This last fact was because
the influence of the (substrate) background in relation to the (nanostructures) signal
strength is sample specific. Especially for glass-based substrates, structural defects and
impurities give rise to strong background signals.
To understand how the electron beam settings affect the (s/b) in a CL measurement,
we consider the situation illustrated in Fig. 5(a). Below the focus of the e-beam,
electrons scatter and further interact with the sample, defining an interaction volume.
CL can be excited directly by the primary electron beam but also by scattered
electrons in the interaction volume. In addition, CL can be indirectly excited by X-rays,
or by charge carriers that diffuse and recombine [61]. All these contributions build up
the light signal on the detector. Most of the interaction volume emission will generate
background, while only the small area where the e-beam is focused on the
nanostructure will constitute the signal.
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Figure 5 (a) Interaction volume of the electron beam with the sample: light generated from the substrate
below the structure will also contribute to the CL signal, as a background. Low inset: typical spectral
distribution of the CL generated in an ITO/glass substrate. (b) Monte-Carlo simulations of the electron
interaction volume at 2kV (top) and 30kV (bottom) obtained for a SiO2 substrate with a 70nm ITO layer. To
illustrate the scale factor between them, the area surrounded by the green square in the 2kV image is
projected into a yellow square (dot) in the 30kV plot.

The depth of the interaction volume is proportional to the acceleration voltage.
Additionally, the CL intensity increases with the acceleration voltage [5, 9]. Neglecting
sample damage or saturation, the CL intensity is also proportional to the electron
beam current. While the last two effects include both signal and background,
changing the interaction volume depth only affects the background intensity. The
acceleration voltage can drastically change this depth, from 40nm for a 2kV to 7µm
for a 30 kV electron beam, as shown in Fig. 5(b). The images were obtained using
Monte Carlo simulations (CASINO v2.4.8.1) considering a glass substrate with a
typical ITO coating of 70nm. At 2kV, the entire interaction volume falls in this ITO
coating.
A general approach to reduce the background contribution is therefore to lower the
acceleration voltage: for a sufficiently small energy the interaction range can be
restricted to the structure of interest. However, reducing the acceleration voltage
decreases the CL intensity: coherent CL emission, as the one coming from SPPs and
transition radiation, increases with the acceleration voltage (above 1kV) [15]. This is
also valid for CL rising from inelastic electron-electron collisions, where the CL signal is
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proportional to the current and the inelastic cross section (σ): CL ∝ I × σ. While at
high energies both I and σ increase with the acceleration voltage (V), at low energies
(between 1keV and 5keV), the cross section approximately follows 1/σ ∝ V0.5 [20].
However, this behavior is dominated by the current dependence on the voltage (I ∝ V,
and even I ∝ V3 in a chromatic aberration limited system) [62].

Consequently, reducing the acceleration voltage can make the signal fall below a
detectable level. This can be compensated by increasing the electron current, but
using this approach at low energies (<5keV), results in an electron probe size dp
limited by chromatic aberration, which depends on the current as I ∝ dp4×V3/ΔU2
(provided that the electron beam aperture angle has been optimized to obtain the
best resolution), where ΔU is the FW50 of the energy distribution of the electron
source [22], and the voltage V has been fixed and can be treated as a constant. Then,
an increment in the current considerably enlarges the probe size. This explains the
reduced spatial resolution observed in the SEM and CL images in Fig. 4, which were
obtained with a 2kV and ~1nA electron beam.
The substrate background is less problematic for structures with a high CL generation
rate like the nano-phosphors. In this case the use of low primary e-beam energies
does not need to be compensated with an increase on the current, so that a reduced
interaction volume (and therefore a reduced background) can be achieved while the
spatial resolution is kept in the nanometer range (Figs. 3 and 6).

Figure 6 shows a 50nm phosphor particle imaged at different acceleration voltages.
For 2kV, the background CL is low but the spatial resolution is limited, whereas for
10kV the nano-phosphor is barely visible. Line profiles taken along the particle show
the signal and background levels for each case. For this particular sample and
experimental settings, the best compromise between contrast and resolution is
obtained at 5kV and ~0.5nA current. In general, there is a trade-off between the CL
resolution and the background level that needs to be considered to select the sample
specific optimum acceleration.
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Figure 6 Influence of acceleration voltage on the background signal: (a) SEM and (b) CL images of a 50nm
phosphor nanoparticle. (c) Intensity profile obtained along the dashed line shown in b. Similar images
obtained at (d-f): 5kV and (g-i): 10kV.

Other options to reduce the CL contribution from the glass include background
subtraction and optical filtering. Background subtraction assumes a uniform behavior
over all the imaged area, which is hardly the case because: 1) defects and residues
present in the substrate from fabrication or added during sample preparation create
background fluctuations, even on 100nm length scales (see for example Fig. 6e); 2)
the substrate under the structures will emit a weaker signal than a region directly
exposed to the e-beam; 3) the background can be modified during e-beam exposure.
Band-pass optical filters can be included in the detection path, and are a good choice
when the emission wavelength is known and narrow compared to the background,
and/or the interest is on a wavelength range where the background is not strong.
A promising alternative to minimize the background contribution would be to exploit
the z sectioning property of confocal detection. This potentially allows unrestricted CL
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imaging with high acceleration voltages. Characterization of nanostructures in
transparent substrates with a confocal CL detection system will be presented in the
next chapter.
Finally, it is worth mentioning that the approach to lower the acceleration voltage can
be implemented in any CL system [5]. However, an important increase in the signal
intensity is obtained by collecting the light through the glass with a high NA objective
lens, as shown in Fig. 1(a). While the NA will influence the signal collection, the
resolution in a raster scanned CL image will depend more on the primary electron
beam properties (which affects the CL excitation probe size) that on the light
detection approach.

Conclusions
In this chapter we have demonstrated successful CL imaging of nanostructures on
transparent substrates, which are known to generate strong background signals. To
this end, we used a highly efficient cathodoluminescence detection scheme where the
light is collected through the substrate with a high numerical aperture objective lens.
To minimize the background contribution, the acceleration voltage of the primary
electron beam was decreased to typical values of 2-5kV. In this way the electron
penetration depth can be restricted to a few nanometers, but the signal intensity is
also reduced. For strongly cathodoluminescent materials like nanophosphors,
individual 30nm particles can be easily resolved. On the other hand, for structures
with a low CL cross section, lowering the acceleration voltage needs to be
compensated by an increase in the current to maintain a detectable signal level, which
for voltages below 5kV may mean that the spatial resolution gets compromised. We
have shown that using this approach the weak higher order plasmon resonant modes
of a gold nanowire on an ITO-coated glass slide can be detected up to at least the 9th
order, highlighting the detection capabilities of our system.
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Confocal filtering in
cathodoluminescence
microscopy

Cathodoluminescence (CL) microscopy allows high spatial
resolution

characterization

of

the

optical

properties

of

nanostructures, with an increasing number of applications within
the fields of photonics and biology. At the nanometer scale, a main
challenge of the technique is related to the background CL
generated within the sample substrate. Different approaches to
minimize this background contribution limit the type of sample
and substrate material. Transparent substrates are especially
difficult

and

normally

avoided

due

to

the

strong

cathodoluminescence they emit. Still, they are of great importance
because of their compatibility with biological samples and other
optical microscopy techniques. For weak signals (e.g., electron
excitations in optical nanoantennas) successful CL imaging of
nanostructures on transparent substrates is only obtained at
expenses of a reduced spatial resolution. A strategy to increase the
signal and minimize the background contribution without losing
resolution is required. Here, we demonstrate CL background
rejection is achieved by applying confocal filtering for light
detection. LuAG:Ce nano-phosphors function as point sources and
are ideal to evaluate the filtering capabilities of our confocal CL
system. We present confocal CL imaging of gold nanowires and
triangle-shape plates deposited on an ITO covered glass substrate,
comparing the results with those obtained in standard unfiltered
CL detection.
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Introduction
In cathodoluminescence (CL) microscopy, the light generated in a material from the
interaction with an electron beam is used to get information about its optical and
electric properties. CL offers a wide variety of applications in material sciences and
biology [15, 20, 24, 28, 31, 35, 56, 63]. In geology CL is well-established as an
effective technique to study the composition, detect the presence and distribution of
traces, as well as to identify phases within mineral sections [24, 64]. While for many
years CL characterization was restricted to resolutions in the order of micrometers,
recently it has been applied to inspect structures whose dimensions fall in the
nanometer range [14, 18, 39, 57, 60, 65-67]. In nanophotonics, bow-tie antennas
with gaps ranging from 5nm to 40nm, as well as Yagi-Uda and half dipole antennas
with components of 10nm-50nm width and 200nm-2µm length require a high spatial
resolution technique for optical characterization. Something similar occurs in the biomedical sciences: quantum dots, nano-diamonds, organic dyes and other type of
labels that help to identify organelles and study their function inside the cell, demand
an imaging tool with nanometer resolution [31, 33, 68]. CL can fulfill this requirement
because it uses an electron excitation probe that can be confined to a few
nanometers, making it outstand over the standard light microscopy techniques
regarding spatial resolution.
Nanostructures are usually deposited or fabricated on top of a thick (>500nm)
substrate. When implementing CL microscopy in the nanometer regime, it can be
difficult to isolate the structure’s response from the substrate CL emission, in
particular when the radiative intensities are relatively weak. This is for example the
case for optical excitations via electrons in metals, known to be very inefficient:
roughly 1×10-4 photons (in the spectral range from 400nm-1000nm) are generated
per incoming electron [9, 69]. For such low signals, the substrate CL, which
contributes as a background (BG) signal, plays a major role in the measurement.
Successful CL imaging of nanostructures requires therefore optimizing the signal
detection efficiency and reducing the BG contribution.
Different strategies are implemented to achieve the previous conditions, but usually
they restrict the application and type of sample. For example, to reduce the
background most of CL characterizations in photonic studies are done on Si or Au
substrates and avoid glass-type supports, which are strongly cathodoluminescent due
to defects and inhomogeneities present in the material [11, 70-72]. Another
alternative uses thin Si3N4 membranes and carbon films [73]. Yet, widespread
application of CL microscopy would benefit from the use of other type of substrates,
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particularly transparent ones like glass, which offer compatibility with bio-samples and
with other optical microscopy techniques. High-resolution imaging on strongly
cathodoluminescent substrates may be required for various applications in the
bio- and nanosciences, such as CL identification of bio-markers within cellular
environments and characterization of plasmonic components in glass-supported
devices such as sensors [74], waveguides [75, 76], plasmonic tweezers [77], or thin
film solar cells [78]. Approaches like background subtraction and spectral filtering only
work in specific situations: the first requires the background to be uniform (or to
behave in a predictive way) along the sample and to be stable under e-beam
exposure, which is hardly the case. Optical filters can be used once the emission
spectra of the structure of interest is known, and the wavelength emission profile
needs to be narrow or separated enough from the BG profile.
As we showed in chapter 3, it is also possible to accomplish background reduction by
tuning the acceleration voltage and current values of the primary electron beam. The
best settings depend on the particular sample and CL substrate properties, but in
general to minimize the BG requires working with low acceleration voltages ( < 5kV)
and high electron currents (higher than ~1nA). Especially for the case of weak signals,
this optimization results in a broadening of the electron probe size, which directly
affects the CL spatial resolution. However, one of the main benefits of applying CL
microscopy to nanostructures characterization is precisely the high spatial excitation
resolution, so an optimization procedure where this property doesn’t get
compromised is required.
A promising option for background reduction is to do confocal detection of the CL
signal. The axial sectioning property in confocal microscopy could be used to
selectively detect the emission originating at the plane which contains the
nanostructure, filtering out most of the light coming from the substrate. Confocal
detection of CL has been recently implemented in a custom system which
incorporates a scanning light confocal microscope inside a SEM [7]. In their setup, PL
and CL measurements were done on a Eu:GaN sample, tilted 45 degrees with respect
to the electron and optical axes. 1.94µm lateral resolution was achieved with a 0.3NA
objective lens (0.17 effective NA). In this case, the filtering was applied aiming at xy
emission localization, necessary in scanning microscopy (as standard mode in SEM and
CL imaging), and the sample thickness (400nm layer) did not allow analysis of
confocal filtering on the axial direction.
Here, we explore confocal filtering in CL imaging for background rejection (emission
localization in the z-direction). As shown in chapter 2, we have built and integrated a
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confocal path to an optical and electron microscope where light detection is done
through the sample, mounted on a transparent substrate. This configuration
maximizes the CL collection efficiency with a high numerical aperture objective lens
placed below the sample. Our goal is to evaluate the effectiveness of the confocal
filtering to achieve high resolution CL characterization of nanostructures on glass, and
discuss the experimental settings that optimize the performance of the technique.

Confocal filtering
In confocal microscopy a screen with a pinhole is added to the optical system, so that
only light from the focus of the objective lens (considered as signal) can pass through
and be detected. Not only the detection, but also the excitation can be confocal.
Appendix B presents a basic description of the confocal principle, and detailed
information about the technique can be found elsewhere [79-84]. With confocal
microscopy planes along the optical axis (z) can be selectively imaged, making possible
the examination of thick samples by taking enough number of these z sections and
using them to construct a 3D image.
The pinhole size determines the strength of the filtering. However, the pinhole cannot
be infinitely small because it will also cut the signal. The projection of a point source in
the screen plane is an Airy distribution. A standard choice for the pinhole size matches
it with the first minimum of the Airy distribution in the plane perpendicular to the
optical axis (radial). In that case the resolution in the radial direction is given by the
Airy profile. In the axial direction, the distance zmin from the center of the 3D
diffraction pattern of a point source to the first minimum along the z axis can be
considered [81]:

rAiry = 0.61

𝜆0

NAOL

; zmin =

2𝜆0 ɳ

(NAOL )2

(1)

where λ𝟎 is the wavelength of light in vacuum, NAOL is the numerical aperture of the
objective lens and ɳ is the refractive index of the object medium. Although 1 Airy unit
is the standard value, the optimum pinhole size depends on the specific characteristics
of the sample [50, 85]. Larger pinhole sizes perform better for thin samples or weak
signals. For CL acquisition, the background has a strong dependence on the energy of
the primary electron beam, and therefore, the optimum pinhole size may vary for the
same sample, depending on the electron imaging settings.

Electron range: Monte Carlo simulations
Consider the case of a nanostructure on top of a thick, CL generating substrate. The
effectiveness of confocal filtering for background rejection will depend on the
intensity and extent of the background CL within the substrate. Using Monte Carlo
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simulations we can make a general estimation of these properties and see how they
depend on the acceleration voltage of the primary electron beam.
For SEM and CL acquisition, an electron beam is focused onto the sample. The
electrons interact with the material generating secondary and backscattered electrons,
as well as x-rays and cathodoluminescence. The entire region within the material
reached by the incoming and scattered electrons forms the electron interaction
volume, where its depth is defined as the electron range [86] (Fig. 1a). The last can
extend from a few nanometers to several micrometers into the sample, depending on
the acceleration voltage of the electron beam. The whole electron interaction volume
is in principle a source of CL. Therefore, when investigating nanostructures via CL, it is
necessary to consider two contributions: the light resulting from the interaction of the
electron beam with the structure of interest, within a small volume around the focus,
will constitute the signal. The remaining interaction volume, which contains the
substrate below the structure, originates the background signal in the measurement.
It is important to note that though the excitation is highly localized (with a nanometer
electron probe size), the emission can occur anywhere in the sample.
As mentioned before, the electron range depends on the acceleration voltage of the
primary electron beam. The images in Fig. 1(b) are Monte Carlo simulations (CASINO
v3.2) showing typical trajectories that the electrons follow when they reach a surface
composed of glass with a 70nm ITO layer on top (similar to the substrates used in our
measurements). For a 2kV e-beam the electron range is about 40nm deep, whereas at
30kV it goes up to ~7µm. In a simplified model we can think on each scattering event
as a potential, equally probable, source of CL. Figure 1(c) shows the resulting CL
emission (or equivalently, the electron scattering distribution) as a function of z for
different acceleration voltages. In Fig. 1(d) the total CL intensity is compared to the
intensity within a cylinder of 500 nm diameter and 3µm depth around the electron
focus that simulates the confocal filtering obtained with the 50µm pinhole used in our
experiments. It can be observed that below 10kV all the interaction volume falls inside
this volume.
Therefore for low voltages, a confocal detection setup with similar filtering capabilities
will not offer any benefit compared to the unfiltered signal. For electron energies
above 10keV, substrate CL is partly generated outside the confocal volume and
confocal filtering has an effect on the detected signal. Figures 1(c) and 1(d) show that
the filtering becomes more effective with increasing energy, when the CL radiative
volume extends deeper into the sample. We note that due to lateral spreading of the
interaction volume also the xy-filtering of the pinhole contributes to background
reduction.
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Figure 1 (a) Electron interaction volume generated during CL acquisition, when the electron beam is
focused on the sample. (b) Monte Carlo simulations of the interaction volume at 2, 10 and 30kV, for a
sample consisting on a glass substrate covered with 70nm thick ITO layer. The orange and green squares
inside the 30kV distribution illustrate the extent of the 2 and 10kV interactions, respectively. (c) Depth
distributions of the electron scattering events (relative frequency), as obtained from the Monte Carlo
simulations (the 2 and 5keV curves were divided by 2 to scale with the others). In the simplified model
where each event generates a photon, count on the detector the distributions are proportional to the CL
intensity. The black dashed line at z =1.5 µm indicates the z filtering provided by a 3µm long cylinder
centered at the surface (z = 0). (d) Depth dependency of the frequency of the electron scattering events
without (black curve) and with the 3µm long and 500nm radius cylinder filtering (red curve), for 10, 20 and
30keV.
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Materials and Methods
Confocal CL System
CL detection is done in the integrated Light and Electron Microscope previously
introduced (chapters 2 and 3). In this design, the electron beam excites the CL from
the top of the sample, which is then collected by an objective lens (OL) from below
and sent as a collimated beam to the outside of the SEM vacuum chamber. A 40×
0.95NA Nikon Plan Apochromat air objective lens was used in all the measurements
presented in this section. Once outside, a 200mm focal length tube lens (TL) focuses
the light onto a screen with a pinhole. The optical configuration is arranged so that
light generated outside the (OL) focus area is blocked by the screen and can’t reach
the light detectors placed after it (Fig. 2).

Figure 2 Schematic illustration of a confocal cathodoluminescence microscope with an objective-lens based
detection: the confocal path is mounted on the breadboard attached outside the vacuum door of the
integrated light electron microscope.

In our setup, we enabled two optical channels for confocal detection: one sends the
light into a Hamamatsu H5783 photomultiplier tube (PMT) for panchromatic
acquisition, and a second one couples the light to a spectrometer via a fiber to obtain
wavelength information of the CL. The spectrometer consists on an ACTON SP2156
Spectrograph attached to a liquid nitrogen cooled CCD Camera Pylon 100BR, from
Princeton Instruments. We can switch between the detection modes with a flipping
mirror (Newport ultra-broad band dielectric mirror, R > 99% 0-50°, 350-1100nm).
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The reflected light goes to the larger detection area of the PMT, where small
mechanical misalignments that may occur during the movement of the mirror mount
(Newport Flipper optic mount, repeatability within 200µrad) will not influence the
measurement.
In confocal acquisition it is crucial to maximize the light collection, which starts by
aligning the electron and optical axes. Note that at the focus position the electron
beam has a diameter a few nanometers, while in the same point the optical resolution
will be a few hundreds of nanometers. Alignment within ~1µm can be achieved using
the approach described in chapter 3. The next step is to adjust the pinhole position so
that it matches the center of the optical axis. To this aim the pinhole is mounted on a
differential xy translator which in turn is mounted on a single-axis (z) translation stage
(Thorlabs). The pinhole alignment procedure is illustrated in Fig. 6 of chapter 2.
A Confocal CL image is obtained by scanning the sample while keeping electron
beam, objective lens, and pinhole at fixed position. The scanning is done with an
80µm range xyz piezo system (PiezoJena), onto which the sample holder is mounted.
Two additional long range actuators (PI) are used to roughly position the area of
interest under the electron beam. For small enough samples (structures with sizes
below ~500nm), it is possible to acquire a confocal image without moving the
sample, but scanning the electron beam instead. This is because for these cases, the
projection of the whole structure on the screen plane is smaller than the pinhole, and
therefore the light originating from the whole structure can reach the detector.
However, there will be a modulation on the CL intensity that needs to be corrected
after acquisition, when the interest is to compare the intensity values within the
image.

66

Results

Results
Z filtering quantification: nano phosphors
The strong emission intensity and stability under electron beam irradiation of
nanophosphors make them ideal to characterize the z filtering of our system. Also, in
chapter 3 it was shown that for acceleration voltages below 5kV, the background
from the ITO/glass substrate can be neglected. Because of this and their
sub-wavelength size, the nano-phosphors can be considered as CL point sources
when imaged at low voltages. In contrast with standard fluorescence confocal
characterization, bleaching effects during imaging are negligible. CL characterization
of nano-phosphors is also interesting from an application point of view: recently they
have been investigated as potential CL contrast labels for bio-samples [31].
A sample of LuAG:Ce phosphor nanoparticles (Boston Applied Technologies) on an
ITO-covered glass slide was prepared by making a solution of these particles in
ethanol and dropcasting them on the substrate. The concentration of the suspension
was tuned to obtain areas covered with single nanoparticles. Particle sizes range from
30nm to 100nm. After SEM inspection, a nanoparticle was selected and imaged in CL
at 2kV for different z positions of the sample (Fig. 3).
Note that the SEM image also shows a feature next to the phosphor that gives
contrast in the SEM image, but doesn’t exhibit significant CL. Figure 3 shows a
selection of confocal sections from 3.6µm below to 2µm above the z plane where the
nanophosphor is in focus (defined as z = 0). A drop in the confocal CL signal can
already be observed at 1µm below/above this plane. The distribution in Fig. 3 is built
by taking the peak value of the phosphor intensity emission for each z sample
position, and normalizing the curve to the peak intensity at z = 0µm. For the 25µm
diameter pinhole used in the measurements we can establish a FWHM of 2.7µm. This
is in agreement with 2Zmin= 3.2 µm, calculated from equation (1), at λ0=565nm
(phosphor’s peak emission), and considering that the 25µm pinhole corresponds to
~0.86 Airy units. The normalized distribution obtained when the pinhole is not
included in the setup (unfiltered CL) is also shown for comparison. In the latter case,
the modulation of the intensity values when changing z position is a consequence of
the finite size of the optics along the path.
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Figure 3 (a) 20kV SE image of a phosphor together with a non-CL particle (top right of the image), and 2kV
CL Confocal images for different z planes. (b) Unfiltered and confocal (25µm pinhole) intensity z profiles for
a nano-phosphor. Each data point corresponds to the peak value of the phosphor’s spectral distribution at
the indicated z position. The data has been normalized for comparison.

Z sectioning: CL for ITO-glass supported Au nanowire
Chapter 3 reported the observation of plasmon resonances for a gold crystalline
nanowire (NW) on a transparent substrate. However, in order to observe these modes
it was necessary to decrease the acceleration voltage to 2kV, minimizing the
background contribution from the glass. To keep the signal at a detectable level, a
relatively high e-beam current of about 1nA was used. Under these e-beam settings, a
low spatial resolution is observed in both SEM and CL images (see Figs. 4(a) and b). A
similar electron current at 20kV results in a better spatial resolution, but also
drastically increases the electron penetration depth, and the CL originated at the
substrate becomes the main contribution. In the CL image of Fig. 4(d) the NW appears
as a shadow, since it blocks the electrons from reaching the substrate and generate
light. The expected emission from the NW is in this case hidden in the background.
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However, when the confocal filtering is enabled, we can clearly observe emission from
the NW at the z position where the structure is at the focal plane of the objective, and
still see some intensity up to 1.5µm above that plane (Fig. 4e). A striking outcome of
the confocal acquisition is the contrast inversion in comparison to the unfiltered CL
image. This unfiltered behavior is recovered when the focus plane is shifted to the
substrate (bottom image in figure 4e), where only background is generated. In the
CCL image at z = 0 µm the enhanced plasmon excitation efficiency at the two NW
ends is clearly visible, in correspondence with, but at a higher resolution than the
result at 2kV.

Figure 4 Gold NW on an ITO/glass substrate. (a)-(d) SEM and panchromatic CL images at 2kV (top) and
20kV (bottom). (e) Confocal CL sections at different z planes. The central image is obtained when the NW is
in the focal plane.

Spatial CL spectra in gold plates
To illustrate the dependence of the CL emission on the excitation probe position we
studied a sample of crystalline gold plates with a triangular shape. Similar types of
structures and the distributions of their excitation modes have been previously
investigated using, e.g. energy electron loss spectroscopy (EELS) [87]. Figure 5 shows
the SEM and confocal CL images, with similar experimental conditions as for the NW’s
sample (20kV, ~1nA electron beam, and a 0.95NA air objective lens). The CL intensity
is enhanced at the borders of the structure. After panchromatic acquisition, the
spectral distribution of the emission at the top truncated corner of the triangle was
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obtained by keeping the electron beam fixed at the position indicated by the arrow in
Fig. 5. Three peaks are observed at about 670nm, 750nm and 820nm. The first peak
is typical for the ITO/glass substrate and is considered as background, whereas the
other two are specific for the structure and are strongly sensitive to z displacements of
the sample (relative to the focal plane), as illustrated in Fig. 5(b) for three different z
positions. In this way signal to background ratio (s/b) optimization can be done by
shifting the sample along the axial direction while doing spectral acquisition.
With the structure in the focal plane, the CL emission spectrum at 3 different electron
beam positions separated less than 100nm (as shown by the arrows in Fig. 5(c) was
acquired. All the spectra share the ITO/glass peak, but the locations and intensities of
the remaining maxima are clearly different.

Figure 5 (a) CL and SEM images of a crystalline gold plate (b) confocal CL images at different z planes and
respective wavelength emission obtained at the top of the triangle (black circle). (c) Spectra for 3 different
electron beam positions in a same z plane. The locations are indicated in the SEM image by the colored
arrows.

Discussion
The results show that confocal filtering is an effective tool for background rejection in
CL microscopy. In the particular case of samples on glass, confocal detection enables
characterization at high acceleration voltages (above 20kV) of nanostructures that
generate a relatively weak signal, like the plasmonic structures in Figures 4 and 5.
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Figure 3 shows that for a 25µm pinhole the FWHM of the intensity z profile is 2.7µm.
Although in agreement with the equations in (1), this value seems large compared
with the ~1µm provided by an optimized standard light confocal system. However,
our measurements were done with a 0.95NA air objective, so a decrease on the
achievable resolution is expected from the refractive index mismatch with the glass
slide. It is also important to notice that while in standard light confocal microscopy
both the excitation and detection are confocal, in our setup the filtering applies only
for detection. In the first case the expected FWHM is the result of the convolution of
the two point spread functions (excitation & detection), giving a value smaller than
the one obtained for each of the separate contributions.
The measured 2.7µm FWHM means that when the nanostructure is at the focus
plane, background down to ~1.4µm still makes significant contribution to the
detected signal. The Monte Carlo simulations indicate that from 2kV to 10kV the
whole electron interaction volume is within this range. In these cases, applying
confocal filtering does not help to minimize the background contribution and on the
contrary, it slightly reduces the signal (as it occurs in every confocal system). Confocal
detection will have an effect on background rejection at acceleration voltages above
15kV. The above is valid for the particular experimental conditions in our confocal
setup, with a 25µm diameter pinhole and for the case where the structures are
directly deposited on an ITO/glass substrate, without additional layers that may
change the axial CL background intensity distribution.
The observation of CL from plasmonic structures at 20kV evidences the advantages of
using a confocal system. The CL emission from the crystalline gold NW can only be
seen when applying confocal filtering (Compare Figs. 4(d) and central image in 4e),
giving an inverted intensity contrast when doing standard CL acquisition, where the
background is the main contribution. The confocal CL image at the NW focus plane is
consistent with the one observed in unfiltered CL mode at 2kV (Fig. 4b), but the
excitation spatial resolution in both images changes drastically. With an electron
energy around 2keV and unfiltered CL imaging the needed ~1nA current restricts the
electron probe size to ≥22nm, and the plasmon excitation resolution to ≥ 68nm [53].
At 30keV these values could go down to 5nm and 31nm respectively.
At 20kV the electron probe provides nanometer excitation resolution. This is
illustrated in Fig. 5, where the triangle plate exhibit distinct CL spectra emission
profiles when changing the electron beam position within 100nm. Again, this is only
possible with a nanometer probe size, which is obtained because the e-beam
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acceleration voltage is no longer restricted to low values, as is the case for unfiltered
CL.

Conclusions
Confocal filtering is an effective tool to achieve background rejection in CL
microscopy. Implementation of confocal detection in our system enabled high
resolution CL imaging of nanostructures on glass substrates. Using LuAG:Ce
nano-phosphors we estimated a CL z filtering profile with 2.7µm FWHM (at 565nm
emission peak), obtained for a 25µm pinhole and a 40× 0.95NA objective lens. Under
these imaging conditions, background generated below 1.4µm from the focal plane is
filtered out, which will have an impact for electron voltages above 10kV, as estimated
from Monte Carlo simulations. Background rejection is illustrated by investigating
samples with gold NWs and gold triangle plates on an ITO/glass substrate. Signal from
the structures at 20kV is clearly observed in the confocal image, while in the unfiltered
CL the signal is immersed in the background and the contrast is inverted. Confocal
images acquired at different z planes show different CL intensity distributions, where
the structure or background signal are enhanced depending on which part of the
sample/substrate is at the focal plane. The triangles exhibit distinct emission spectra
profiles at locations separated by less than 100nm, demonstrating the advantages of
having a nanometer resolution excitation probe. The high resolution optical
characterization of nanostructures obtained with confocal CL microscopy is not
limited to glass based substrates but to other strongly cathodoluminescent materials,
broadening the type of sample and therefore the applicability of the technique.
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Cathodoluminescence from
biological markers: quantum
dots

To understand how bio-molecules mediate cellular interactions it is
important to localize them within the structural detail of the cell.
Correlative Fluorescence and Electron microscopy can identify
fluorescent molecular bio-markers and position them on a nanometer
resolution (electron) image of the underlying structure. Despite the
recent great advances of the technique, the resolution mismatch
between the electron and fluorescence images can introduce
significant

overlay

errors.

Alternatively,

cathodoluminescence

microscopy is able to simultaneously register light and electron
signals that are generated using the same high resolution excitation
probe. Potential cathodoluminescence markers include metallic
nanostructures, quantum dots and phosphor particles. A major
advantage of quantum dots comes from the fact that they are already
incorporated as molecular probes in fluorescence microscopy. Here,
we show cathodoluminescence detection of bio-functionalized,
intracellular quantum dots. The images acquired evidence a strong
similarity between cathodoluminescence and fluorescence emission.
We also observe a complex, dynamic dose-dependent behavior of the
fluorescence under electron beam exposure, with bleaching of both
fluorescence and cathodoluminescence signals at high electron
doses. The results presented provide a first step towards
understanding electron excitation effects in quantum dot materials
and may ultimately support the high-resolution identification of
optical bio-markers in electron microscopy.
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Introduction
The function of organelles and cell inner structures can be understood by investigating
the different types of bio-molecules involved in all cellular interactions. This requires
both selective localization and structural imaging with molecular or near-molecular
resolution. The first can be done with Fluorescence Microscopy (FM), where imaging is
done with markers that attach only to specific molecules [88]. Electron Microscopy
(EM) on its part, images the cellular ultrastructure with nanometer resolution.
Correlated Light and Electron Microscopy (CLEM) combines the two techniques,
providing overlaid images of a specific bio-marker fluorescence response and the
underlying structure [89-93]. However, the resolution in FM is limited by diffraction,
making it about 2 orders of magnitude worse than in EM. Also, when correlating the
FM and EM images, an additional overlay error of about 50-100nm is typically
introduced [94-96]. Superresolution imaging techniques have defeated the intrinsic
diffraction limit, achieving up to 20nm resolution in FM [97-100]. Unfortunately, their
combination with EM techniques as in CLEM is difficult, and still, it doesn’t solve the
registration error in the overlay.
Cathodoluminescence, the light excited by an electron beam, can fulfill the
requirements for bio-molecular imaging, since it provides an intrinsic correlation
between the optical and electron information. In CL microscopy, both electron and
fluorescence signals are acquired simultaneously, so that they originate from the same
probe position. Additionally, although the electron excitation probe is slightly larger
for CL than for EM (see chapter 4 and [53]), they both offer similar resolution, in the
nanometer scale.
Consequently, electron beam excitation of nano-labels, as in FM, is starting to be
explored. Current research focuses on finding a suitable CL bio-marker. Prerequisites
include bio-compatibility and having a relatively strong CL emission. A wide range of
potential candidates has been investigated [29-31, 33]. Unfortunately, organic
molecules and other standard labels used in FM are destroyed under electron beam
irradiation and therefore they are not suitable as CL labels [30]. Quantum dots (QDs)
and more recently nanophosphors have gained attention because they exhibit less
electron beam induced damage. Nanophosphors however, are typically not
monodisperse. In particular, big phosphor particles cannot be up-taken by the cell and
their strong emission can saturate a CL image and/or overwhelm the signal of the
smaller phosphors in the nearby region. Besides, although bio-functionalization of
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phosphors has been recently reported, only very low or no signal was detected when
they were embedded in a cell [33]. Phosphors are promising as bio-labels, but
functionalization procedures are still in an early stage.
QDs on the other hand, have a well-controlled and narrow size distribution, in the
nanometer range. Moreover, because they are already used as fluorescent labels in
light microscopy, functionalized QDs for a variety of bio-molecules are available at
present [101, 102]. Even when they luminesce less than phosphors, the mentioned
qualities are very appealing for CL applications in biology.
In this chapter, we will investigate the emission behavior of quantum dots embedded
in a cell under electron beam excitation. Our goal is to evaluate the correspondence
between fluorescence and CL radiation, and to study the effect of the electron beam
exposure on the QDs emission intensity.

Methods
Samples of QD-EGF (Epidermal Growth Factor) labeled cells on top of 170µm glass
slides (covered with a 70nm ITO layer for conduction) were prepared as follows:
Monkey Kidney Fibroblast (CV1) cell line (Cell Lines Service, Germany) were seeded
and grown overnight on the conductive glass substrate. For labeling, the cells were
incubated for 15minutes with EGF-QD conjugates, formed by incubating EGF-biotin
with streptavidin-QDot655 (Life Technologies). The staining was followed by fixation
and dehydration steps. More details on sample preparation can be found in [46]. One
of the samples was exposed to 250watt oxygen plasma during 15minutes, removing
most of the organic material.
Secondary Electron (SE), cathodoluminescence and fluorescence images were acquired
in our integrated light and electron microscope, with an optical detection setup similar
to the one presented in Figure 1 of chapter 2. Light was collected with a 40×, NA
0.95 dry objective lens (Nikon, CFI Plan Apochromat).
For fluorescence, a 485/20nm LED excitation source (Lumencor, Spectra) was used
together with a dichroic (Semrock 506nm edge BrightLine® single-edge dichroic
beamsplitter) and a band pass filter (Semrock 655/40nm BrightLine® single-band
bandpass filter) for detection. The filter set matches the QDs emission (peak at
655nm). Wide-field FL images were recorded using a Clara High Resolution
1392×1040 pixel interline CCD Camera (Andor).
Cathodoluminescence images were generated by scanning the electron beam over
the sample, which is kept at a fixed position. The generated light emission was
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detected using either a photomultiplier tube (PMT) (Hamamatsu, H5783) or the CCD
camera. As for FL, we used a narrow band filter detection set centered around the
QDs FL emission peak, to discard background contributions from other regions of the
spectra.
CL and SE images were acquired with a 2kV electron beam and a probe current of
approximately 0.27nA, unless specified otherwise. Additional settings as dwell time
and image size are indicated at each particular group of images.
In a general imaging approach, a low magnification (and low resolution) Scanning
Electron Microscopy (SEM) image is acquired to localize the cells within the sample
and to position them in the center of the optical axis. After this step, zoomed-in FL,
CL and EM images are taken in this specific order, to prevent any influence of the
electron beam on the recorded light emission profiles.

Results and discussion
CL from quantum dots:
We first explored quantum dots CL imaging in a QD-EGF labeled sample which was
plasma-cleaned before imaging. As a result most of the organic tissue disappeared,
remaining only bare QDs clusters with different sizes, distributed on the ITO/glass
substrate. Figure 1 shows simultaneous and correlated SE and CL images of 213µm,
50µm, 10µm and 5µm of field of view that were taken consecutively. The image
resolution is 200×200 pixels, with a dwell time of 0.01s per pixel.

Figure 1 Correlated SEM (left) and CL (right) images of a cell at different magnifications: (a) 1200X, (b)
5120X, (c) 25600X and (d) 51200X.
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Detection of CL from QDs can be inferred from the enhanced CL signal observed at
the cell regions and the fact that the filters restrict light detection to a 20nm wide
wavelength-band centered at 655nm, the QDs emission peak. The EGF-QDs are uptaken through filopodia until the cellular periphery, where they are internalized and
further transported towards the nucleus. Therefore, a higher concentration of
quantum dots is expected close to the nucleus and at the cell border. The CL images
in Figs. 1(a) and 1(b) show strong signal at the cell extremities and a growing cluster
size with increasing CL signal towards the nucleus. The CL emission is clearly
correlated with the dark-contrast SE structures in Figs. 1(a), 1(b) and 1(c). However, in
the higher magnification image Fig. 1(d) the dark features of the SE image give a
lower CL signal than the background level (the substrate CL). Additionally, a
decreased CL intensity was observed in the areas where the zoomed images were
acquired, when compared to unexposed regions (not shown in this particular figures
sequence). The effect becomes more pronounced when the zoomed area is reduced
while the probe current, number of pixels in the image and dwell time are kept the
same, and consequently the electron beam dose increases (electron dose =
current × time / exposed area). This is the case of the images in Fig. 1, which only
differ in the magnification. The dose in Fig. 1(d) is 4, 100 and ~1800 times higher
than in Figs. 1(c), 1(b) and 1(a), respectively. The contrast inversion could therefore be
explained as a darkening (or bleaching) of the QDs emission caused by a larger
exposure to the electron beam.
In the remainder of this chapter, we will establish CL detection from truly intracellular
QDs, where the dose-dependency of the electron-induced bleaching and the
correspondence between QDs cathodoluminescence and fluorescence will be
investigated.

CL vs. exposure time for high electron doses
As mentioned before, CL darkening caused by the electron beam was observed
during acquisition. This effect is also present when the QDs are embedded in a cell.
Figures 2(b) and 2(c) are two low-resolution and relatively fast frames (100s,
100×100µm2 image) were acquired before and after taking a series of 10 CL images
(1000s, 50×50µm2), where the region exposed clearly shows a decrease of the CL
intensity. In this case the sample was not plasma cleaned before imaging, so the cells
in it were kept intact. A typical emission decay curve is shown in Fig. 2(d), built by
taking the average intensities of consecutive CL images and plotting them as a
function of the accumulated exposure time. This decay resembles fluorescence photo-
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bleaching, which occurs when the emission properties of a fluorophore are changed
under continuous light excitation. Photo-bleaching can occur due to modifications of
the energy level configuration or destruction of the fluorophore, resulting in a
diminution of the emission intensity. Usually, the bleaching rate can be slowed down
by lowering the power of the excitation source. In the following we will refer to the
electron-induced darkening as electro-bleaching.

Figure 2 CL decrease under electron beam exposure. (a) SEM and (b) CL fast and low-resolution frame
(100µm side square) of a cell region (c) CL of the same area after a smaller region (50µm side square) was
scanned with the electron beam (0.27nA, 2kV). Total exposure time: 0.0001s (dwell time) x 10002 (pixels) x
10 (frames) = 1000s (d) Average CL intensity per frame vs. accumulated time exposed to the electron beam
with an exponential fitting of the decay (mean lifetime: 270s). The curve decays towards a background
value of about 225a.u. (horizontal gray dashed line), where the signal from QDs is no longer detected.
Upper axis: accumulated electron dose.

Similarly, the CL decay behavior depends on the electron dose and when this is
decreased the signal falls more slowly. For a fixed electron probe current, the dose can
be reduced by enlarging the pixel size or by lowering the dwell time. However, there
are some limits: the signal level in an excessively fast image will be almost no
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distinguishable from the background, or the spatial resolution is poor when the area
per pixel is too large (see for example the low resolution in Figs. 2(b) and 2c).
Previously, the electron interaction volume generated by a 2kV electron beam on ITO
was estimated to be around 40nm deep and 50nm wide (chapters 3 and 4). We will
also see in the next chapter that in general, CL is emitted from a region larger than
the electron volume. Therefore, for CL imaging at 2kV with a pixel size close to 50nm
(as the frames acquired in Fig. 2d) and smaller, we could expect that some amount of
the electron dose is deposited outside the pixel area. The effect is stronger at higher
electron energies, where the interaction volume is considerably bigger. When this is
the case, and given that the CL signal is acquired in a horizontal raster scan pattern,
electro-bleaching can make the first scanned lines in a long integration time image to
appear more intense than the later ones, modulating the CL profile. For example, in a
region that exhibits a CL behavior as the one shown in Fig. 2(d), an image acquired at
10s per scan line will show the 30th line with a signal ~0.43 times less intense than
the 10th line (taking the observed background level around 225 intensity units). To
avoid this effect, an acquisition strategy could be to record consecutive fast CL
frames, and subsequently add them to generate a CL image. The total number of
added frames is then a relevant parameter. Again, we can use the typical CL behavior
of Fig. 2(d). From the exponential fitting, after 270s half of the CL signal has dropped.
This means that only a few more 100s frames will still add some signal. Acquisition
after the 7th frame will basically add only noise to the integrated image. Using this
approach we obtained the CL images in Fig. 3.
Figures 3(b)-(e) are 50µm field-of-view, 1000 x 1000 pixel images, acquired with a
dwell time of 100µs per pixel. Figure 3(a) is a low magnification SEM image of a QDEGF labeled cell, from which the two regions were selected. The thicker bright area
corresponds to the cell nucleus. Cathodoluminescence can now be detected around
the nucleus region, and at the extremities of the cell where QDs accumulate before
being uptaken. The bottom region in Fig. 3(e) was pre-exposed to the electron beam
when acquiring Figs. 3(b) and (d), and therefore it gives almost no
cathodoluminescence. Note that although the pixel size (50nm) is too big to estimate
the spatial resolution achievable in CL microscopy, the images can be used to
compare the SE and CL signals. A line profile taken across a filopodia tip (yellow
dashed line in Fig. 3c) evidences that both provide a similar edge resolution, of about
174nm in the SE and ~207nm for the CL image. This is illustrated in Fig. 3(g).
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Figure 3 (a) Secondary electron image of a QD-EGF labeled cell. Correlated SE (b)-(c) and CL (d)-(e) of two
selected regions. The 1Mpixel CL images were obtained by adding 7 frames (each with an acquisition time
of 100s). CL emission is observed close to the nucleus and at the extremities of the cell. (f) Overlaid SEM
and CL images, where the CL intensity is proportional to the red contrast. (g) CL and SE line profiles on a
filopodia tip, indicated by the dashed yellow line in (c).

Cathodoluminescence and fluorescence
Next, we investigated the correlation between the CL and fluorescence (FL) signals. As
we saw before, high-dose exposure to the electron beam modifies the CL signal and
could also affect the FL. To discard this contribution, we selected unexposed cells
(using low magnification SE images) and imaged them in FL mode first, with an
integration time per frame between 1.5 and 2seconds. Next, we acquired the CL
signal, this time using the CCD instead of the PMT for detection. As the electronbeam scans the whole selected-area sample within the integration time of the
camera, the CL image resembles a wide-field image. This wide-field CL micrograph
was recorded by integrating the light signal for 10 minutes. During this period the
electron beam scanned ~13250 frames (screen pixel resolution of 1024 x 884, with a
dwell time of 50ns per pixel, the fastest available in our setup). Finally, a secondary
electron image was taken. The microscope allows direct correlation of the
fluorescence, cathodoluminescence and secondary electron images. Figure 4 shows
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the results obtained for (regions within) 3 different cells.

Figure 4 Correlated (a)-(c) SE, (d)-(e) FL, and (f)-(i) CL images of 3 different QD labelled cells.

Although the wide-field CL image will have the same detection resolution as the
fluorescent one, it serves to compare FL and CL emission. The CL and FL images show
similar characteristics, but there are some differences we can point out: i) the
fluorescence emission is considerably stronger than the CL (as inferred from the image
integration time needed in each case), and ii) emission from thicker cell regions is
more intense in FL (for example, some signal saturation is observed in Fig. 4f). The first
is partially attributed to the higher excitation efficiency of a wavelength tuned LED
source compared to the broad spectrum of an electron beam excitation. The second
effect can be explained by considering that in these thick regions, the electron beam
penetration depth at 2kV is restricted to a few nanometers at the top of the sample
(and so is the CL), while in FL the excitation source comes from below and unless too
thick, the whole sample is illuminated. This also contributes in great measure to the
lower CL intensity. We note that this can also be a substantial benefit of CL
microscopy: the surface sensitivity of the excitation can be tuned with the electron
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beam energy. For the 2kV used here and for even lower values, it can be well below
the ~60nm excitation depth that can be reached with optical near-field excitation
techniques such as Total Internal Reflection or Near-Field Scanning Probe Microscopy.
Correspondence between emission due to photon and electron optical excitation of
QDs is expected since the emission mechanism is in principle the same, recombination
of charge carriers in the quantum dot core. This is also the case for semiconductor
materials; for example, the agreement between the photoluminescence and CL
spectrum of a Eu:GaN sample, as well as for (CdSe)ZnS core-shell QDs has been
experimentally observed [7, 103]. The results above indicate both FL and CL function
to image QDs, localizing them within the cell. While the FL signal is stronger, CL
potentially provides higher resolution images.

Fluorescence under electron beam exposure
We have seen how the CL signal on a cell decreases when it is exposed to the electron
beam (for high doses). This is also observed in FL, as shown in Fig. 5, where the
images before and after taking the series of Figs. 4(a) and 4(c) evidence
photobleaching in the thinner regions of the cell. However, some areas in the thicker
cell regions (see the top-left corner of Figure 5d) actually give more fluorescence after
the exposure.

Figure 5 Fluorescence bleaching caused by the electron beam. Fluorescence before (a)-(b), and after taking
a CL image (c)-(d) of the region enclosed by the gray rectangle. The brightness & contrast settings are the
same in each set of images, for direct intensity comparison.
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We can investigate the photobleaching process more in detail and for low electron
beam doses by monitoring the fluorescence signal while exposing the sample to the
electron beam. Figures 6(a)-(f) show a few frames from a FL movie of a cell region
representative of the behavior observed. During this time, electron beam snapshots (at
5kV, 047nA) were intermittently taken to observe the effect in the FL intensity. We
decided to use the fastest scan available (50ns per pixel, on a 1024 x 884 image) to
slow down the electro-darkening. The results are summarized in Fig. 6(g) where the
average FL intensity from each frame in the entire sequence is plotted. The image
integration time was 240ms for the fluorescence and 45ms for the SE detection.

Figure 6 (a)-(f) FL images of a cell exposed intermittently to the electron beam. The top label indicates the
frame number in the movie. The correspondent SEM image is shown in the inset in (a). (g) Average FL
intensity vs. frame number. (h) Fluorescence enhancement, and (i) decrease when taking a fast electron
image. The curves correspond to the colored bands in (g), and include an exponential fitting for the
recovery behavior after the electron excitation is stopped.
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Variations in the FL signal appear when the electron beam is turned on and off,
during a snapshot. Interestingly, a different reaction to the beam is observed as the
total dose increases: there is an enhancement of FL with the dose up to a saturation
level, after which the signal decreases under electron excitation. Also, the FL
relaxation after the electron beam is turned off in each snapshot seems to depend on
the amount of dose already applied to the sample. Based on the above we can
distinguish two regimes, before and after the saturation level is reached. These are
illustrated in Figs. 6(h) and 6(i): In the first case, the FL rises and slowly decays after
the electron beam is blanked. The final intensity is higher than the initial, resulting in a
build-up of the FL signal. On the other hand, Fig. 6(i) shows a decrease of the FL level
when the exposure starts, with a partial recover afterwards. The final FL intensity is in
this case lower than at the beginning of the curve. Also within each of the regimes
the relaxation behavior changes: in the initial responses before saturation, there is a
fast FL increment followed by a decay, but when approaching saturation, the signal
first drops, rapidly recovers and then it decreases again. This decay curve flattens out,
with a recovery that resembles the one after the saturation, in the second regime.
Once this regime is reached, the fast decay and recovery also changes as the dose
increases, with the appearance of a “lag” to the recovery in which the signal first
decays further. This is already visible in Fig. 6(i), but becomes more pronounced in
subsequent snapshots.
Although combined with periods of no exposure, all these effects construct the
general trend of Fig. 6(g): a growth of the signal until a maximum value, followed by
a decay behavior until the QDs are completely bleached (not shown in the sequence).
A signal drop in the middle of the curve occurred when the LED source was turned
off. Note that cathodoluminescence is generated when the electron beam is on, but
its contribution to the image is negligible compared with the FL signal. Actually, a
small increase in the intensity when the LED source was off is associated with the CL
emission from an electron snapshot taken during this period. The total recording time
was 19 minutes and 40s (integration time 0.24s with a read-out time of 1.647s per
frame), but the effective time under electron exposure is only about 0.8 seconds.
For high electron doses mostly bleaching is observed (see the FL images on Fig. 5), as
it also occurs in the cathodoluminescence images. This is not the case for regions with
a very high density of fluorophores, where actually FL is enhanced after CL acquisition
(as in the thick cell areas in Fig. 5d). The fact that only bleaching is present in most of
the CL images is not surprising given that the electron dose in a single CL frame of
Fig. 2(d) is about 6.7x107 electrons/µm2, 120 times higher than the total dose during
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the sequence of Fig. 6 (5.6x105 electrons/µm2). Note that the calculation above is
restricted to the electrons from the primary electron beam. To better estimate the
number of electrons interacting with the matrix of QDs, the secondary electrons (SE)
generated in the substrate and surrounding material should be taken into account.
For example, we can include the electron yield δ, which considers both the SE
generated directly by the primary beam and indirectly by the backscattered
electrons [86]. In fact this value accounts only for the secondaries that leave the
sample (therefore electrons from an upper, few nanometers thick layer), and not the
ones that dissipate within the matrix, definitely involved in the CL generation.
However, we can use this yield to estimate charge migration: given that there is no
evidence of charging in the exposed sample, the current trough it (from/to the ITO
conductive layer) should compensate for the electrons injected, or leaving the sample
as SE. For a 5kV electron beam on a bulk ITO substrate, δ ~ 1.4 [104]. Then, the
electron dose in a snapshot of Fig. 6 is 3.1x104 × 1.4 = 4.3x104 electrons/µm2. The
(CdSe)ZnS quantum dots used in our experiments have an approximate area of 1.5
x10-4µm2. This means that about 6 electrons reach a single QD in each SE snapshot,
considering a monolayer of QDs. Migration of charge carriers through the matrix
composed of biological material and QDs may therefore play a large role in the
observed emission dynamics.

Models for luminescence dynamics in a quantum dot matrix
Also under excitation with photons, the fluorescence emission from colloidal quantum
dots shows a dynamic behavior featuring blinking, brightening, and bleaching
Different theories have been proposed to explain this behavior [105-111]. One of the
most accepted is photo-charging, although the mechanisms of ionization and
subsequent charge recombination are still under discussion [107], and it would only
account for one of the many processes involved in the general emission behavior.
Under photon/electron excitation of a QD, an electron-hole pair (exciton) is created.
This can decay by emitting a photon or via non-radiative processes, e.g., an Auger
event (where the energy excess is transferred to an electron that leaves the structure).
The mechanism that offers the most efficient relaxation channel will define whether
the emitter will luminesce and how intense the signal will be. For example, electron
traps present in the QD provide relaxation channels faster than the radiative transition.
On a charged dot (resulting from either energy excitation or charge injection), there is
a high probability that the exciton transfers its energy to the charge carrier, which will
decay via an Auger process rather than by light emission. However, the situation can
become different when free electrons are generated in a matrix containing a dense
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distribution of neutral QDs: the electrons can migrate through surface electron traps,
filling the trap states of neighboring QDs. These trapped electrons create an
electrostatic barrier that inhibits a subsequent photo-excited electron to occupy these
states, which would otherwise provide a non-radiative decay channel. This will then
favor radiative relaxation in an initially dark QD, resulting in an enhancement of the
emission. Once these trap levels are occupied, additional electrons will create multiple
ionization states which will favor excitons to decay via Auger ionization, causing
photo-darkening as on single charged QDs. Figure 7 illustrates some of the situations
described above. Luminescence enhancement in a QD-matrix under charge injection
does not necessarily occur for positive charge carriers given their lower mobility.
When QDs are capped with a (higher band-gap) inorganic shell, like in our
experiments, the influence of electron traps may become even more pronounced.
Many defects may exist at the core-shell interface and in the epitaxially strained shell
leading to a large distribution of potential electron traps and non-radiative decay
channels. When core-shell QDs are charged, the response to an excitation source will
depend on whether the charge carrier occupies the core or the outer shells (see also
Figure 7). When the core is ionized, the charge (either hole or electron) is bound to
that region and will inhibit light emission, as discussed before. In contrast, an electron
in the shell will repel extra charges and migrate to neighboring QDs, resulting in a
brightening of the emission. Although less mobile, a hole located at the surface layer
could also allow some radiative recombination because the wave-function of an
exciton decays rapidly in the shell [106], but it will still prevent additional ionization.
This mechanism would compete with the expected favoring of Auger relaxation.
Interestingly, the SE image (inset of figure) taken after acquiring the whole CL
sequence suggests the absence of a net charging of the bio-sample (which would be
evident in the image).
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Figure 7 Some of the mechanisms involved during electron excitation of a QD (a) Core-shell quantum dot.
Under electron/photon excitation, an exciton is created. (b) The exciton can decay via non-radiative channels
such as Auger recombination and charge tunneling to a trap site, or by emitting a photon. Inset: energy
level representation for relaxation via trap tunneling (left) and radiative decay once the trap site is filled
(right). (c) On a single charged (from either electron or photon excitation) QD under electron excitation,
three situations that result in luminescence darkening are favored: Auger recombination (left), filling of the
trap levels and formation of a Coulomb barrier (center) and direct Coulomb repulsion by the charge on the
QD core (right). (d) On a distribution of QDs, the injected or generated charges can migrate and fill trap
states on neighboring QDs, inhibiting non-radiative decay channels on these QDs while keeping the QD
core neutral. In this case, luminescence is enhanced. However, additional charges will generate the same
situation as in (c), reducing radiative relaxation.

87

5 Cathodoluminescence from biological markers: quantum dots

We can use these models to explain the curves in Fig. 6. The rapid growth of
fluorescence under electron beam exposure in Fig. 6(h) could occur because the
incoming electrons redistribute along the QD matrix and fill trap states in the shell
surface of initially dark QDs. The electron dose continues to increase with each
snapshot, until luminescence enhancement saturates and adding more electrons will
actually favor Auger recombination and/or lead to charging of the QD core. At this
point the injection of electrons will decrease the signal, as in the fast FL drop in Fig
6(i). There is an intensity recovery towards the initial values in both cases, related to
charge relaxation. The time constants from the exponential fitting are different, with a
larger time for the decay curve (33s) compared with the 5s signal growth in Fig 6(i).
This could be caused by a longer time of the injected electrons in the traps, though
other charging parameters may be involved. Also, note that the sample is under
constant LED illumination, which will also influence the interaction and relaxation
mechanisms. At very high electron doses, the creation of non-radiative lattice defects
and the modification or destruction of the radiative levels in the QDs results in
irreversible photobleaching. However, in the thicker parts of the cell, enhancement
may still be visible as a result of charge migration to the ITO-surface through the
lower, unexposed areas of the cell. It should be noted that in the experiment in Figure
6, fluorescence was averaged over areas of varying cell thickness, which may make
that contributions from exposed and unexposed areas are mixed. Further experiments
need to be conducted on QD samples of homogeneous, known thickness to allow for
a quantitative interpretation and evaluation of the models proposed above.
To fully understand luminescence variations under electron irradiation, further
experiments should also target lower incremental dose and longer relaxation times
between exposures: given the charging and relaxation time scales, it may be that the
dose rate is an important factor (i.e. the balance between the creation and trapping of
delocalized charges and their relaxation) when looking for optimum strategy for QD
CL detection. Interestingly, our results also indicate that fluorescence identification of
QD bio-markers may improve after low-dose irradiation as more dots are in their “on”
state. Figure 6 strongly suggest that optimized conditions may be found to maximize
fluorescence detection from QD labelled material. Additionally, characterization of
QDs (individual and in layers) with and without a passivation shell, and/or bioconjugation layer and with different shell thickness will provide significant
information, given the sensitivity of the QD emission to its surface properties [109].
Similarly, the presence of oxygen or water molecules in their local environment has
shown to strongly influence the QDs luminescent properties, and it was observed that
oxidation accelerates the photobleaching times and blue-shifts the emission [108]. The
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use of different controlled atmospheres can give some additional insight on the
mechanisms taking place, even for the case of fixed cells in the SEM vacuum, which
may still contain some trapped fraction of water. Finally, the substrate material and its
thickness play a role as the charges can redistribute and migrate along this material.

Conclusions
The images acquired show detection of cathodoluminescence from bio-functionalized
quantum dots embedded in cells. The CL signal provides similar information to that
obtained via fluorescence, but with a potentially improved excitation resolution. In
addition, the CL signal can be detected during regular electron microscopy, allowing
direct identification of biological markers in color within a structural image. However,
bleaching effects caused by the electron beam irradiation are observed in the CL
images and these preclude recording of high-magnification, high-resolution images.
This bleaching effect depends on the electron dose. Although it can’t be avoided, it is
possible to slow-down this process by reducing the electron dose per frame. To
prevent modulation of the intensity in a CL image caused by bleaching, a series of fast
frames can be acquired and added afterwards.
We have used simultaneous FL microscopy of the QD sample to investigate the effect
of electron beam irradiation both in the low-dose regime and after repeated
exposure. Remarkably, an increase in the FL signal is observed after low dose
exposures. After several exposures, this enhancement saturates and is followed upon
further irradiation by the bleaching effect that was also observed for single high dose
exposure both in CL and FL. In both the regimes of FL enhancement and bleaching,
relaxation effects are observed immediately after electron exposure. As a possible
explanation for this behavior, we propose the migration of low-energy electrons
through the sample until they are captured in trap states at the outer layers of the
QDs. Filling these states, these electrons inhibit non-radiative relaxation mechanisms
such as Auger recombination, resulting in enhanced emission. In contrast, when these
levels are occupied and enhancement saturates, further injection of electrons will
favor Auger processes, causing FL darkening. Ultimately, multiple ionization events
may induce lattice defects and destruction of radiative levels in the QD thus leading to
permanent bleaching.
Further research into the interaction and relaxation mechanisms during electron beam
irradiation of colloidal QD materials may give insight into optimized conditions for
cathodoluminescence detection. The main challenge to address is to enable CL
imaging at a magnification to image single QDs. This research may well be carried
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using FL monitoring of the sample after irradiation as was presented in this chapter.
Several further directions have been mentioned above. In addition, the enhancement
of FL by switching non-radiative QDs ‘on’ with an optimized low-dose electron
exposure may be of importance for fluorescence bio-molecule identification as well,
especially for (integrated) correlative light and electron microscopy with multi-color
QD labels [89].
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ITO/glass substrate: CL
background characterization
Here we summarize our main experimental findings

regarding the cathodoluminescence (CL) generated on glass
coverslips with an ITO (indium tin oxide) layer on top, the substrate
we used for nanostructures characterization. Typical spectral curves
show a wide distribution that covers most of the visible spectrum
(after 500nm). Two peaks, at 580nm (green/yellow) and 653nm
(red) were identified. While the red signal is a typical emission band
of silica, it is very likely that the 580nm peak originates from
external defects present in the amorphous glass. We also observe a
dynamic behavior under electron irradiation, where the green
band decays while the red emission emerges and builds-up.
Electron images evidenced the last effect goes together with
charging and material deposition in the exposed area. CL intensity
was found to depend on the thickness of the ITO layer: a thinner
coating produces a more intense signal where the red peak is
dominant. Finally, the depth of the substrate CL that would be
detected in a measurement (when the electron beam is focused at
the surface) was estimated based on Monte Carlo simulations of
the electron interaction volume as a function of the acceleration
voltage. While for 2kV most the CL signal is confined within 1µm, at
30kV significant emission is detected up to 6µm below the sample
surface. These results reinforce the importance of confocal filtering
for CL detection and allow establishing strategies to minimize the
influence of the substrate CL, as background, on the measurement.
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Introduction
Application of cathodoluminescence (CL) as a characterization tool for nanostructures
is currently limited because the use of glass-based sample substrates, widely used in
optical characterization in materials and biological sciences is normally avoided. This is
a consequence of the high CL emission from transparent materials, which contributes
as a background to the measurement and quite often overwhelms the CL signal from
the structure itself. In the previous chapters, we have presented a system that allows
CL microscopy on transparent substrates, based on efficient light collection and
confocal filtering of the emission for background rejection. Using this setup we have
measured weak CL signals, such as the high order plasmon resonances of a gold
nanowire (chapter 3), or the luminescence of quantum dots embedded in cells
(chapter 5), both samples on strongly cathodoluminescent ITO-covered glass slides.
Additionally, through all our experiments we have registered and collected
information on the substrate CL emission.
Considering the total intensity (panchromatic CL), we noticed a dynamic behavior of
the background, observing a continuous CL decrease under electron beam irradiation.
The signal decay is more pronounced at the beginning of the exposure, during the
first 1-5minutes. Provided that the area irradiated by the electron probe (in spot
mode) is larger than the pixel size, this effect can modulate the intensity within a
single CL frame, as observed in the CL maps of Figs. 1(d) and 1(e). These images were
obtained with a 20kV electron beam (~0.6nA) scanning over a (1.6×1.6)µm2 and a
(5.1×5.1)µm2 area, with acquisition times of 55min and 4min, respectively. In this
chapter, we will show that not only the intensity but also the spectral distribution of
the emission can vary with time. Since a high background signal is inherent to CL
acquisitions on glass and other dielectric substrates, it is important to investigate it in
more detail. Besides identifying typical emission spectra, the information retrieved can
be helpful when formulating and implementing strategies to reduce the background
contribution. For example, the CL intensity variations observed during imaging
showed that sample pre-exposure notably reduces the background signal and makes
it more stable (since its decay process slows down with the exposure time). Similarly,
an estimation of the CL radiative volume within the substrate (the region where CL is
generated) allowed establishing a threshold for the confocal filtering strength, above
which the background signal is effectively reduced. In chapter 4 this was done using
Monte Carlo simulations to calculate the trajectories of the interacting electrons
produced under electron beam excitation.
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This chapter intends to summarize the most relevant experimental results on the CL
properties of the ITO/glass substrates used in our measurements. Similarities
encountered between optical light-excitations and cathodoluminescence suggest that
as for the case of fluorescence, the power level of the excitation source is an
important parameter in the emission dynamics. Therefore we included some
additional experiments to evaluate the influence of the electron dose on the
background behavior. The analysis presented here can be extended to other type of
substrates and CL setups where background control would significantly improve the
technique’s detection capabilities.

Figure 1 CL decrease during acquisition. Secondary electron (SE) images of (a) 5, 35 and 97nm diameter
gold nanoparticles and (b)-(c) evaporated gold nanowires on top of an ITO covered glass substrate. (d)-(e)
Simultaneously acquired CL images where bleaching effects modulate the intensity. The imaged areas have
not been pre-exposed to the electron beam. (f) Low magnification CL image containing the imaged area in
(e), where the signal has faded.

Experimental details
The cathodoluminescence properties of a glass based substrate were investigated
using the integrated confocal and electron microscope introduced in this thesis,
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implemented in a Quanta 200 FEG electron microscope, from FEI. The setup details
can be found in chapter 2. For this set of measurements, we used three imaging
approaches: 1) simultaneous acquisition of secondary electron (SE) and CL images was
implemented to correlate the electron and cathodoluminescence information. 2)
Spectrometer detection at a point or region of interest allowed obtaining the profile
and time evolution of the background CL spectra. 3) Scanning through z (the
direction along the electron and optical axes, perpendicular to the sample surface)
while acquiring the CL intensity was used to explore the CL excitation depth; a
0.95NA 40× Nikon Objective Lens collected the signal and CL intensity detection was
done either with a Hamamatsu H5783 photomultiplier tube (PMT) or a spectrometer
(Princeton Instruments Acton SP2156 with a Pylon 100BR liquid nitrogen cooled CCD
camera).
The substrates analyzed are 170µm thick glass slides with a 70nm ITO layer on top,
from SPI Supplies. An additional sample where a SiO2 substrate was sputter coated
with an ITO layer was fabricated: a ~15nm ITO layer was deposited in half of the
sample, while in the other half a longer deposition step resulted in a ~600nm thick
ITO layer. Before acquisition, all the samples were cleaned by exposing them to
oxygen plasma (200 Watt) for at least 10 minutes, to prevent contributions from
structures different to the substrate components. The acceleration voltage of the
primary electron beam was varied from 2kV to 30kV. The current values associated to
each electron beam voltage were directly measured by replacing the sample with a
Faraday cup connected to an ampere-meter.

Results and discussion
Background wavelength profile & time dependence
To analyze the evolution of the background CL under the electron beam, a 20kV
electron beam with 1.6nA of current was focused on an unexposed region of a 70nm
ITO covered glass slide sample, while taking consecutive CL spectra. The estimated
probe size for this set of measurements is 6nm. In chapter 5 we observed a strong
influence of the electron dose on the luminescence of colloidal quantum dots,
suggesting that both, the current and size of the electron beam probe are dominant
parameters in the dynamic CL behavior. However, it should be considered that an
important contribution comes from the electron interaction volume below the sample
surface, which for 20kV on ITO/glass has an extent of about 3µm in all directions. The
energy transfer is not uniform throughout all this volume, but we can assume instead
a 1µm3 volume, which contains 75% of the dissipated energy (see Fig. 1 in chapter 1).
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On this basis, for a fixed electron energy and current, variations in the order of
nanometers on the size of the electron probe won’t have a strong influence on the CL
kinetics because the effective dose will remain relatively constant. The situation can be
different when the beam covers an area with micrometer dimensions and larger
because then the dose may change significantly. This can occur when the beam is out
of focus, or operating in scanning mode. A high dose would induce defects in the
sample (electron beam damage) and change the emission properties of the
material [112].
Figures 2(a)-(f) summarize the behavior observed during 2 hours of exposure. These
curves are also representative of that observed through our measurements for
nanostructures characterization. They present significant CL emission from roughly
500nm to 800nm, covering a wide range of the visible spectrum. However, the
intensity and shape of the distributions are different in each case. The intensity peak
of the initial curve centered on 580nm rapidly decays from 42000 counts to 6000
counts in about 2 minutes. Also, the emission seems to get wider at some time
intervals (see for example, Fig. 2b). Actually, this effect is associated to a red-shifted
peak that emerges and continues to grow, while the first curve maintains its decay
behavior, though at a slower rate. Frames acquired after 1hour and 40minutes reveal
this second peak is a narrower distribution centered at ~653nm.

Luminescence in wide band-gap semiconductors originates from modifications on the
crystal lattice or defects, creating energy levels that allow radiative transitions in the
visible spectrum. These defects can be intrinsic or caused by impurities within the
material. The red band around 650nm (1.9eV) is a well-established emission peak and
has been observed in crystalline, amorphous, thin and bulk SiO2 samples [112-120].
This radiation has been associated to the presence of non-bridging oxygen hole
centers (NBOHC). These are a type of intrinsic defect very common in silica, where
dangling oxygen bonds (≡Si–O∙) give rise to two band-gap states in the ultraviolet and
one on the visible, the last responsible for the red luminescence [112, 113]. Blue
(455nm/2.7eV) and ultraviolet (285nm/4.3eV) bands are also typical of silica [114,
120, 121]. Another structural defect known as oxygen deficient center (ODC), has
been related to these peaks [114]. ODC’s are neutral oxygen vacancies in the silica
lattice, which can derive from the formation of Si–Si bonds, for example. Both of
these emissions are out of our spectrometer detection range.
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Figure 2 Dynamic behavior of the background CL. (a)-(e) Representative CL spectra obtained by focusing a
20kV, 1.6nA electron beam on an ITO/glass coverslip. Integration time per frame: 10s. The blue label at topright indicates the total exposure time. The curves are auto-scaled to better observe the peak positions and
shape of the distributions. The dashed blue line at 600nm helps to identify the shifts of the maximum
intensity position in each case. (f) Two emission peaks at ~580nm and 653nm, identified through the
sequence.

Some studies report a green/yellow peak at ~575nm (2.15eV), similar to the one
registered in our measurements. Unlike the red, blue and UV emissions, the green
band is not attributed to localized defect centers, but to the radiative recombination
of self-trapped excitons (STE). These originate from lattice distortions and are
uniformly distributed along the network [121]. However, its presence is restricted to
low temperature measurements, hydrogen rich silica samples or understoichiometric
SiOx (oxygen deficient) samples [113, 115, 117, 118]. In the last case it has been
proposed that the luminescence is related to the formation of silicon hexamer rings,
which would then be a type of defect center [117]. Another possibility relates the
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green peak with the ITO layer on top of the glass coverslip. Emission in that range has
been established in ITO, as originating from the presence of SnO2 and In2O3 oxides, or
trapped excitons in ITO defects [122, 123]. Considering that the substrate used in our
experiments is an ITO covered amorphous glass coverslip, the presence of external
impurities (characteristic of glass substrates) is the most probable explanation for the
green band. Finally, specific conditions during sample fabrication can also induce
variations in the CL emission profile of a material.
The data above was obtained with a relatively large current and consequently a high
dose (~1×108 electrons per nm2). For the next set of measurements, we varied the
electron dose per time unit by changing the current from 0.01nA to 1.59nA. In the
SEM, the current values are associated to a spot number, with spot 1 being the
lowest. As before, we took consecutive spectra of unexposed regions of the ITO/glass
substrate. The results are presented in Figure 3. Instead of showing the spectral
distribution, Figs. 3(a)-(d) follow the intensity values of the two peaks identified at
580nm and 653nm, as a function of the electron dose or time. Under electron
irradiation, the 580nm emission goes down while the 653nm rapidly decays but then
increases, as expected for high electron dose (actually, the initial fast decay seems to
originate from the green signal decrease). The curves in Fig. 3(a), which track the
evolution of the 580nm peak, are normalized for comparison. In general, they all
show a rapid intensity decay that slows down until a stable level is reached. This
behavior resembles an exponential decay, and is a single exponential at 0.01nA (spot
1), in particular. While the plots obtained with spots 1, 3 and 4 show a monotonous
decay, the one at spot 7 exhibits a gradual increase in the intensity starting from
2x105As/cm2. This is related with the rising of the 653nm peak, which slightly
contributes to the emission registered in the 550-620nm region. Figures 3(c) and 3(d)
were obtained by monitoring the CL signal during 6 hours. Note that increasing the
current also increases the probability of a radiative event and therefore the initial CL
intensity values are different for each current. In these 2 extreme cases, the initial CL
value at the highest current used is about 9 times larger than the lowest one (from
9000 in Fig. 3(d) to 1050 counts in Fig. 3c).
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Figure 3 Dose dependence of the background CL. (a) Normalized intensity of the 580nm peak vs. electron
dose for different current values. Total acquisition time: 2 hours. 653 peak intensity vs. (b) dose and (c)-(d)
time for 0.01nA and 1.59nA. Total time: 6 hours. (e) Decay rate vs. electron current extracted from a single
exponential fitting on a series of measurements summarized in (f). (g)-(i) SE images of the areas exposed to
the electron beam (in spot mode) after the measurements, for different currents. Horizontal field of view:
25.6µm.
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Although the decay curves at 580nm deviate from a single exponential behavior
(except for the lowest current, 0.01nA), we used this model to extract the decay time
constant as a function of the electron current. The mean lifetimes and resulting plot
are presented in Figs. 3(e)-(f). Different series of measurements were included and are
summarized in the table of Fig. 3(e). Note that the electron dose values described here
(101 -103As/cm2) are considerably larger from those reported in dynamic CL
investigations of silica, from 10-5 to 101As/cm2 [112, 117, 119, 120]. This is because in
the latter, although a higher current is used, the electron beam is defocused or it
scans over a micrometer sized area. Here, the dose calculation was made for a 6nm
probe size. If as before, we consider a fraction of the electron interaction volume
rather than the probe size (at 20kV, a ~1µm3 box contains 75% of the transferred
energy), the dose values would be within the range 10-4 −10-2As/cm2, similar to the
ones reported.
The dynamics of the silica emission peaks can be explained based on the changes in
the structure derived from electron irradiation, as the creation and destruction of
luminescence centers (defects), non-radiative energy levels, and lattice deformations,
among others. Although in the literature there is a disagreement on the response of
each band to the electron beam (see e.g. [113], [114] and [115]), the increase of the
red peak is consistently reported [112-120]. Enhancement of the SiO2 red signal is
related with the creation of non-bridging oxygen hole centers (≡Si–O∙) or
transformation of precursors (strained Si–O bonds) in the material into NBOHC [121].
For example, dissociation of oxygen from the silica during electron excitation has been
demonstrated [112, 117]. Regarding the green/yellow band in crystalline forms of
silica, rearrangements in the network caused by electron exposure could reduce the
number of the silicon ring centers, decreasing the signal. Damage in the network (or
destruction of quasi-crystalline short-range areas in amorphous SiO2) from irradiation
could explain the decay for the case of STE associated emission, since this is present
only in intact lattice regions [115, 121]. For the amorphous glass in our experiments,
the signal decay would imply modification of the impurities involved in the green
emission and/or creation of non-radiative centers.
Besides creation of NBOHC, the SE images of the substrate areas after CL acquisition
could give another hint to explain the increase of the 653nm signal, an effect that
dominates at high electron doses. The combined information collected from the
images and spectra indicates a link between the appearance of the 653nm peak and
the material deposited in the sample. Figure 3(i), with 1.6nA, reveals many changes in
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the substrate: first, a dark contrast circle centered at the e-beam focus (which also
appears in Fig. 3g). Then, the comet shape on each of the small features in the
substrate (pointing towards the position where the electron beam has been focused);
this is characteristic when there is charge accumulation in the exposed area. Perhaps
the most notorious feature in the image is at the center, with the appearance of
bright contrast rings. The dark region would suggest that material has been
deposited. This phenomenon, known as electron beam induced deposition (EBID) is in
fact used in a controlled manner to build two and three-dimensional structures with
nanometer resolution. In an EBID process, the electron beam decomposes precursor
molecules into the target material, deposited in the area below the beam, and volatile
residuals that are evacuated from the electron microscope chamber. While in EBID a
precursor is deliberately introduced in the chamber, in our case there is no material
present, except residual carbon and other carbon-based compounds present in the
samples and in the vacuum chamber (in our measurements a vacuum pressure of
about 1x10-6mbar was used). Therefore, it is likely that the black circles in Figs. 3(h)
and 3(i) correspond to amorphous carbon. If the deposited material is not conductive
enough, negative charge will locally build-up and deflect the electron beam towards
other regions inside the SEM chamber, creating a small electron mirror. The white
contrast rings observed in 3(i) could be then explained as a charging artifact, where
the deflected electrons hit the bottom aperture of the SEM column, creating
secondary electrons that reach the detector and generate an image. Further
characterization with, e.g., X-ray photoelectron spectroscopy (XPS) is necessary to
confirm the presence of the deposit and identify its composition. Analysis of ITO/glass
substrates with and without annealing treatments, at different temperatures, with
silicon or oxygen implantation and with different conditions would be needed for a
better understanding luminescence origin, as it has been done for silica samples [112,
116-119].
Finally, the CL intensity in both, red and green/yellow bands stabilizes after some
exposure time. After irradiation, the signal level is maintained stable for long periods,
of at least several days (see for example the bleached areas in Fig. 1). This
characteristic makes sample pre-exposure an effective method to avoid rapid changes
on the BG signal during a CL measurement. Pre-exposure could be implemented to
the bare substrate or to the sample (nanostructure)-substrate assembly, depending on
whether the structures of interest bleach under the electron beam (as the
fluorophores in chapter 5), or their luminescence keeps relatively unaffected (e.g., for
metallic nanoantenna configurations).
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Cathodoluminescence from glass with different ITO thickness layers
The main components of the substrate are glass and indium tin oxide, where the first
is known to give a strong CL signal. However, during acquisition the electron beam
first reaches the ITO film on top, which could make this layer the main contributor to
the signal. To investigate which material is responsible of the high CL emission, we
fabricated a sample with 2 different ITO thicknesses, 15nm and 600nm, on a SiO2
substrate. The CL spectral distribution in each case was acquired when focusing a 2kV
and 0.5nA electron beam on the sample. The penetration depth of the beam is
~40nm (see Fig. 1 in chapter 4). Detection was done by integrating the signal during
50s, without confocal filtering.

Figure 4 Substrate CL emission for two different ITO layer thicknesses. Spectra obtained for a 15nm thick
(red) and 600nm thick (black) ITO layer on top of a SiO2 sample.

Figure 4 shows the spectra obtained. The emission peak of the 15nm ITO is centered
at 655nm, the typical red band of silica, while for the thicker layer the peak of the
distribution shifts towards ~600nm. These results would be consistent with a green
emission originating from the ITO, as discussed above. A higher CL emission from the
thinner ITO layer is also observed. Although it has been found that the ITO/glass
optical transmittance goes from 90% on bare glass to values between 70-80% for
200-700nm thick ITO films in the visible range [124, 125], this decrease doesn’t
compensate for the intensity difference between the spectra. In consequence, it can
be inferred that glass is the main contributor to the background signal. Using a thicker
ITO layer in the substrate would then reduce the background. However, it must be
taken into account that thickness changes both the electrical and optical properties of
ITO, which can in turn modify the electrical properties of the samples analyzed. This
can be of great importance for example, when doing characterization of
nanophotonic structures.
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Background CL radiative volume
In chapters 3 and 4 it was shown that the CL depth is decisive in the background level
and it also determines the efficiency of confocal filtering in improving the signal to
background ratio (𝑠/𝑏) of a measurement. To simulate the background CL radiative
volume detected in our measurements, we can again consider a simplified model
where each scattering event in the electron interaction volume generates one
background CL photon within the collection angle of the detector, and therefore is
registered as a count.
The Monte Carlo program CASINO v3.2 was used to simulate the interaction volume
created by an electron beam focused on a SiO2 substrate with a 70nm ITO layer on
top, for acceleration voltages of the primary electron beam between 2-30kV. In each
case, the number of scattering events as a function of z was extracted. The curves in
Fig. 5(a) were obtained by taking the depth at which the CL intensity distribution
along z reaches its maximum (z max) for each acceleration voltage; in a symmetrical
distribution this is equivalent to the z value at which the integrated curve contains half
of the scattering events. Figure 5(b) displays the FWHM values. For comparison with
experimental data, the obtained curves were convoluted with a Gaussian distribution
with ~3.4µm of FWHM, the average experimental value measured for 2kV and that
would be equivalent to the z distribution of a point source with a 50µm pinhole. The
blue curves show the same data but then considering only the events occurring within
a 1µm radius infinitely long cylinder. This simulates the radial filtering obtained in a
confocal measurement.

Figure 5 Depth of the background CL radiative volume, extracted from Monte Carlo simulations of the
electron scattering volume. (a) Depth within the substrate surface at which the CL intensity reaches its
maximum value. (b) Full width at half maximum of the distribution, convoluted with 3.4FWHM Gaussian to
simulate the detected background in a measurement. The red data shows the unfiltered signal while the
blue curves include the effect of the radial filtering in a confocal measurement by considering only the
electron scattering events occurring within a distance of 1µm radius from the z axis defined by the electron
beam focus.
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The simulations show that both the peak z position and FWHM of the distributions
increase with the acceleration voltage. Above 10kV the radial filtering truncates this
behavior and lowers the values (see also chapter 4). The results evidence intense CL
signal is generated from to 3µm-5.7µm within the substrate for voltages above 20kV.
All this emission constitutes the background in a CL measurement when the detection
is unfiltered. This reinforces the importance of applying confocal filtering.
In general, it is expected for the obtained values to be lower than the ones in a real CL
measurement: the assumption of one photon count being generated per electron
scattering event doesn’t consider the energy of the electrons as well as the presence
of photoluminescence, multi-photon generation, X-ray luminescence and other
processes that are present during CL generation and affect the overall photon yield.
Although the model presented here is perhaps oversimplified, it serves to illustrate the
general trend of the emission. An improved approach could include inelastic electron
cross sections and a more elaborated inelastic energy loss function, as in the Geant4based Monte Carlo simulation tool, developed by Kieft and Bosch [126]. The sample
geometry influence on the emission (e.g. variations in the radiative relaxation yield
close the ITO surface) could also be added to the model.
Finally, although this chapter aimed at ITO/glass characterization, there are many
other possibilities for substrate materials. Ideally, the substrate should be optically
transparent, conductive enough (so that the sample doesn’t charge when exposed to
the e-beam) and bio-compatible, since characterization of biological samples is highly
demanded. In addition, it should not modify the electrical and optical properties of
structures in contact. A last and obvious demand for the substrate would be for it to
generate as low CL as possible. To meet all these criteria is very challenging; therefore,
the techniques to reduce background signals, such as the low energy electron
excitation and confocal filtering of the background CL may currently be more practical
approaches.

Conclusions
The CL emission from ITO covered glass substrates was investigated. The measured
spectra show a wide distribution from 500nm to 800nm, where one or two peaks can
be distinguished. Typical wavelengths for the peaks were identified between 580nm
(green/yellow) and 653nm (red). The red emission is characteristic of non-bridging
oxygen deficient centers in silica, while the green/yellow signal could be attributed to
self-trapped excitons, silicon hexamer rings in oxygen deficient crystalline silica, or
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luminescence centers in the ITO layer. However, the main (and most probable)
contribution originates at the glass substrate, presumably from external impurities
present in the material. Under continuous electron beam exposure, the distribution
shifts from green to red. This behavior results from the combination of the decay of
the 580nm peak and the increase of the red signal. For low electron doses (dose per
second around 5x104A/cm2) the exponential decay of the green band dominates the
luminescent dynamics. Destruction of the radiative centers, or damages in the lattice
induced by the electron beam, are responsible of the signal decrease. At high electron
doses (above ~1x106A/cm2), the red peak gradually appears and increases.
Dissociation of oxygen from the silica and transformation of oxygen vacancies into
luminescence centers are involved in the signal build-up. SEM images reveal that
enhancement of the red emission is also correlated with deposition of material,
presumably carbon, around the exposed area. However, additional experiments are
necessary to confirm the composition of the deposit and whether it generates a
significant amount of CL. The CL intensity evolution shows the signal stabilizes after
30-60 minutes of exposure for all the doses applied. This result indicates pre-exposure
is highly recommended for any CL measurement that requires intensity quantification.
Cathodoluminescence from a substrate with 15nm and 600nm thick ITO layer showed
a higher signal from the thinner film, suggesting the main contribution to the CL
comes from the glass. Monte Carlo simulations were used to estimate the depth of
the background CL volume detected in a measurement. The data shows that for
2kV-10kV, most of the CL is generated within 1-2µm, while for 20kV to 30kV this
range can extend up to ~6µm. The advantage of using confocal filtering in CL is
therefore clear for these high acceleration voltages. More realistic modelling of the
electron interaction volume with simulations that include inelastic electron scattering
could also be important for a better comparison with experimental results.
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Appendix A: approach for focusing the
objective lens at the surface of a highly
cathodoluminescent substrate
When using cathodoluminescence for characterizing the surface of a material with
strong emission or with a nanostructure on top, intensity is detected not only at the
spot where the electron beam is focused, but along all the interaction volume, as
discussed in chapters 1, 3 and 4. Also, at low electron energies (below 5kV), CL
signals can be weak, making it hard to place the objective lens into the focus position,
where the emission collection is optimized. Therefore a strategy is needed to match
the objective lens focus to that of the electron beam. Wide-field imaging or other
light microscopy techniques are not always available, or the surface may not give
enough contrast. Also, a nanostructure may be too small to find it in an optical image.
In addition, in a CL microscopy setup it may be beneficial to have a focusing
procedure involving only detection of CL signals. Here, we present a method that
takes advantage of the dependence of the electron interaction volume on the
acceleration voltage of the primary electron beam, and of the fact that at low
energies the electron range, although it is material dependent, is confined to a couple
of tens of nanometers below the sample surface. The process starts by measuring the
CL intensity with a high energy electron beam, since then the electron range is larger,
CL intensity is higher, and it is then easier to find a position where the objective lens
detects some portion of the CL signal. To focus the objective lens at sample surface
where the structure of interest is located, the following procedure can be applied (see
Fig. 1):
1. Use a high energy electron beam to achieve detection of the CL signal: scan with
the electron beam a small area (or spot) in the region of interest while detecting
the CL intensity 1. Translate the objective lens in the axial direction (z), until some
signal level is detected. The axial intensity distribution can be then obtained by
registering the CL intensity while translating the sample along this direction. Finally,
position the objective lens at the z point of maximum intensity.
2. Lower the electron beam acceleration voltage and repeat step 1. Continue making
consecutive steps of reducing the acceleration voltage and translating the objective
If the sample bleaches rapidly it is recommended to pre-expose the sample, increase
the scanning speed and integrate the CL signal over a small area rather than a spot (to
reduce the electron dose).
1
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lens to the maximum intensity distribution position. The voltage intervals should be
small enough so that some CL is always detected.
3. At a sufficiently low acceleration voltage the interaction volume is small enough so
that objective lens is focused on the surface or structure of interest. We have seen
at 2kV the electron range for an ITO substrate is 40nm. If the aim is to image
confocal CL at high energies, then the acceleration voltage can be switched back to
the required value while keeping the objective lens and sample fixed at the position
found in the last step.
Note that the procedure assumes a uniform substrate. It may need to be modified
when different material and interfaces are present, because they can modify the axial
CL intensity distribution, resulting, for example, in a profile with more than one
emission peak. In that case the new CL distribution might have to be considered and
possibly the measurement has to be performed with CL spectrum sensitivity. Still, at a
low enough acceleration voltage the electron interaction is restricted to the surface
material. Finally, the same approach can be performed for the alignment of a pinhole
in a conjugate plane.

Figure 1 Schematic illustration of the proposed approach for focusing an objective lens at the surface of a
substrate using cathodoluminescence: at high electron energies it is easier to find a position where the
objective lens detects some CL signal. The axial CL intensity profile is acquired and the lens is settled at the
maximum intensity z position. This procedure is repeated at an every time lower energy, until a value for the
electron energy has been reached where the interaction volume is restricted to a few nanometers in the
structure or substrate surface (as in the right image). The objective lens is now focused at the structure of
interest. If required for the actual measurements the electron energy can now be switched back to higher
values. The numbers refer to the steps described in the main text.
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Appendix B: basics on confocal detection
Light confocal microscopy is a widespread imaging technique which uses spatial
filtering to enable optical imaging with depth selectivity, increasing the resolution and
contrast in a micrograph. Perhaps the most recognized applications are within the
fields of cell and molecular biology, where confocal fluorescence microscopy is used
to identify labeled markers within a cell specimen at sub-wavelength resolution. [1]
The lateral resolution offered by the technique is slightly better than that obtained in a
conventional widefield image. The real advantage of using a confocal setup is that this
resolution is kept when inspecting thick specimens, where normally light out of focus
from all over the sample and stray light are present, resulting in poor image quality.
Maintaining the resolution is possible because confocal filtering allows selective
imaging of a plane within the sample, also referred to as optical sectioning. Moreover,
by taking consecutive optical sections at different locations, it is possible to
reconstruct a 3D image of the sample, revealing information that otherwise would be
hidden in the light background.
The simplest confocal system configuration consists of a focused illumination source,
two lenses (objective and tube lens), a screen with a pinhole and a photon detector
(Fig. 1). The objective focal plane is confocal with the plane where the screen is
placed. The pinhole is aligned with the optical axis, so that light at the focus of the
objective lens (OL) will be imaged at the pinhole position in the screen, and vice versa.
Out-of-focus light (background) will be blocked by the screen, and will not reach the
photon detector placed behind it.
A confocal image is acquired point by point by simultaneously scanning the excitation
probe and the detection area (defined by the pinhole projection) through the sample.
This can be done by translating the sample while keeping the optical setup fixed (as
illustrated in Fig. 1). However, in epi-illumination systems (where both excitation and
detection are guided by the objective lens from one side of the sample) it is also
possible to translate the OL focus position vie e.g., scanning mirrors (taking care that
the pinhole and the OL stay aligned) while the sample stage remains still. This is
actually the most common confocal fluorescence configuration. One of its advantages
over sample translation is that in the last case the precision needed to scan the sample
stage requires in general longer acquisition times. Also when imaging biological
systems which are not stiff enough or are immersed in a liquid environment, sample
movements can induce disturbances that directly affect the image.
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Figure 1 Confocal detection system. The green and red lines illustrate the geometrical ray trajectories of two
point sources originating at the objective lens focus and out of it, respectively. Only light generated in a
small volume around the focus of the objective lens can pass through the pinhole and be detected as signal.
The black arrow gives an example of scanning direction for the acquisition of an image (in this case the
sample is translated).

The spatial resolution of an imaging system free from optical aberrations (diffraction
limited system) is related to the minimum distance at which two objects can be
identified. Although it has more than one definition, a common approach to quantify
the lateral resolution uses the Airy distribution, which describes the intensity profile at
the image plane of a point source projected through the optical system. It depends on
the wavelength of light in vacuum (𝜆0 ) and the numerical aperture of the objective
lens (NAOL ). Two objects can be resolved if they are separated by at least an Airy unit
(this is, the radius of the first minimum of the Airy distribution):
𝑟𝐴𝑖𝑟𝑦 = 0.61

𝜆0

NAOL

(1)

Similarly, the axial resolution can be defined considering the 3D projection pattern of
a point source on the image plane. The minimum separation at which two axially
distant objects can be resolved is the distance from the center of the 3D distribution
to the first minimum along the z axis [2]:
𝑧𝑚𝑖𝑛 =

2𝜆0 𝜂

(NAOL )2

where 𝜂 is the sample medium refractive index.

(2)

In confocal microscopy the resolution could be theoretically lowered by reducing the
pinhole size. However, other image quality parameters need to be considered, for
example, the signal to noise ratio. Reducing the pinhole size not only filters out the
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background but also decreases the signal, so that for an excessively small pinhole the
object most of the image information is lost in the noise.
In general an optimum pinhole size can be found close to 1 Airy unit. However, the
size selection depends on the properties of the sample and the imaging system. For
example, when the background is not so strong compared with the signal, the
pinhole can be two or more Airy units large, still enhancing the signal collection
without losing much spatial resolution. Weak signals also ask for larger pinhole sizes
to resolve them above the noise level. In the ultimate situation where a sample has no
background, confocal acquisition offers no advantage over conventional microscopy
and on the contrary it decreases the signal in the image: even at one Airy pinhole size,
only 80% of the focus light is detected (the outer rings of the Airy distribution are
filtered out). [1] This is the case for very thin samples (with a thickness below the axial
resolution in equation (2)).
Still, in most of the cases the equations above can be used to estimate the pinhole
size for a confocal experiment. Note that the distances in the equations are in the
object plane. For the calculation of the actual pinhole diameter the lateral and
transversal magnifications should be included. As mentioned above, the resolution of
a confocal image will be similar to that in standard light microscopy, but the major
gain is the increased contrast.
Besides the pinhole size, other factors that affect a confocal image are the detector
efficiency, pixel size, illumination type, scanning speed, the use of multiple pinhole
arrays (e.g., a Nipkow scanning disk) and the presence of lens aberrations, scanning
induced distortions, index mismatch and misalignments, among others. For a detailed
information on each of them see chapters 1-2, 10, 12, 22-23, 35 and 36 in [1].
An important limitation appears when sample luminescence fading (or bleaching) is
present. This is a major issue for confocal systems because during scanning a larger
region than the focus spot is exposed to the illumination and therefore the bleaching
is accelerated. Avoiding oversampling and increasing the scanning speed (but
maintaining an acceptable signal level) becomes crucial to prevent signal lost. This will
also need to be considered in our cathodoluminescence setup, where the illumination
is determined by the primary electron beam and the interaction volume generated in
the sample.
1. J. Pawley, Handbook of biological confocal microscopy (Springer, 2006).
2. M. Bass, Handbook of optics. Vol. 2, Devices, measurements, and properties
(McGraw-Hill, 1995).
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