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Abstract

Elucidating Heterogeneities and Dynamic Processes at the Nanoscale with
Cathodoluminescence and Cathodoluminescence-Activated Microscopies

by

Connor Gregory Bischak

Doctor of Philosophy in Chemistry

University of California, Berkeley

Associate Professor Naomi S. Ginsberg, Chair

Super-resolution imaging has revolutionized how the structure of biological systems are
observed at the nanoscale. Yet, observing dynamic processes in biology with high tem-
poral and spatial resolution remains a significant challenge. Additionally, elucidating the
nanoscale structure and dynamics in functional materials, particularly in optoelectronics,
would greatly aid in the development of more efficient devices, such as solar cells and light-
emitters. Unfortunately, most super-resolution microscopy platforms are designed for imag-
ing biological samples and are incompatible with complex, functional materials. To extend
super-resolution imaging to capture both biological dynamics and nanoscale material prop-
erties, we have developed cathodoluminescence imaging with low electron exposure (CILEE)
and cathodoluminescence-activated imaging by resonance energy transfer (CLAIRE). Both
imaging methods use cathodoluminescence (CL) microscopy to achieve nanoscale spatial
resolution. The main drawback of CL microscopy is damage caused by the relatively high
energy electron beam. In CILEE, the electron beam dose is significantly reduced to image
samples only moderately robust to the electron beam. In CLAIRE, more fragile samples can
be imaged by placing a thin scintillator film between the sample and electron beam. When
excited by a focused electron beam, the scintillator film acts as a nanoscale optical excitation
source, providing contrast based on interactions between luminescent dopant atoms in the
sctillator and the adjacent sample in the near field. In this dissertation, the development of
CILEE and CLAIRE are outlined, as well as many examples of uncovering new nanoscale
phenomena with both imaging platforms.

Part I of this dissertation, which includes Chapters 2-5. focuses on using CILEE to eluci-
date the nanoscale structure and dynamic properties of lead halide hybrid perovskites, which
are promising materials for optoelectronics. Using CILEE, we reveal a surprising degree of
heterogeneity at the surface of hybrid perovskite thin films that differs greatly from the
more homogeneous environment found in the bulk. Our CILEE study suggests that solar
cells composed of a hybrid perovskite active layer can improve in efficiency by decreasing the
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heterogeneity through synthetic approaches. We also use CILEE to investigate the process
by which mixed halide hybrid perovskites phase separate upon photoexcitation, a process
that severely limits solar cell efficiency. Through a combination of CILEE and multiscale
modeling, we find that phase separation is driven by polaronic strain in the lattice. Our
results represent a new type of nanoscale phase transformation that is unique to hybrid
materials. The emergence of CILEE as new approach to non-invasive super-resolution imag-
ing has led to a greater understanding of the complex structure and dynamics in hybrid
perovskite materials.

Part II of this dissertation, which includes Chapters 6-11, introduces CLAIRE as a new
super-resolution imaging platform designed to image soft materials, such as organic or bio-
logical samples. In this dissertation, we describe the production of thin, free-standing scin-
tillator films for CLAIRE and the incorporation of these scintillator films into a functional
imaging device. We demonstrate that CLAIRE is capable of imaging soft materials and
dynamic processes. The capability of CLAIRE to image biological samples with endogenous
chromophores, such as photosynthetic membranes, is also demonstrated.

Together, CILEE and CLAIRE extend non-invasive super-resolution optical imaging to
new classes of soft materials that are incompatible with current super-resolution optical imag-
ing approaches and traditional electron microscopy. These new nanoscale imaging methods
provide promising opportunities to visualize biological dynamics at high spatial and tempo-
ral resolution and to interrogate the nanoscale optical properties of functional optoelectronic
materials to understand their fundamental properties, leading to higher efficiency devices.
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Chapter 1

Introduction and background

1.1 Introduction to super-resolution imaging of

biological systems and optoelectronic materials

Over the past twenty years, two simultaneously occurring scientific revolutions have had
transformative effects on the fields of materials science and biology. In materials science,
scientists have pushed the size of functional components of devices, including those found
in solar cells, computers, batteries, and light-emitters, to the nanoscale [1, 2]. In biology,
improvements in fluorescence microscopy have radically changed the way biological structures
are visualized by breaking the diffraction limit to enable super-resolution imaging [3–5].
Historically, the diffraction limit of light has limited the resolving power of fluorescence
microscopy to approximately 250 nm [6]. This inherent resolution limit matches poorly to
the nanoscale nature of both biological processes and the relevant length scales of functional
materials. For instance, the size of a typical protein is on the order of 5-20 nm [7] and the
industry standard for the transistor is approaching 10 nm [8–10]. The emergence of new
far-field super-resolution imaging methods, such as stimulated emission depletion (STED)
microscopy [11] and various photoactivated localization approaches [12, 13], has enabled
nanoscale imaging of biological structures at physiologically-relevant length scales. These
methods, however, often lack the temporal resolution to observe biological processes in real-
time [14]. Furthermore, using super-resolution imaging techniques designed for biological
systems on optoelectronic materials, particularly in conditions relevant to device operation,
is challenging due to incompatibilities related to the complex photophysics of optoelectronic
materials. Imaging methods that utilize near-field interactions, such as near-field scanning
optical microscopy (NSOM) [15], have been used to interrogate the optical properties of a
variety of materials, yet these near-field-based methods have inherent drawbacks, including
imaging artifacts due to sample-tip interactions and slow image acquisition rates. Therefore,
new super-resolution microscopies are needed to improve the temporal resolution of biological
imaging and extend super-resolution imaging capabilities to optoelectronic materials.

Our approach to nanoscale imaging adapts cathodoluminescence (CL) microscopy into
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super-resolution microscopy platforms capable of imaging hybrid materials, soft materials,
and biological systems. CL microscopy is a nanoscale imaging technique that has been used
widely to image materials by utilizing a focused electron beam to excite the sample and
collecting the emitted light [16]. By rastering the electron beam over the sample, a super-
resolution image is constructed by correlating the position of the beam with the CL emission
of the material. The major drawback of CL imaging is damage caused by interactions
between relatively high energy electrons and the sample, which is particularly relevant for soft
materials. Imaging biological samples directly with CL microscopy has been attempted [17–
19], but the samples are easily damaged by the electron beam. Attempts have also been made
to use CL microscopy to image biological samples by introducing robust cathodoluminescent
nanoparticle labels [20–22]. This approach, however, also fails to avoid direct electron beam
exposure to the biological sample and is therefore not suitable for imaging biological dynamics
under physiological conditions.

In materials science, CL microscopy is used commonly to image robust samples at the
nanoscale [16, 23–28], yet for materials more sensitive to the electron beam, such as lumi-
nescent polymers or hybrid materials for optoelectronics, acquiring high resolution images
with traditional CL microscopy is unfeasible due to sample damage. To mitigate sample
damage, we have established two different approaches that take advantage of the nanoscale
resolution of CL microscopy. Our first approach is to limit electron beam exposure to the
sample significantly by reducing the current, accelerating voltage, and electron beam dwell
time. We call this CL imaging with low electron exposure (CILEE), which has enabled
imaging hybrid perovskites at the nanoscale [29–32], as described in Chapters 2-4. Our
second approach is called cathodoluminescence-activated imaging by resonant energy trans-
fer (CLAIRE), which is designed for even less robust samples, such as biological specimens
and organic materials. CLAIRE utilizes an ultrathin scintillator film positioned between
the sample and electron beam, which prevents electron beam interactions with the sample
while also serving as a nanoscale light source when excited by a low-energy, focused electron
beam [33, 34]. The imaging contrast in CLAIRE depends on near-field interactions between
the electron beam-generated nanoscale light source and the adjacent sample, as outlined
in Chapters 5-11. In both approaches, nanoscale resolution is achieved by imaging with a
focused electron beam and the fast scanning capability of the electron beam enables high
temporal resolution. Together, these two super-resolution imaging methods provide a new
approach to imaging dynamic processes in both biological and materials systems.

In this Chapter, we provide an overview of how the diffraction limit affects the resolution
of fluorescence microscopy. We then include a concise summary of current super-resolution
imaging methods and outline the advantages and disadvantages of these approaches, focusing
mainly on applicability to biological and materials systems and to limits with regard to
temporal resolution. Next, we introduce both CILEE and CLAIRE as powerful alternative or
complementary super-resolution imaging approaches. We then describe how the CL emission
is collected for both CILEE and CLAIRE imaging. Last, we compare CILEE and CLAIRE to
other super-resolution methods to uncover which types of samples or processes would be most
effectively imaged with CILEE and CLAIRE compared to other established super-resolution
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imaging techniques.

1.2 The challenge of beating the diffraction limit of

light

First introduced by Ernst Abbé in 1873, the diffraction limit impedes the ability of an
optical microscope to distinguish between two features that are spatially separated by less
than half of the wavelength of light [6]. Due to the destructive and constructive interference
of the emitted light, a fluorescent point emitter in the lateral direction (x,y), observed by
an optical microscope, will appear as a central fluorescent spot surrounded by numerous
diffraction rings, which are together referred to as an Airy disk. The size of the central spot
of the Airy disk depends on the numerical aperture (NA) of the microscope objective, which
is defined as nsin(θ), where n is the refractive index of the imaging medium, θ is the aperture
angle of the objective, and the wavelength of light used for imaging is λ. According to Abbé,
the resolution in x and y is:

Abbé resolution in x and y =
λ

2NA
(1.1)

This equation demonstrates that the spatial resolution can be increased by decreasing
the wavelength of light used to illuminate the sample, by maximizing the aperture angle of
the objective, or by increasing the index of the imaging medium. Commercial microscope
objectives maximize the NA by optimizing the aperture angle and using a high refractive
index oil as the imaging medium. In three dimensions, the diffraction pattern of light is
called a point-spread function (PSF), which is typically elongated along the z direction. The
axial resolution, defined in the equation below, is worse than the lateral resolution and is
typically limited to around 500 nm.

Abbé resolution in z =
2λ

NA2 (1.2)

In some applications, when imaging samples directly on the substrate surface, total inter-
nal reflection fluorescence (TIRF) microscopy can be used to improve the axial resolution to
approximately 100 nm [35, 36]. When imaging a sample with many point emitters, the res-
olution of a single emitter is not as important as the ability to distinguish two nearby point
emitters spatially. Several criterion for this limit have been proposed, the most commonly
used being the Rayleigh resolution [37, 38]:

Rayleigh resolution =
0.61λ

NA
(1.3)

The Rayleigh resolution is defined as the distance between two Airy disks when the Airy
disk of one point source overlaps with the first minimum of the neighboring Airy disk. A
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typical value for the Rayleigh resolution consistent with the highest NA objectives available
for imaging is 220 nm (NA=1.4, λ=500 nm).

Based on the framework laid out by Abbé and Rayleigh, the two most obvious approaches
to increase the imaging resolution are to decrease the wavelength of the imaging light source
or increase the NA. Because UV light can significantly damage biological samples, it is
unreasonable to decrease the wavelength of the light source below 350 nm. In industry
applications, however, shortening the wavelength of light is a valid strategy because the
materials used are much more robust to UV light. For example, deep UV light is used in
extreme UV (EUV) lithography to achieve 46 nm resolution with a single exposure [39].
Increasing the NA is a strategy pursued by multiple imaging methods to increase the reso-
lution. For instance, in 4pi and I5M microscopy, light is collected by two opposing objectives
and the resulting axial resolution is improved to 100-150 nm, while the lateral resolution
is not increased [40–43]. Using a solid immersion lens (SIL) is another strategy to improve
the imaging resolution by increasing the NA. To increase the NA, a solid material with a
large index of refraction is used as the imaging medium [44, 45]. To date, the NA for the
best SILs is 2, which is a substantial increase over the 1.4 NA oil immersion lenses, but
does not increase the resolution to the same level as other super-resolution methods. In
contrast to these methods, the most effective super-resolution methods have circumvented
the diffraction limit by either exploiting near-field effects, structuring far-field light, or using
photoactivation and localization of chromophores in the sample.

1.3 Near-field approaches to super-resolution imaging

Methods to utilize near-field interactions for super-resolution microscopies were first theo-
rized in 1928 [46] with the first experimental applications realized in 1984 [47, 48]. The
general concept of near-field scanning optical microscopy (NSOM) or scanning near-field op-
tical microscopy (SNOM) is to bring a point source of light near the surface of the sample
and raster scan that point source across the sample, building up an image by collecting
the signal at each pixel. A number of different near-field imaging modalities have been
demonstrated, including using a modified atomic force microscopy (AFM) cantilever tip or
an etched optical fiber. In both cases, the near-field is generated by coupling a laser to the
AFM tip or aperture. Alternatively, a nanoscale light-emitter placed on a tip can be used as
the light source for imaging [49, 50]. Four different modes of NSOM operation are possible
[51]. The sample is either (1) excited through an aperture in the tip and the signal trans-
mitted through the sample is collected, (2) excited through an aperture in the tip and the
signal is also collected through an aperture in the tip, (3) excited in the far-field and emission
from the sample is collected through the tip aperture, or (4) excited through the aperture
and fluorescence is collected in the far field. By using one of these four configurations, the
resulting signal can be sensitive to a large number of contrast mechanisms, including changes
in the index of refraction, differences in sample reflectivity, changes in sample transparency,
and the photoluminescence of the sample.
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NSOM is capable of single molecule sensitivity [15], yet many constraints prevent it from
achieving widespread use. For instance, NSOM suffers from imaging artifacts due to complex,
rough sample morphologies, weak signals, heating of the probe tips, slow scan speeds, and
complex contrast mechanisms that are often difficult to interpret. Furthermore, the near-field
is typically very short with a significant decrease in resolution when the tip is positioned at
distances over 25 nm from the sample surface. In the context of imaging biological samples,
the limited extent of the near-field prevents imaging inside of cells. The slow scan speed
also significantly limits the temporal resolution in imaging dynamic biological processes in
vitro. Recent advances in high speed AFM have increased the scanning speed of probe-based
imaging methods substantially [52, 53]. High speed scanning, however, has not yet been
attempted with NSOM. In imaging optoelectronic materials, NSOM has distinct advantages
over far-field super-resolution techniques. NSOM does not rely on specific fluorescent labels
and the resulting resolution should not depend greatly on the photophysics of the sample, as
long the photoluminescence of the sample is efficiently collected. Optoelectronic materials,
however, often have rough surfaces that can lead to significant imaging artifacts when using
NSOM. Dynamic processes are also difficult to probe due to the slow mechanical scanning of
the tip. Although there are difficulties associated with imaging optoelectronic materials with
NSOM, recently studies have shown successful imaging of 2D semiconductor materials [54],
which are ideal for NSOM because they are flat and have high photoluminescence yields.

1.4 Far-field approaches to super-resolution imaging

There are three main far-field approaches to super-resolution imaging, stimulated emission
depletion (STED) microscopy [11], structured illumination microscopy (SIM) [55], and pho-
toactivated localization microscopy (PALM) [12], which is a similar approach to stochastic
optical reconstruction microscopy (STORM) [13] and fluorescence photoactivation localiza-
tion microscopy (fPALM) [56]. Each method has trade-offs in terms of spatial resolution,
photo-toxicity, temporal resolution, and imaging depth [57].

STED microscopy is a laser scanning microscopy akin to confocal microscopy. To generate
an image, a pulsed laser with a Gaussian profile first excites the sample. After a short time
delay, a second laser with a red-shifted wavelength and a annular profile, centered in the
same area as the first beam, stimulates emission, resulting in a reduced, nanoscale excitation
volume within the sample. By scanning the beams in a raster pattern over the sample, an
image can be built up pixel-by-pixel. The resolution of STED microscopy is typically 30 to
80 nm with 2.4 nm being the lowest value reported [58]. STED can often require excitation
powers on the order of 104-105 W/cm2, which makes the technique prone to photo-toxicity
effects. The imaging depth in STED microscopy is equivalent to confocal microscopy and
the time resolution is relatively slow because the acquired signal is often low. In imaging
biological systems, STED takes advantage of fluorescent labels that are designed to maximize
the amount of stimulated emission induced by the annular beam. On the other hand, in
imaging optoelectronic materials, complex photophysics, such as energy transfer to triplet
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states or the generation of free charges, can make it impossible to stimulate emission. Yet,
variations of STED have been used to image optoelectronic materials in a few instances
where it is possible to stimulate emission [59–61].

In SIM, wide-field illumination of a grid pattern is used for super-resolution imaging.
The grid pattern is either rotated or shifted during imaging acquisition to build up a super-
resolution image of the sample. The spatial resolution of SIM is typically around 100 nm
laterally and 300 nm axially, which is not as good as the other far-field super-resolution
approaches. Since SIM uses wide-field illumination, however, the temporal resolution is ex-
cellent at approximately 8 frames per second with minimal photo-toxicity effects. Imaging
depth is also comparable to confocal imaging. Although SIM is used widely in biological
imaging due to its ability to capture fast dynamics with sub-diffraction limit resolution,
SIM has only been used in a few cases to study optoelectronic materials [62]. The abil-
ity to perform SIM, however, should not be affected by the photophysics of optoelectronic
materials.

A number of approaches using photoactivated emitters for super-resolution microscopy
have been established with slight variations between each technique. The basic principle of
these approaches stems from the ability to fit the PSF to a 2D Gaussian and take the center
of this distribution as the location of the emitter. The precision of this localization method
scales with the inverse square of the number of detected photons. Therefore, the more pho-
tons collected, the better one can pinpoint the exact location of the emitter. In environments
with low chromophore densities, this approach is a powerful way to track species with spa-
tial resolution on the order of a couple nanometers [63]. In regions with a high density of
emitters, however, overlapping PSFs makes fitting each emitter to a 2D Gaussian impossible.
To solve the problem of overlapping PSFs, photoactivated emitters are used. By iteratively
activating emitters with one wavelength of light, imaging the emitters with a different wave-
length, and fitting each of the resulting PSFs with a Gaussian to localize the emitters, a
super-resolution is built up. The major advantage of these photoactivated approaches is the
imaging resolution, which is routinely on the order of 10 nm laterally and 20 nm axially. The
intensity required for acquiring an image is on the order of 103-104 W/cm2, which is much
higher than typical widefield fluorescence microscopy. Additionally, the acquisition time is
typically greater than 20 seconds, which precludes imaging real-time dynamics. In imaging
biological samples, particular photoactivatable fluorescent dyes are required. Therefore, ex-
tending photoactivated localization methods to materials is challenging, yet some approaches
have been successful in materials with intrinsically-blinking photoluminescence [64].

Overall, it is important to match the super-resolution method with the sample of interest.
For instance, if the goal is to obtain nanoscale structural information at the 10 nm length
scale in a static, biological system, STED or PALM are ideal approaches. When imaging a
system that exhibits dynamics on a fast timescale (0.1-1 s), the acquisition times of STED
and PALM are generally too long, but SIM can be used with the trade-off of a decrease in
spatial resolution. It is also very important to consider phototoxicity effects when selecting
a super-resolution method to ensure that physiological structure and function is preserved.
When surveying the current super-resolution imaging methods, it is apparent that two vital
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capabilities are missing. First, to image biological systems at the length and timescale
necessary to observe dynamic processes, a method that has spatial resolution on the order of
10 nm and temporal resolution on the order of 1 s/frame is lacking. Second, to characterize
heterogeneities or dynamic processes in optoelectronic materials at the nanoscale, current far-
field super-resolution methods, optimized for visualizing biological systems, are not typically
compatible. Therefore, we introduce CILEE and CLAIRE microscopies to imaging dynamics
in both biological systems and materials at the nanoscale with high temporal resolution.

1.5 Scanning electron microscopy (SEM)

Before discussing the general principles of CL imaging, we first give a brief introduction to
imaging with scanning electron microscopy (SEM). In SEM, a focused electron beam raster
scans across a sample and the electrons generated or scattered by the sample are collected. By
correlating the position of the beam with the collected electron signal, an image is generated
pixel-by-pixel. A number of different types of signal can be collected in SEM. When the
electron beam interacts with the sample, low energy (>50 eV) electrons are produced in the
material as products of ionization. These low energy electrons are called secondary electrons
(SEs) and come from the very surface of the sample (within approximately 10-20 nm of
the surface). They are collected with an Everhart Thornley detector that is placed in the
chamber off to the side of the sample. In this configuration, the collected signal is impacted
both by the amount of SEs generated in the material and the topography of the sample.
Aside from SEs generated within the material, electrons are also reflected or scattered from
the sample. These electrons are called backscattered electrons (BSEs) and are typically
higher in energy than SEs. When using a backscattered electron detector, the signal is most
sensitive to the density and average elemental weight of the sample. A third type of detector
is the in-lens detector, which is located in the column of the microscope from which the
electron beam emerges. The in-lens detector also detects SEs and can often achieve better
resolution and higher contrast at higher accelerating voltages [65].

Aside from the standard electron detection, electromagnetic radiation, usually in the
form of X-rays or visible light, can also be detected. In energy dispersive X-ray spectroscopy
(EDS), X-rays generated in the sample upon electron beam excitation are detected. The
resulting X-ray spectrum corresponds to characteristic X-ray transitions in the sample and
allows for the identification and relative proportion of elements present in the sample. By
correlating the position of the beam as it scans across the sample with the emitted EDS
signal, an elemental map of the sample can be generated. In the next section, we will also
discuss how visible light emitted from the sample when excited by an electron beam can be
used to generate an image.
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1.6 Cathodoluminescence microscopy

Cathodoluminescence (CL) is the light emitted when a material is impacted by an electron
beam. It has been used broadly for technologies that employ a cathode-ray tube, such as
oscilloscopes and televisions [16]. By using a focused electron beam, CL emission can be
used as a powerful tool to image materials at the nanoscale. To generate a nanoscale CL
image, the focused electron beam scans across the sample. At each pixel, electrons from the
beam interact with the material to generate light. By correlating the position of the beam
with the emitted light, an image is formed pixel-by-pixel. When performing CL imaging, it
is important to consider how interactions between the electrons and the material of interest,
as well as the photophysics of the sample, contribute to the imaging resolution.

When electrons interact with a sample, numerous processes can occur with in the mate-
rial. Electrons from the electron beam scatter both elastically and inelastically within the
sample. The extent of elastic scattering, stemming from collisions between the impinging
electrons and nuclei with in the sample, is determined by the atomic number of the atoms
within the material, the initial energy of the electrons, and the arrangement of atoms in
the target material. Many models exist to describe interactions between electrons and the
sample. One widely used model is the Rutherford model [66], where the total relativistic
Rutherford scattering cross section (σ) is:

σ = (5.21 ∗ 10−21)
Z

E

2 4π

δ(δ + 1)

E +m0c
2

E + 2m0c2
(1.4)

where Z is the atomic number of the atom in the sample, E is the energy of the electrons, c
is the speed of light, m0 is the mass of the electron, and δ is a screening parameter. Inelastic
scattering can be described by the Bethe expression:

dE

dS
= −2πe4NA

ρZ

EA
ln

(
1.166E

J

)
(1.5)

where e is the electronic charge, NA is Avogadro’s number, ρ is the sample density, A is the
atomic weight, E is the mean electron energy and J is the mean ionization potential. Inelastic
scattering leads to the emission of secondary electrons, X-rays, Auger electrons, and photons.
To generate CL emission, inelastic electron scattering results in the formation mobile charge
carriers in the material, which can either recombine radiatively or non-radiatively. In many
materials, the CL emission wavelength corresponds to band gap of the material. In other
instances, the electrons and holes recombine radiatively at the sites of luminescent dopants
[67]. As the electron beam energy increases, scattering electrons can generate radiation
deeper within the sample. The range of electron penetration depth is approximated using
the electron beam energy by:

Re = (k/ρ)Eα (1.6)
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where ρ is the material density, k is related to the atomic number of the material and depends
on E, and α depends on the atomic number and also E [68]. The volume of electron scatter
within a material can also be approximated by:

Re = (0.0398/ρ)E1.75 (1.7)

where ρ is the density and E is the electron beam energy [68]. A more accurate way to
determine the depth of electron penetration and the extent of the generation volume in the
sample, rather than analytical expressions, is by using Monte Carlo simulations of electron
trajectories in a material with software packages such as CASINO by Drouin, D. et al. (see
Appendix C for a procedure on how to perform simulations with the CASINO software
package) [69]. Both the analytical expressions and Monte Carlo simulations, however, fail
to account for the crystal structure of the sample, which may result in channeling effects.
Characterizing the extent of electron scatter within a material is important because this
volume of electron scatter determines where charge carriers are generated, which will impact
the CL signal when charge carriers recombine to emit light. The volume of electron scattering
within the material contributes to the resolution obtainable with CL microscopy, but it is
not the only factor. Although the generation volume specifies where charge carriers are
created within the sample, charge carriers may migrate a significant distance after before
recombining.

For CL imaging, it is also important to consider the number of electron-hole pairs gen-
erated per electron, which is known as the generation factor (G):

G = E(1− γ)/Ei (1.8)

where E is the electron beam energy, γ is the fractional electron beam energy loss due to
backscattered electrons, and Ei is the ionization energy [16]. The ionization energy, Ei, is:

Ei = 2.8Eg +M (1.9)

where Eg is the band gap of the sample and M ranges from 0 to 1 eV and is dependent on the
sample. Approximating the generation volume of carriers in a material when using different
beam parameters is important when extracting nanoscale information from a sample using
the CL signal. The resulting CL signal, however, comes from a number of factors that stem
from how light interacts with and escapes from the sample.

The number of photons emitted from the sample when excited by a focused electron
beam can be expressed as:

LCL(r) =

∫
V

f
∆n(r)

τ
d3r (1.10)

where τ is the radiative recombination lifetime, ∆n(r) is the stationary excess carrier density,
f is a function that accounts for the collection efficiency of the CL detection system and
effects that suppress photon emission in the sample, such as reabsorption and reflection [70,
71]. This expression can be simplified to:
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Figure 1.1: How electron beam scatter and charge carrier migration impact the CL resolu-
tion. The CL resolution depends on the extent of electron scatter within the material and
migration length of charge carriers.

LCL(r) = fDfAfRη
GI

e
(1.11)

where fD is a function that accounts for parameters of the CL detection scheme, including the
detection efficiency, fA is a factor that accounts for reabsorption in the material, fR is a factor
that accounts for internal reflection losses, η is the radiative recombination efficiency, G is
the carrier generation volume, I is the electron beam current, and e is the electronic charge.
Expressions for fD, fA, and fR can be found in Yacobi, B. G. et al. [16]. In complex samples,
the CL emission contrast not only comes from variations in η, but also from inhomogeneities
in fA, and fR. It is, therefore, important to distinguish between variations in intensity
stemming from differences in radiative efficiency and spatial heterogeneity that comes from
absorptive or reflective losses.

Because many factors contribute to the resulting CL signal, it is often difficult to quantify
the spatial resolution in CL imaging. The overall CL resolution depends mainly on the focus
of the electron beam, the extent of electron scatter within the materials, and the migration
distance of charge carriers, as shown schematically in Figure 1.1. The extent of electron
scatter is very dependent on the material and the accelerating voltage used, as shown in
Equation 1.7. Charge carrier migration distances are also material-dependent.

Imaging with CL microscopy can provide valuable insight into the nanoscale optical
properties of complex materials. Additional adaptations to CL microscopy can provide
further information, such as pulsing the electron beam to construct a nanoscale map of
the radiative lifetime [72]. An additional powerful capability of CL imaging is the ability
to obtain depth-dependent information of a sample by changing the energy of the electron
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beam [29, 73–75]. This tuning of the charge carrier generation volume can help distinguish
between CL emission from the surface of the sample and CL emission from the interior of
the sample. Overall, CL imaging is designed for materials that are completely robust to the
electron beam. In many cases, such as with imaging biological systems, hybrid inorganic-
organic materials, or organic materials, the relatively high energy of the electron beam can
destroy the sample before an image is acquired. Therefore, we have developed new super-
resolution imaging methods, CILEE and CLAIRE, to limit electron beam damage and open
up CL microscopy to entirely new classes of materials that were not compatible with CL
microscopy previously.

1.7 Cathodoluminescence imaging with low electron

exposure (CILEE)

The inherent problem with CL microscopy is the vast difference in energy between the ex-
citation source (1,000-30,000 eV per electron) and the optical transitions of interest (1-4 eV
per photon). Although a single electron from the electron beam can generate multiple elec-
trons and holes within the material, the excess energy deposited is often significant and must
undergo other radiative and non-radiative dissipation pathways that may cause damage to
the sample. In many robust materials, such as inorganic semiconductors and metal nanos-
tructures, damage is not a concern. Conversely, for less robust materials, such as organic
semiconductors, hybrid inorganic-organic materials, and biological samples, the amount of
electron beam-induced damage can significantly impact the CL signal, often bleaching sam-
ples or significantly changing their emission properties while imaging.

The most common damage mechanisms in electron microscopy are knock-on effects,
damage by ionization (also called radiolysis), electron beam sputtering, and electron beam-
induced sample heating [76]. Knock-on effects occur when the electron beam “knocks” an
atom from its lattice site into an interstitial site through elastic scattering, creating a defect
in the lattice. For robust materials this typically occurs at accelerating voltages above 100
keV, yet can occur at lower energies in softer materials. If elastic scattering occurs at the
surface of the material, the electron beam can sputter surface atoms rather than moving
them into interstitial sites. The electron beam can also ionize atoms within the lattice in a
process called radiolysis. In inorganic materials, radiolysis results in the generation of lattice
defects that can trap carriers and decrease the CL emission intensity. In organic materials,
the effect of radiolysis is much more extreme. Electrons scattering in organic materials can
break bonds, changing the electronic properties of the material. Last, the electron beam can
dissipate heat into the sample lattice, which can cause chemical or structural changes. The
local change in temperature induced by an electron beam ∆T ) can be estimated by:

∆T =
IV

πkR
(1.12)
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where k is the thermal conductivity, R is the radius of the generation volume, I is the
electron beam current, and V is the electron beam accelerating voltage [77]. Knock-on
effects, electron beam sputtering, radiolysis, and sample heating can all directly affect the
acquired CL signal by generating non-radiative traps within the sample or changing the local
electronic properties.

Despite damage induced by the electron beam, a number of studies have attempted
CL imaging of soft samples. A series of studies directly exciting biological samples with
an electron beam and measuring the collected light demonstrated that a CL signal could be
achieved from biological samples, yet the measured signal deteriorated quickly with prolonged
scanning due to sample damage [78]. In imaging biological materials, the CL signal often
stemmed from non-specific autofluorescence from the sample. Most recently, CL imaging in
conjunction with site-specific inorganic luminescent nanoparticle probes has been used for
imaging biological samples. The advantage of this approach is that the imaging resolution is
on the order of the size of the nanoparticles [21, 79, 80]. The main disadvantages, however,
are that the electron beam can still damage the biological sample and that it is difficult to
selectively label particular targets within the sample with the luminescent probes. Other
CL studies on soft, non-biological materials have faced similar challenges involving sample
damage. Attempts to collect CL emission from a number of organic compounds saw similar
electron beam-induced damage, which was reduced at low temperatures [81–84]. In other
studies of polymer materials, electron beam exposure actually increased the CL emission
from the sample, clearly altering it in some ways [85]. Overall, CL imaging of soft materials
typically leads to immediate sample damage, so prolonged imaging of dynamic processes
with direct electron beam excitation remains a challenge.

We use CILEE to perform CL imaging on materials that are moderately robust to the
electron beam, but show signs of damage when imaging under normal operating conditions.
The goal of CILEE is to acquire nanoscale CL images with sufficient signal-to-noise without
incurring any damage to the sample of interest. To perform CILEE, we decrease the electron
beam current up to 30 times (300 pA to 10 pA) and increase the scan speed to at least
2.5 s/frame (10 µs/pixel in a 512 x 512 pixel frame). These imaging conditions are only
possible when very efficient light collection is in place and enable imaging of hybrid inorganic-
organic perovskites, optoelectronic materials that have promising applications as solar cell
absorbers, light-emitting diodes (LEDs), and nanoscale lasers, with minimal sample damage.
In Chapter 2, we introduce hybrid lead halide perovskite materials and outline how nanoscale
imaging with CL microscopy can both elucidate the photophysics of these materials and help
understand how to make more efficient perovskite-based devices. In Chapter 3, we show
that CL microscopy can interrogate hybrid perovskites at the nanoscale and demonstrate
that the surface of perovskite films is an important consideration for device manufacturing
[29]. Because CILEE can acquire images more rapidly than most other super-resolution
microscopies, it is capable of capturing dynamics with frame rates on the order of one
second [31]. In Chapter 4, the dynamics of photoinduced phase separation is imaged at the
nanoscale using CILEE.

Imaging with CILEE provides many opportunities to uncover heterogeneities and dy-
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Figure 1.2: Schematic of CLAIRE imaging. Electrons scatter within the scintillator film to
generate a nanoscale excitation volume. When a sample containing acceptor chromophores is
present, excitations can be transferred from the nanoscale excitation volume to the acceptor
chromophores. To generate an image, the position of the beam and the emission from the
acceptor chromophores is correlated.

namics in functional materials that cannot be imaged with traditional CL microscopy. By
increasing the CL detection efficiency, we will be able to acquire images of dynamics with
sub-second time resolution and 10-50 nm spatial resolution, which is currently not possible
with other super-resolution methods. For samples that are even more easily damaged by the
electron beam, such as biological systems or organic materials, even with a significantly de-
creased electron dose, CILEE may cause too much sample damage. Therefore, to image soft
samples non-invasively and with high spatial and temporal resolution, we have developed
CLAIRE microscopy.

1.8 Cathodoluminescence-activated imaging by

resonance energy transfer (CLAIRE)

The aim of CLAIRE imaging is to combine the high spatial resolution of CL microscopy
with the non-invasiveness of fluorescence microscopy to generate super-resolution images of
soft materials. In CLAIRE imaging, a low-energy electron beam is focused on an ultra-thin
scintillator film that is placed directly adjacent to sample, as shown in Figure 1.2. The scin-
tillator serves as a physical barrier between the electron beam and the sample, preventing
electron-induced damage. When the electron beam interacts with the scintillator film, it
generates a nanoscale excitation source within the scintillator film that can interact with
the adjacent sample through a number of contrast mechanisms, including Förster resonance
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energy transfer (FRET) and near-field plasmonic enhancement. By scanning the nanoscale
excitation source over the sample, a high resolution image of the underlying sample is ac-
quired. The ability of the electron beam to scan quickly enables the imaging of nanoscale
dynamics with high frame rates.

In Chapter 5, we further discuss the concept of CLAIRE imaging, including the require-
ments for the scintillator film and an overview of the contrast mechanisms. In Chapter 6,
the production of the ultra-thin free-standing scintillator film is discussed. Chapters 7 and 8
focus on producing CLAIRE imaging chips and aqueous sample encapsulation, respectively.
Chapters 9 and 10 describe the contrast mechanisms used for CLAIRE imaging, showing
how CLAIRE can capture nanoscale images using both FRET and plasmonic enhancement
as contrast mechanisms. Lastly, Chapter 11 details progress towards imaging photosynthetic
membranes with nanoscale resolution with CLAIRE.

1.9 A home-built detection apparatus for sensitive

cathodoluminescence detection

Because the light collected with CL microscopy is generated in a nanoscale volume within
the sample, high efficiency light detection is required to achieve a high signal-to-noise ratio.
A number of approaches have been used to collect CL emission, including using a light pipe,
microscope objective, and a parabolic mirror positioned above the sample [16, 86]. The most
common approach is to use a parabolic mirror positioned above the sample to direct light
through a window to a detector outside of the SEM. For high efficiency light collection, the
solid angle of the mirror should be maximized and for CL spectral acquisition, the mirror
should reflect all wavelengths equally.

A schematic of our light collection system is shown in Figure 1.3a with an image of the
mirror displayed in Figure 1.3b. The electron beam is focused on the sample through a hole
in the parabolic mirror, as shown in Figure 1.3c. Light produced by interactions between the
electron beam and the sample is collected by the parabolic mirror and directed outside of
the SEM through a quartz window. The optical path outside of the SEM can be configured
to suit the needs of the experiment. For instance, two detectors can be used simultaneously
with a dichroic beam splitter to collect two CL emission channels at the same time. A
spectrometer can also be used to obtain CL spectra. Four piezo stages are incorporated in
the mirror assembly (x, y, pitch, and yaw), which can be individually controlled to align the
mirror.

For CILEE and CLAIRE, having a system with high CL collection efficiency is vital.
Because the electron dose is significantly decreased for CL imaging with CILEE, the amount
of light emitted by the sample is also lower than in traditional CL microscopy, requiring
a high CL collection efficiency to maintain a high signal-to-noise ratio. CLAIRE imaging,
on the other hand, relies on near-field energy transfer from a bright scintillator film to an
adjacent sample. The CL-activated fluorescent emission from the sample is often relatively
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Figure 1.3: Schematic of the CL detection apparatus. (a) The schematic of the CL detection
apparatus showing separate optical paths for spectroscopy and two-channel imaging. (b)
An image of the mirror and alignment apparatus. (c) A schematic of the electron beam
interacting with the sample and light collection by the mirror. The electron beam goes
through a hole in the parabolic mirror and interacts with the sample. Light generated in the
sample is collected by the mirror and directed outside of the SEM.

low compared to direct CL emission and therefore requires high light collection efficiencies.
To push the limits of CILEE and CLAIRE, improvements in the light detection system may
be required in the future. By adding an additional mirror or objective below the sample, the
collection efficiency could be increased two-fold. At the present, however, the high efficiency
CL detection scheme enables nanoscale imaging of a wide variety of samples with CILEE
and CLAIRE that commercial setups would not be sensitive enough to enable.
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imaging
method

reported
resolution
(nm)

intensity
required
(W/cm2)

acquisition
time (s)

3D
imaging

requires
fluorescent
labels

PALM/fPALM/
STORM

10 103-104 >20 yes yes

STED 10 104-109 >60 yes yes

SIM 100 10-102 0.1-1 yes no

NSOM 10-20 104-106 >60 no no

CILEE [29, 31] 20 N/A 2-5 (<1) yes no

CLAIRE [33, 34] 40 (<20) 104 5-10 (<1) no no

Table 1.1: CLAIRE and CILEE compared to other super-resolution microscopies [57]. Esti-
mated potential spatial resolution and acquisition time limits for CLAIRE and CILEE are
in parenthesis.

1.10 Putting CILEE and CLAIRE in context with

other super-resolution imaging approaches

Before describing the results of using CILEE and CLAIRE for super-resolution imaging, it
is important to discuss how these methods compare to other established super-resolution
imaging techniques. Table 1.10 compares CLAIRE and CILEE to far-field and near-field
super-resolution imaging methods based on reported resolution, required excitation intensity,
acquisition time, and whether the imaging technique is compatible with 3D imaging.

Based on Table 1.10, it is clear that the advantage of CILEE and CLAIRE lie in the
increased time resolution compared to PALM, STED, and NSOM, while maintaining spa-
tial resolution similar to PALM, STED, and NSOM. CLAIRE and CILEE also have higher
spatial resolution than SIM, but acquire images at a similar frame rate. CILEE is not com-
patible with live cell imaging due to the damage caused by the electron beam on biological
targets. CLAIRE is also not compatible with live cell imaging due to the inherent geomet-
ric constraints of imaging at a surface. Based on the constraints of each super-resolution
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imaging technique outlined in Table 1.10, it is clear that CILEE imaging is ideal for sys-
tems where 20 nm spatial resolution and a short acquisition time are needed. The sample
must also be moderately robust to the electron beam, which precludes imaging organic or
biological materials. Using CILEE is also advantageous when comparing an electron signal,
such as secondary electron emission, to the CL signal since both signals can be acquired
simultaneously. Conversely, CLAIRE is best suited for soft samples, namely organic or bi-
ological samples, that cannot be imaged with traditional electron microscopy due to beam
damage, and where spatial resolution better than 100 nm and acquisition times on the order
of seconds rather than tens of seconds are needed.

The realization of CLAIRE and CILEE imaging presents new opportunities for studying
dynamic processes in both biological and materials systems with high spatial and tempo-
ral resolution. In Part I, we show how CILEE can capture nanoscale heterogeneities and
light-induced dynamics in hybrid perovskites at the nanoscale (Chapters 2-4). Because of its
ability to capture images with high spatial and temporal resolution, we believe that CILEE
could be extended to a number of materials systems to study phenomena, such as phase
transitions in hybrid materials with in situ heating [32], light-induced and temperature-
induced dynamic processes in 2D semiconductors [87], and the nanoscale optical properties
of semiconductor metal organic frameworks (MOFs) [88]. In Part II, we show that CLAIRE
imaging, due to its ability to image soft materials non-invasively, can interrogate organic
polymer blends, plasmonic nanoparticles in a liquid environment, and photosynthetic mem-
branes (Chapters 5-11). The fast-scanning capability of CLAIRE, could be used to image
a variety of biological processes, such as phase separation in lipid membranes [89] and the
translation of motor proteins in crowded environments [63], with unprecedented temporal
and spatial resolution.
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Part I

Cathodoluminescence imaging with
low electron exposure (CILEE) of lead

halide perovskites
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Chapter 2

Introduction to cathodoluminescence
imaging of hybrid perovskites

Adapted in part with permission from Bischak et al., “Heterogeneous charge carrier dynamics
in organic-inorganic hybrid materials: nanoscale lateral and depth-dependent variation of
recombination rates in methylammonium lead halide perovskite thin films”, Nano Lett. 2015,
15 (7), 4799-4807. Copyright 2015 American Chemical Society. and Bischak et al., “Origin
of reversible photoinduced phase separation in hybrid perovskites”, Nano Lett. 2017, 17 (2),
1028-1033. Copyright 2017 American Chemical Society.

In Part I of this dissertation, we use CILEE to investigate the nanoscale properties of lead
halide hybrid perovskites, which are promising materials for a wide range of optoelectronic
applications. We first present a brief introduction to the physical and dynamic properties of
these functional materials and to using CILEE to probe nanoscale heterogeneities in Chap-
ter 2. Next, in Chapter 3, we use CILEE to probe the depth-dependent nanoscale optical
properties of methylammonium lead iodide (CH3NH3PbI3) thin films and find that the CL
emission from the surface of the film varies significantly from grain to grain, whereas the the
CL emission from the bulk is much more homogeneous. We follow this structural study in
Chapter 4, describing how we use CILEE, in conjunction with multiscale modeling, to reveal
that polaronic strain induces halide phase separation in mixed halide hybrid perovskites. To-
gether, these studies demonstrate that CILEE is a powerful tool for imaging depth-dependent
heterogeneities and dynamic processes at the nanoscale in hybrid materials.

2.1 Introduction to hybrid perovskites

Over the last several years, the record efficiency of solar cells containing a hybrid perovskite
absorbing layer has increased dramatically from 3.8% in 2009 to over 20% in 2017 [90–96].
As shown in Figure 2.1a, hybrid perovskite-based solar cells have surpassed organic-based
photovoltaic devices in efficiency, are now competitive with other thin film technologies, such
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Figure 2.1: Solar cell efficiency with time and perovskite unit cell. (a) Plot of the effi-
ciency of different solar cell technologies with time. (b) Unit cell for lead halide perovskites
(CH3NH3PbI3).

as CdTe and CuInxGa(1-x)Se2 (CIGS), and are approaching the efficiency of single crystal
silicon solar cells. Importantly, the perovskites used in these devices can be formed as films
starting from a solution of precursors. Unlike other thin film technologies, hybrid perovskite
thin films can be annealed at low temperature after solution processing through spin coating
or printing. Lead halide perovskites have a perovskite crystal structure, as illustrated in
Figure 2.1b. In the center of the unit cell is a lead ion, which is coordinated in an octahedral
complex to six halide ions. Filling in the spaces between the octahedra are typically organic
cations, most commonly methyl ammonium (CH3NH3

+) and formamidinium (CH(NH2)2
+).

For an all-inorganic variation of the lead halide perovskite, Cs+ can replace the organic
cation. The selection of halide and cation can have a profound affect on the structural
and optical properties of the perovskite. For instance, replacing the CH3NH3

+ with Cs+

in CH3NH3PbBr3 changes the crystal structure from a cubic perovskite to an orthorhombic
perovskite. In addition, by using different halide ratios, the band gap of the material can be
tuned [97–99]. For example, in CH3NH3PbX3, where X is Cl, Br, I, or mixtures of Cl and
Br or Br and I, the bandgap can be tuned from 420 nm to 530 using different ratios of Cl
to Br and from 530 to 760 nm using different ratios of Br to I. The band gap tunability of
these material is important for the fabrication of light-emitting diodes (LEDs) [96], nanowire
lasers [100–102], and tandem solar cells [103, 104].

The high photovoltaic efficiencies of hybrid perovskites are attributed to their high ab-
sorption over almost the entire visible spectrum and long charge carrier lifetimes. The exis-
tence of long charge carrier lifetimes is surprising in these materials because the perovskite
absorber layer is solution-processible at low temperature and, therefore, should contain nu-
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Figure 2.2: Photoluminescence and secondary electron images of CH3NH3PbI3. (a) Photo-
luminescence and (b) secondary electron images of the same CH3NH3PbI3 film at different
locations.

merous (1018/cm3) defects that can act as sites for non-radiative recombination. The high
defect density, however, appears not to impact the charge carrier lifetime significantly [105,
106]. One potential reason behind the indifference of charge carriers to the high defect density
is the formation of polarons, electrons or holes and their accompanying lattice distortions,
upon photoexcitation, which could effectively shield charge carriers from defects in the lattice
[107]. The low temperature processing conditions also lead to complex morphologies on the
nanoscale in hybrid perovskite thin films, as shown in Figure 2.2a. Lead halide perovskite
thin films are typically polycrystalline with numerous domain boundaries. Since electron
and hole migration is critical to device performance, the nanoscale structure of CH3NH3PbI3
thin films is very important for solar cell performance [108]. Though significant effort is
being expended to continue improving CH3NH3PbI3-based photovoltaic device efficiencies
through synthetic approaches and improvements in device architecture, more work is needed
on correlating these high device efficiencies to particular physical properties related to the un-
derlying film structure [109–112]. The degree of photoluminescence (PL) from CH3NH3PbI3
films is directly related to the non-radiative recombination rate of charge carriers in the film
and has become a metric well-correlated to device efficiency [113–115]. There is, however,
no obvious path to developing film fabrication protocols that significantly improve on this
PL yield. To take the performance of these materials to the next level will require physical
characterizations that pinpoint the origin of the present limits on device efficiency. These
limits are likely related to nanoscale variations of the luminescence yield in the films, which
are potentially caused by defects at the surface and in the bulk of the film.
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2.2 Nanoscale imaging of hybrid perovskites

Many studies have focused on spatially-resolving the PL of hybrid perovskites [64, 111, 112,
116, 117]. Because many features in hybrid perovskite thin films are much smaller than the
diffraction limit of light, however, it is difficult to characterize the nanoscale optical prop-
erties of hybrid perovskites with traditional optical microscopies. Figure 2.2b shows a PL
image of a CH3NH3PbI3 thin film, which reveals that there is significant heterogeneity in
the luminescence yield of the perovskite thin film. It is, however, difficult using diffraction-
limited imaging approaches to discern nanoscale features and to compare the luminescence
signal to topographical features of the film. To acquire images with nanoscale spatial reso-
lution and with the capability of correlating nanoscale emission to film topography, we use
cathodoluminescence (CL) microscopy. Since hybrid perovskites contain organic components
that are easily damaged by the electron beam, we use a new approach to CL imaging that
significantly lowers the electron beam exposure called cathodoluminescence imaging with
low electron exposure (CILEE). Using CILEE, we reduce the electron beam exposure by an
order of magnitude to ‘investigate both nanoscale structural and dynamic properties of hy-
brid perovskites. In Chapter 3, we use CILEE to image the depth-dependent heterogeneity
in CH3NH3PbI3 thin films and find that the surface of the film has a significantly different
distribution of trap sites than the bulk of the film. Our study is the first example of super-
resolution imaging of hybrid perovskite thin films. In Chapter 4, we explore the nanoscale
dynamics of photoinduced phase separation in hybrid perovskite thin films. Since our initial
studies, a number of CL measurements have been performed on hybrid perovskites to explore
their nanoscale luminescent properties [30, 32, 118–120].

2.3 Dynamic processes in hybrid perovskites

In addition to possessing a complex morphology at the nanoscale, hybrid perovskites are
surprisingly dynamic, exhibiting many dynamic phenomena across a wide range of different
length and time scales, as shown in Figure 2.3. Hybrid perovskites have elastic moduli
that fall in between those of pure inorganic and organic solids, aiding in their tolerance
of structural defects while maintaining long range order. Additionally, hybrid perovskites
also have a high static dielectric constant, resulting in strong electron-phonon coupling, and
large polarizabilities, leading to small exciton binding energies [121–123]. These macroscopic
properties reflect the broad range of timescales characterizing molecular motion in these
materials. Lattice vibrations occur at the 10 fs - 1 ps time scale [124, 125] and the rotation
of the molecular cation occurs on the order or 2-3 ps [126]. Charge carrier lifetimes are
on the order of 1 µs [112, 127, 128], with 8 µs as the longest measured lifetime [117]. Ion
diffusion occurs on the ms time scale [129–132]. Other dynamic processes occur on much
slower time scales. For instance, capacitive charging, which is believed to be responsible for
the hysteresis observed in hybrid perovskite solar cells, occurs on the 1 s time scale [133, 134]
and photoinduced phase separation occurs on the order of seconds to minutes [31, 98, 135].
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Figure 2.3: Dynamic processes at many different time scales in hybrid perovskites (Adapted
from D.T. Limmer).

These dynamic processes all contribute to the resulting efficiency of perovskite-based devices,
making hybrid materials difficult to study both experimentally and to model theoretically.

One particular dynamic process of interest when fabricating perovskite-based devices is
photoinduced halide phase separation. Photoluminescence (PL) and X-ray diffraction (XRD)
measurements suggest that CH3NH3Pb(IxBr1-x)3 (0.1 <x <0.8) undergoes reversible phase
separation into iodide-rich and bromide-rich regions when photo-excited [98]. Such demixing
is detrimental to photovoltaic performance, since it leads to charge carrier trapping in the
lower-bandgap, iodide-rich regions. Photoinduced phase separation is additionally harmful to
perovskite-based light emitters because it lowers their luminescence efficiency and ruins their
color purity. Determining the microscopic mechanism behind phase separation is essential
for furthering approaches to mitigate adverse photoinduced effects in devices and should
expand the range of their functional applications into areas such as optical memory storage
and sensing [136, 137]. Until recently, the microscopic mechanism behind this effect has been
elusive because of the multiple length and time scales involved in characterizing the behavior
both experimentally and theoretically. In Chapter 4, we use CILEE imaging and multi-scale
modeling to uncover the origin of photoinduced phase separation in mixed halide hybrid
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perovskites. We discover that polaronic strain drives phase separation at the nanoscale.
Details regarding perovskite film synthesis are found in Appendix A and measurement details
are found in Appendix B.
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Chapter 3

Cathodoluminesce microscopy of
organic-inorganic hybrid perovskites

Adapted with permission from Bischak et al., “Heterogeneous charge carrier dynamics in
organic-inorganic hybrid materials: nanoscale lateral and depth-dependent variation of re-
combination rates in methylammonium lead halide perovskite thin films”, Nano Lett. 2015,
15 (7), 4799-4807. Copyright 2015 American Chemical Society.

3.1 Introduction

In this Chapter, we demonstrate the ability of cathodoluminescence (CL) microscopy to im-
age hybrid perovskite thin films, specifically methylammonium lead iodide (CH3NH3PbI3).
Because CH3NH3PbI3 is more delicate than the inorganic materials typically investigated
with CL microscopy, the only previous CL of (CH3NH3PbI3 materials has been limited to
ensemble spectral measurements of nanowires [138] and nanoparticles [139]. To mitigate the
effect of sample damage by the electron beam, we employ far lower electron beam expo-
sure than are used in typical electron microscopy by decreasing the accelerating voltage and
current, as well as increasing the scan speed. We call this less invasive form of CL imag-
ing cathodoluminescence imaging with low electron exposure (CILEE). By collecting dual
scanning electron microscopy (SEM) secondary electron (SE) and CL images, we correlate
the emitted light to the morphology of the film, and by varying the accelerating voltage, we
also obtain depth-dependent information. At a 5.0 kV accelerating voltage, the generation
volume of electron-hole pairs (EHPs) in the CH3NH3PbI3 film attains a depth comparable
to the distance penetrated by visible light due to the material absorbance. At 1.5 kV, the
generation volume of EHPs is restricted to the film surface. By analyzing the resulting high-
resolution CL maps of these films we infer that non-radiative recombination rates among
grains are variable, in spite of reports that device performance is defect-tolerant, and that
this variability is most significant at the film surface. Our measurements thus uniquely re-
veal the differences between surface and bulk trap density distributions. They also suggest
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that device efficiencies could be significantly improved by optimizing the entire film so that
it performs as well as the highest performing grains that we have observed. This could be
accomplished through targeted elimination or passivation of the most deleterious surface
traps.

In Section 3.2, we characterize the topography and bulk photoluminescence of hybrid
perovskites films and show that our films are representative of those found in high efficiency
photovoltaics. We then, in Section 3.3, demonstrate that we can use CILEE to investigate
the nanoscale structural properties of hybrid perovskite thin films. We also perform depth-
dependent CL imaging by varying the accelerating voltage of the electron beam. In Section
3.4, we perform Monte Carlo simulations of electron scatter within the hybrid perovskites to
demonstrate which depth of the film is probed at each accelerating voltage. We then perform
a statistical analysis of the CL distribution on a grain-by-grain basis for each accelerating
voltage used in Section 3.5. Finally, we end with a discussion of the physical origin of the
heterogeneity observed with CL imaging in Section 3.6 and an overview of our conclusions
in Section 3.7.

3.2 Topography, bulk photoluminescence, and device

performance of methylammonium lead iodide

thin films studied

In this study, we focus on CH3NH3PbI3 perovskite films solution-cast using methylammo-
nium iodide and lead iodide (PbI2) precursors prepared according to the solvent engineering
approach first demonstrated by Jeon et al. [140]. Since the film morphology and electronic
properties of CH3NH3PbI3 can depend greatly on the properties of its substrate [141], we
study CH3NH3PbI3 deposited on a typical substrate used for photovoltaic devices, consisting
of layers of TiO2, fluorine doped tin oxide (FTO), and glass, as shown in Figure 3.1a. We
chose this substrate to ensure that the film morphology studied with CL is identical to that
found in a functional CH3NH3PbI3-based solar cell, shown in cross-section in SEM in Figure
3.1b. The average film thickness, as determined by this SEM section, is approximately 250
nm and the surface roughness is 18.1 nm, as determined by atomic force microscopy (AFM).
A traditional SEM micrograph taken by rastering the electron beam over the film surface in
Figure 3.1c demonstrates that the films are highly continuous over their entire extent, with
average grain diameters of 200 nm. Films made with the same deposition parameters and
on the same substrates as those studied with CL microscopy, produced photovoltaic cells
with 12-13% power conversion efficiencies, as shown in Figure 3.1d. Figure 3.1e illustrates
that the films PL and CL spectra are virtually identical, which shows that the CL obtained
at low accelerating voltages does not alter the optical properties of the film.
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Figure 3.1: A schematic of the methylammonium lead halide perovskite film deposited on a
typical device substrate is shown along with a depiction of excitation by the electron beam
and light collection with the parabolic mirror (a). A secondary electron (SE) cross-section
of a completed device shows the thickness and composition of each layer (b). A SE image
of a large area of the film shows an average grain size of approximately 200 nm (c). An
example IV curve shows a device efficiency of 12.8% (d). The CL spectrum at 1.5 kV and
photoluminescence spectrum are similar (e).

3.3 CILEE imaging of methylammonium lead iodide

thin films

Dual secondary electron (SE) and CL maps obtained in three similar nearby regions of in-
terest in the film presented in Figure 3.1b are shown in Figure 3.2a-f. SE and CL images
at 1.5, 3.0, and 5.0 kV electron beam accelerating voltages were obtained by rastering the
electron beam over the film with a dwell time of less than 10 µs per pixel at a beam current
of 300 pA. Each pixel is approximately 19.5 nm on a side. In tandem with typical SE collec-
tion, light emitted by the film was captured by a focused, high-numerical-aperture parabolic
mirror above the sample and was detected by a photomultiplier tube (PMT). The absolute
brightness of the CL can be compared within an image but not between images obtained
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at different accelerating voltages. This is because deeper generation volumes in the film at
the higher accelerating voltages can increase the extent of luminescence reabsorption or of
luminescence quenching from the underlying TiO2. Furthermore, changing the accelerating
voltage requires refocusing of the parabolic mirror, which results in a somewhat different
light collection efficiency in each of the CL maps in Figure 3.2d-f. Under any particular set
of imaging conditions the carrier density generated by the electron beam is the same at each
pixel location to within the shot noise of the electron beam. Since the electron beam creates
a collection of EHPs that subsequently diffuse or dissociate in the material and the resulting
emission is collected in the far-field, the CL intensity at a given pixel is proportional to
the amount of radiative recombination that occurs anywhere in the film as a result of EHP
creation in the nanoscale generation volume.

The SE images in Figure 3.2a-c appear quite similar, in that the shape and size of the
grains does not change noticeably as the accelerating voltage is increased from 1.5 to 3.0
to 5.0 kV. On the other hand, each of the corresponding CL images (Figure 3.2d-f) shows
distinct features compared to the other images. Most strikingly, the contrast in intensity is
very high at 1.5 kV (Figure 3.2d) and decreases dramatically as the accelerating voltage is
increased. Though the spatial resolution of the images depends on the accelerating voltage, as
elaborated below, the resolution at each accelerating voltage is generally much smaller than
the size of an individual grain. The white squares in each SE and CL panel are intended to
aid in comparing the SE and CL in example areas of the images, though similar comparisons
can be drawn throughout each image. At both 1.5 and 3.0 kV the CL images (Figure 3.2d
and Figure 3.2e, respectively) correlate strongly to the corresponding SE images respectively
in Figure 3.2a and b. Specifically, the grain shapes observed in SE are reproduced in CL
and the interfaces between grains are generally dark. At 1.5 kV, the average CL intensity
per grain varies dramatically over the film, yet the CL intensity corresponding to any given
grain is quite uniform at all of the accelerating voltages employed. The variations in CL
intensity of different grains are more pronounced at 1.5 kV than at 3.0 kV and 5.0 kV. At
5.0 kV, Figure 3.2c and Figure 3.2f show a significant but lesser degree of correlation to one
another, and the CL image in Figure 3.2f is significantly more uniform compared to all other
CL images in the figure. To underscore one of the major distinctions between the CL images
in Figure 3.2d-f, CL scans over a single line of pixels from a larger region of interest than
shown in Figure 3.2a-f are plotted in Figure 3.2g-i. While at 5.0 kV CL intensity is somewhat
uniform (Figure 3.2i), there are greater excursions from a base level at 3.0 kV (Figure 3.2h),
with each excursion corresponding to crossing one or more individual grains. The excursions
from the base level at 1.5 kV (Figure 3.2g), representing scans across brighter grains, are
even more significant and are also more variable in height with the highest being more than
four times as bright as the dimmest grains.

To complement the depth-dependent CL images measured by scanning the electron beam
over the film surface with increasing accelerating voltage, we present in Figure 3.3 dual SE
and CL images of a cross-section of a fully assembled device, acquired at 3.0 kV. Though grain
boundaries cannot be directly identified in the SE image (Figure 3.3a), they are revealed as
dark lines between domains in the CL image (Figure 3.3b). Importantly, the cross-section



CHAPTER 3. CATHODOLUMINESCE MICROSCOPY OF ORGANIC-INORGANIC
HYBRID PEROVSKITES 29

Figure 3.2: SE images of the top surface of methylammonium lead halide perovskite films
are shown at 1.5 (a), 3.0 (b), and 5.0 kV (c). CL images corresponding to the same regions
of interest also shown at 1.5 (d), 3.0 (e), and 5.0 kV (f). Line-cuts across a larger region of
interest than shown in panels af are displayed at 1.5 (g), 3.0 (h), and 5.0 kV (i). The mean
values and standard deviations for these 1.5, 3.0, and 5.0 kV line-cuts are 6.9 and 4.2 MHz,
9.8 and 3.4 MHz, and 4.2 and 2.6 MHz, respectively.

also reveals that there are no more than two grains stacked on top of one another within the
entire thickness of the film.

We note briefly that care was taken to minimize damage to the film while imaging with
CILEE. Each region was scanned at a maximum speed (5 ms/line), which has since been
improved upon, and was imaged only once. As shown in Figure 3.1e, the CL spectrum
measured at 1.5 kV is very similar to the PL spectrum. Although measuring the PL decay
kinetics or the device efficiency after electron beam exposure would in principle confirm the
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Figure 3.3: (a) Secondary electron (SE) and (b) corresponding cathodoluminescence (CL)
image of a cross-section of a photovoltaic device with a methylammonium lead halide per-
ovskite active layer. The images were acquired at 3.0 kV with the exact same conditions as
in Figure 2. The white dotted lines were added as a guide to the extent of the CH3NH3PbI3
layer in both the SE and CL images.

limits that we impose on film damage, the areas irradiated by the electron beam comprise
such a small fraction of the film that we do not anticipate that these irradiated areas can
detectably contribute to such metrics. As a control experiment, the CL images in Figure 3.4
were obtained under identical conditions to those in Figure 3.2 apart from the fact that an
electron beam current approximately 7.5 times smaller was used. These images demonstrate
similar findings aside from the lower signal-to-noise ratio that results from shot noise when
employing a smaller beam current. Additionally, we compute that our imaging conditions
are performed with a deposited energy per pixel somewhere between 100 and 3600 times
smaller than that employed in conventional SEM characterization. It is thus not surprising
that SE images of a larger field of view obtained after our dual CL and SE measurements
show no visible signs of damage from the original measurement.

3.4 Monte Carlo simulations of electron trajectories

in methylammonium lead iodide

We next seek to explain the surprising finding that the CL is uniform within individual
grains, yet not among a population of nearby grains in the CH3NH3PbI3 films. To do so, we
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Figure 3.4: Secondary electron (SE) (a, b, and c) and cathodoluminescence (CL) (d, e,
and f) images of methylammonium lead iodide perovskite films at low current. Images were
acquired at 1.5 kV (a and d), 3.0 kV (b and e), and 5.0 kV (c and f).

first consider the location and extent of carrier generation volumes at different accelerating
voltages by using Monte Carlo simulations [69]. We find that employing a range of acceler-
ating voltages allows us to obtain depth-dependent information on individual crystal grains,
which we can then relate to surface and bulk carrier traps in the film. Second, we analyze
and interpret the distribution of grain CL intensity as a function of accelerating voltage,
and hence as a function of the location and size of the carrier generation volume. From this
we deduce that surface defects are primarily responsible for the large variation in grain CL
brightness observed at low accelerating voltages. We propose that addressing the source of
this variation is likely to enable a significant increase in solar cell power conversion efficiency
and potentially in the performance of other devices that use CH3NH3PbI3 active layers.
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Figure 3.5: Monte Carlo simulations of electron scattering within the methylammonium
lead halide perovskite film reveal the width and depth profile of energy deposited in the
film at 1.5 (a), 3.0 (b), and 5.0 kV (c). Contours of the percentage of energy deposited are
plotted, which correspond to 25% (yellow), 50% (green), 75% (blue), 90% (light blue), and
95% (mauve). To compare the depth of EHP generation in the film at each accelerating
voltage, the energy deposition profile is plotted for 1.5 kV (blue), 3.0 kV (orange), and 5.0
kV (yellow) (d). The simulations assume an infinitely thick film of CH3NH3PbI3.

The density of EHPs generated during imaging is proportional to the density of energy
deposited in the film by the electron beam, which is calculated spatially using the Monte
Carlo simulations of electron scattering [16]. We represent the results of the simulations in
two different ways in Figure 3.5. First, the contours in Figure 3.5a-c show a transverse cross
section of the volumes in the film in which 25%, 50%, 75%, 90%, and 95% of the electron
energy is deposited at 1.5, 3.0, and 5.0 kV, respectively. Taking the 75% contour as a guide,
we find that the transverse extent of the generation volume at 1.5 kV is no more than 20 nm
and that it is no more than 30 nm deep, though the energy density is strongly peaked much
closer to the surface. At 3.0 kV, the transverse extent is no more than 30 nm and the depth
is no more than 60 nm, though the density is also greatest in the 20 nm closest to the surface.
At 5.0 kV, the transverse extent is roughly 40 nm, and the depth is around 100 nm, though
the highest density region extends down to about 40 nm below the surface. The curves in
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Figure 3.5d trace the total energy deposited in the film as a function of depth, integrating
over the lateral dimension, which further aids in determining at which depth in the film
the EHPs are primarily generated prior to migration and recombination. They corroborate
that the most energy is deposited only a few nanometers from the film surface at 1.5 kV
(blue) and that it is peaked approximately 20 nm from the surface at 3.0 kV (orange). By
contrast, at 5.0 kV (yellow), the energy deposition is roughly uniform down to a depth of
100 nm, which is comparable to the depth over which visible light is primarily absorbed.
While the depth-dependent information from the Monte Carlo simulations indicates that
probing at 5.0 kV involves probing primarily in the bulk of the film, it also shows that a 1.5
kV accelerating voltage is highly surface-specific and that the intermediary 3.0 kV includes
both surface and bulk contributions. The lateral resolution in the imaging is dictated by the
corresponding extent of the generation volumes in Figure 3.5a-c and shows that the EHP
generation volumes at all accelerating voltages used are significantly narrower than a typical
domain diameter.

3.5 Statistical analysis of domain-by-domain

heterogeneity

To interpret the CL images of the CH3NH3PbI3 film in Figure 3.2 and to explain the dif-
ferences between them, we statistically characterize the distribution of average CL intensity
of the grains at each accelerating voltage. We observe remarkable differences between the
distribution of grain intensities obtained at 1.5, 3.0 and 5.0 kV, which result from the EHP
generation volume shifting deeper into the bulk of the film as the accelerating voltage is
increased. To generate the histograms of the average intensity per domain shown in Figure
3.6, we first identify the boundaries between grains in the SE images. Using the boundaries
found from the SEM image, we then compute the average CL counts of each domain and
then determine the frequency with which each average domain intensity is observed for each
accelerating voltage. To gather the most significant statistics, we include all domains in
the full scan range obtained at each accelerating voltage whose area is approximately four
times greater than the areas plotted in Figure 3.2a-f. At 1.5 kV, the distribution is heavily
skewed, as shown in Figure 3.6a (skewness 1.14; kurtosis 4.34). Although the distribution
is peaked at relatively low intensities, it has an extended high-intensity tail. By contrast,
the grain CL intensities at 5.0 kV appear to follow a nearly normal distribution, as shown
in Figure 3.6c (skewness 0.31; kurtosis 2.99). At the intermediate accelerating voltage of
3.0 kV, the distribution of intensities in Figure 3.6b is distorted only slightly from a normal
distribution (skewness -0.07; kurtosis 3.14). The distribution of grain intensities observed
at 1.5 kV is qualitatively distinct from those observed at the higher accelerating voltages,
which presumably correlates to the location and shape of the distribution of EHPs generated
by the electron beam in each of the three cases illustrated with the Monte Carlo simulations
of Figure 3.5.
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Figure 3.6: Histograms of the average intensity per domain are plotted for 1.5 (a), 3.0 (b),
and 5.0 kV (c).
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3.6 The physical origin of heterogeneity in

methylammonium lead iodide

We considered multiple possibilities for the physical origin of the differences between the
distributions of grain CL intensities at low and moderate accelerating voltages. First, we
note that the CL brightness of a grain is not correlated to the size of the exposed grain
surface area. Second, we note that the normal distribution observed at 5.0 kV is unlikely to
be caused by averaging over multiple grains. At 5.0 kV, the extent of energy deposition in
the film is laterally smaller than an average grain. The cross section of the film in Figure
3.3 indicates that the depth of the energy deposition is generally limited to a single grain,
or to two at most. In fact, even by deliberately and extensively pixelating the CL map
obtained at 1.5 kV in Figure 3.2d beyond the extent of several grains, it is not possible
to recreate a normal distribution from the resulting, blurred out grain CL intensities. We
suggest instead that the differences between the distributions of grain CL intensities at the
different accelerating voltages stem from changes in the depth of the EHP generation volume
as the accelerating voltage is increased, as opposed to from changes in the lateral extent of
the generation volume. By varying the depth of the EHP generation volume, we are uniquely
able to consider the different natures of both radiative and non-radiative EHP recombination
at the film surface and in the bulk.

To explain how the relative depth of the electron beam energy deposition could greatly
affect the shape of the grain CL intensity distribution, we focus again on the CL maps
presented in Figure 3.2. As the electron beam scans over the sample, it generates a relatively
uniform number of EHPs at each pixel. SEs and photons from the sample are collected
and correlated to the nanoscale spot at which the electron beam was incident, even if the
generated charge carriers have migrated elsewhere and recombined outside of the generation
volume. In the CH3NH3PbI3 films studied here, the lateral uniformity of luminescence within
grains thus indicates that no matter where, laterally, the EHPs are created in an individual
grain, the resulting photon yield is similar. In other words, our finding of uniform CL within
grains that have an average diameter of approximately 200 nm (much larger than the CL
charge carrier generation volume) can be attributed to a lateral uniformity in the defect
distribution within the grain. The distinction between the CL intensity collected when
exciting within a given domain and that collected when exciting its neighbors furthermore
suggests that the carriers in these CH3NH3PbI3 films do not travel much beyond their domain
of origin. Looking in more detail at the variation in CL among grains, we posit that brighter
domains correspond to locations where generating charge carriers results in comparatively
low non-radiative recombination rates. On the other hand, dimmer grains (or the very dim
grain boundaries themselves) correspond to locations where generating charge carriers results
in comparatively high non-radiative recombination, presumably at trap sites. Therefore, by
implicitly correlating the nanoscale optical properties to local charge transport, the CL maps
provide an unprecedented high-resolution view of the variations in the density of traps among
grains in these solution-cast polycrystalline films with spatial resolution that complements
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bulk admittance spectroscopy. These variations are especially apparent when carriers are
generated at the film surface.

In considering the density of traps and its inverse correlation with grain CL intensity,
we distinguish between surface and bulk traps. They arise due to qualitatively different
types of defects whose densities are independent of one another. For example, bulk defects
have previously been attributed to iodine interstitials [142], to disorder in methylammonium
orientations [143] and to vacancies of each of the species in the lattice [144], especially
to iodine vacancies [145]. The bulk defect density is therefore likely independent of grain
orientation, whereas the surface defect density, which depends on surface decomposition
[146], roughness, and low-coordination or dangling I- bonds [147] or non-coordinated Pb2+

that are sensitive to their environment [114, 148] could be extremely variable as a function of
which crystal facets are exposed and of their corresponding surface states and work functions.
Considering the ensemble of grains in the film, the distributions of facets exposed at the
surface is mostly random due to a randomization in the orientation of crystallite nuclei
on the TiO2 during the solution casting process. Subsequent studies using scanning probe
imaging have shown that different exposed facets result in variations in photovoltaic efficiency
[149].

Based on these differences in surface and bulk defect densities, we interpret the distri-
butions of grain brightness in Figure 3.6 as the accelerating voltage is increased. According
to the Monte Carlo simulations, At 1.5 kV, more than 80% of EHPs are generated within
25 nm of the surface, and EHPs or free carriers generated at the surface are more likely to
diffuse near the surface than those generated deeper in the film because the radial density
gradient of energy deposition in Figure 3.5a is much greater than the axial one. The large
variation in grain brightness results primarily from a large variation in exposed facet ori-
entation and in the corresponding rates of surface trapping and the resulting non-radiative
recombination. Despite reports of preferential (110) in-plane orientation and of improved
power conversion efficiency resulting from treatments that further bias the grain orienta-
tional distribution toward this facet being exposed [90, 91, 150–155], the highest frequencies
in the histogram in Figure 3.6a occur for the dimmer, not brighter, CL intensities. At an
accelerating voltage of 3.0 kV, carriers are introduced at the film surface and down to a depth
of 60 nm (Figure 3.5b), with 35% generated within 25 nm of the surface. The corresponding
CL map in Figure 3.2e presumably shows a combination of surface-associated and bulk CL
and is thus sensitive to both surface and bulk traps. The lesser variation observed in the
histogram of grain intensities at 3.0 kV in Figure 3.6b compared to the histogram at 1.5 kV
(Figure 3.6a) would then be the result of decreasing the overall grain brightness variability
by including, in a single histogram, the contributions arising from the bulk (∼65%) and
the surface (∼35%) recombination. At an accelerating voltage of 5.0 kV, the fact that the
carriers are generated as deep as the ∼100 nm penetration depth of visible light into the
film leads to the domination of the bulk contribution (∼85%) to grain CL intensity over any
surface contribution. For completeness, we note also that directing the electron beam at the
interfaces between grains generates low CL at 1.5 and 3.0 kV, implying that the interfaces
consist primarily of either non-radiative traps or of narrow voids between domains. Last, we
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note that populating a significant fraction of traps would decrease the observed variation in
CL intensity from grain to grain [128] by extending the mean free path of untrapped carriers.
Populating a significant fraction of traps requires achieving sufficiently high carrier densi-
ties in the generation volume, obtained at either lower accelerating voltages (Figure 3.5) or
higher beam currents. Such saturation effects do not therefore contribute to the decrease in
CL contrast among domains as the accelerating voltage is increased in Figure 3.2, which we
have instead attributed to the relative proportions of surface and bulk generation volumes.
Saturation effects do, however, provide an explanation for our observations as a function of
beam current. Higher carrier densities would, for example, diminish the relative contribu-
tion of the surface-specific luminescence distribution at 3.0 kV, where a similar amount of
EHPs are generated at the surface and in the bulk. In particular, as the surface traps begin
to saturate, the luminescence variation from grain to grain would be diminished. The CL
images taken at 3.0 kV with two different beam currents (Figure 3.2e and 3.4e) support this
hypothesis in that the intensity distribution measured at the lower current appears more
highly varied.

3.7 Conclusions and outlook

In sum, applying CL microscopy to CH3NH3PbI3 films has enabled us to directly observe
their nanoscale optical properties and to infer charge carrier transport and trapping behavior
on similar scales. There are multiple implications of our findings that could not have been
surmised by using any typical optical or electro-optical approach. First, in the context of
photovoltaic devices, high carrier mobilities within the active layer are important to ensure
that as many photogenerated EHPs as possible can be collected to do useful work. Because
our CL measurements are sensitive to the luminescence of the CH3NH3PbI3 film induced
through carrier generation in sub-domain volumes, we have established, by directly observ-
ing uniform CL within individual grains in the polycrystalline film, that each of the bulk and
surface mobilities and trap densities are relatively homogeneous within individual domains.
Mobilities measured in large volumes over several grains should be considered as average
quantities that may not accurately represent underlying microscopic physical processes, es-
pecially when these processes are dominated by surface effects. Second, the resolution of
CL with sub-domain precision enables us to unequivocally demonstrate that the lumines-
cence yield even in high-performing CH3NH3PbI3 films is highly variable among grains. The
variability in luminescence and hence in non-radiative recombination rates observed among
grains indicates that there is significant room for improvement in the efficiency of photo-
voltaic devices using these materials in spite of the prevailing notion that CH3NH3PbI3 films
are defect-tolerant and that trapping does not significantly affect device performance [156,
157]. Clearly, if every grain’s luminescence yield could be brought up to the level of that
of the brightest grains, the overall yield could potentially improve between two- to fourfold.
Since PL is often used as a proxy for device efficiency [113–115], such improvements could
potentially aid in reaching the thermodynamic efficiency limit. Third, the depth sensitivity
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of our CL microscopy provides an unprecedented means to isolate and compare surface and
bulk transport and recombination processes in CH3NH3PbI3 films. The fact that the highest
CL variability among grains is observed at the surface of the films indicates that surface
trap densities can span a very large range of values. Having identified this variability, we
suggest that addressing the nature of the surface states in these films could be the single
most important approach to improving device uniformity and efficiency. This is because the
device current is ultimately limited by conduction through the film surface in spite of its
propensity to either trap or excessively scatter carriers. Our finding also suggests why it has
been more challenging to fabricate transistors [158], as opposed to optoelectronic devices,
with this material, where surface trapping deleteriously affects electrostatic modulation. As
a result, when developing approaches to control surface trapping, CL microscopy will con-
tinue to be an invaluable diagnostic. For example, the role of chlorine in optimizing film
quality [90, 93, 112, 159] is ripe to be explored in this fashion. Furthermore, combining
CL microscopy with other physical spatially-resolved measurements, including time-resolved
luminescence imaging or CL-activated imaging [33, 34] is bound to amplify the ability to
direct material design in these and many other organic-inorganic hybrid electronic materials
that have not generally been measurable using typical electron beam illumination.

In this chapter, we demonstrated that CILEE imaging can map the luminescent properties
of hybrid perovskites at the nanoscale. By lowering the electron beam exposure, we ensured
that minimal damage occurs in the CH3NH3PbI3 film. Our results agree well with other
methods that image hybrid perovskites, such as PL imaging and scanning probe microscopies
[160]. This study opens the door for CILEE imaging of a large variety of hybrid materials that
could not be imaged using traditional CL microscopy. In Chapter 4, we continue imaging
hybrid perovskite films, watching the dynamics of photo-induced phase separation at the
nanoscale with CILEE imaging.
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Chapter 4

Origin of photoinduced phase
separation in mixed halide hybrid
perovskites

Adapted with permission from Bischak et al., ”Origin of reversible photoinduced phase separa-
tion in hybrid perovskites”, Nano Lett. 2017, 17 (2), 1028-1033. Copyright 2017 American
Chemical Society.

4.1 Introduction

In this chapter, we build upon the cathodoluminescence (CL) microscopy studies discussed
in Chapter 3 by using cathodoluminescence imaging with low electron exposure (CILEE) to
elucidate the dynamics of photoinduced phase separation of mobile halide species in mixed
halide hybrid perovskites. Using CILEE, we find that this photoinduced phase separation is
mediated through strain induced at the locations of polarons—photogenerated charge carriers
and their accompanying lattice distortions. After prolonged illumination, small clusters en-
riched in one halide species are observed to localize near grain boundaries, which is consistent
with the effects of polaronic strain in both our molecular and mean-field phenomenological
models and the associated phase diagram that we construct. The transient dynamics of
cluster formation are characterized by an initial latency and stochastic fluctuations in their
formation. The process of cluster formation is captured with phenomenological theory at
intermediate electron-phonon coupling and consists of photogenerated polarons finding, sta-
bilizing, and subsequently becoming trapped in halide composition fluctuations. Additional
imaging and calculations validate the proposed requirement that polarons reside specifically
within the lower bandgap phase-separated regions to ensure their stability and suggest a
path toward new optical memory or detection applications.

In Section 4.2, we describe the spectral features associated with photoinduced separation
of Br and I ions and describe the CL scheme used to image the photoinduced process. Next,
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we provide a thermodynamic model for phase separation in Section 4.3. We then, in Section
4.4, investigate the dynamics of photoinduced phase separation with CL imaging and develop
simulations to model the dyanmics of phase separation. Finally, we provide an outlook on
how photoinduced phase separation can be mitigated for photovoltaic devices or used for
new perovskite based applications in Section 4.5.

4.2 Mixed halide perovskite film fabrication and CL

imaging

To observe the nanoscale features of photoinduced phase separation, we fabricated mixed
halide hybrid perovskite films for CL imaging. We made a series of films with varying
iodide:bromide ratios (Figure 4.1a) and ultimately selected CH3NH3Pb(I0.1Br0.9)3 for further
investigation because of its spectrally distinct iodide-rich and bromide-rich regions. When
initially photo-exciting the CH3NH3Pb(I0.1Br0.9)3 film, we observe a single emission peak at
540 nm, corresponding to well-mixed halides. Upon continued illumination, a second spectral
feature appears at 690 nm (Figure 4.1b), which corresponds to iodide-rich content and is
thus indicative of phase separation (Figure 4.1c). When placed in the dark, the halides
remix and the red emission peak disappears on a similar time scale. We illuminate the
sample with a 405 nm LED for light soaking inside a scanning electron microscope (SEM)
fitted with CL collection capabilities (Figure 4.1d) and then scan the electron beam to probe
photoinduced iodide-rich cluster formation at the nanoscale. The electron beam by itself
cannot induce phase separation because the mode of excitation is not continuous, which, as
we show below, is a requirement for photoinduced phase separation. As the electron beam
scans across the sample, the beam dwells on each pixel for ∼20 µs before moving to the next
pixel. Therefore, excitations are present at each pixel for ∼20 µs plus the lifetime of the
charge carriers, which is much shorter than the dwell time. This is not nearly enough time
to induce cluster formation, which would require the constant replenishing of carriers during
steady state (seconds to minutes) illumination. Figure 4.1e shows a secondary electron (SE)
image, CL image, and a SE/CL overlay collected after 5 min of optical illumination at 100
mW/cm2, demonstrating that the iodide-rich regions localize to grain boundaries in steady
state. Although the size of the bright spots in the CL image results from a convolution of
iodide cluster size and a large carrier migration length, individual clusters are still visible
within each grain.

4.3 Thermodynamic model for photoinduced phase

separation

Molecular simulations suggest that photoinduced phase separation could arise if charged
excitations generate sufficient lattice strain to destabilize the solid solution, favoring demix-
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Figure 4.1: Band gap tunability, PL spectra before and after light soaking, CL experimental
set-up, and CL/SE images at steady state. (A) PL spectra of CH3NH3Pb(IxBr1-x)3 films with
x=0 (green), x=0.2 (yellow), x=0.5 (orange), x=0.7 (red), x=1 (black). (B) PL spectra of
CH3NH3Pb(I0.1Br0.9)3 before (green) and after (red) light soaking for 5 min. (C) Schematic
of phase separation and reversibility in CH3NH3Pb(IxBr1-x)3 where yellow and blue spheres
represent I- and Br-, respectively, the red and white pill shapes represent CH3NH3

+, and
the lead atoms (not shown) are located in the center of the octahedra. (D) Schematic of CL
acquisition and light soaking. (E) SE, CL, and SE/CL overlay after light soaking for 5 min
at 100 mW/cm2. The scale bar is 2 µm.
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Figure 4.2: Model validation calculations. (a) Lattice constants as a function of composition
for mixtures of BrxI1-x (red), IxCl1-x (black), and BrxCl1-x (blue). (b) Average composition
at constant chemical potential difference for mixtures of BrxI1-x (red), IxCl1-x (black) While
〈x〉 changes continuously through ∆µ=0 for BrxI1-x mixtures, the abrupt change for IxCl1-x
mixtures reflects its room temperature instability. Excess enthalpies of mixing computed at
constant volume (red) or constant stress (blue) for mixtures of (c) BrxI1-x, (d) BrxCl1-x, and
(e) IxCl1-x.

ing. Using a classical point charge model [161, 162], we first show that we can theoretically
reproduce the correct lattice constants of halide mixtures as a function of composition (Fig-
ure 4.2a). By varying the chemical potential difference, we also find a discontinuity for
I/Cl mixed perovskites, whereas the I/Br changes continuously at ∆µ = 0 (Figure 4.2b).
This demonstrates an instability in the I/Cl perovskites at room temperature. Using the
same model, we find that mixed I/Br perovskites undergo demixing transitions as a function
of temperature with a critical temperature of 190 K (Figure 4.2c), consistent with the well-
mixed films made experimentally at room temperature. Analysis of Br/Cl perovskites reveals
a similarly low critical solution temperature of 140 K (Figure 4.2d). For I/Cl perovskites,
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however, the critical solution temperature is found to be well above room temperature, con-
sistent with experimental observations that such mixtures are unstable [163] (Figure 4.2e).
While direct experimental evidence of temperature induced demixing is hampered experi-
mentally by low ion conductivities, these predictions are in reasonable agreement with other
theoretical estimates [164]. By analyzing the relative energetic contributions to the heat
of mixing, we find that elastic effects from lattice mismatch are much larger than specific
chemical interactions, which leads to a demixing transition that depends strongly on strain
(Figure 4.2c-e). As illustrated in Figure 4.3a, upon light absorption weakly bound electron-
hole pairs, with binding energies Ex ≈ 0.03 eV [122], rapidly dissociate, easily creating free
charges. These charges deform the surrounding lattice through electron-phonon coupling,
which is expected to be significant given the ionic nature of the material. Using free energy
calculations and path integral molecular dynamics of a pseudopotential-based model of an
excess charge [165], shown in Figure 4.3b, we find that high spatial overlap between the
lattice and a single-charge density distribution generates sufficient strain to drive local phase
separation at room temperature. By contrast, uniform bulk strain could be relaxed through
global volume changes, precluding phase separation. Figure 4.3c shows the free energy with
and without the excess charge as a function of composition, β∆F (x), within a volume char-
acteristic of the charge distributions extent. This charge and the lattice deformation field
that surrounds it together form a polaron that we predict to have an average size of 8 nm
and binding energy Ep= 0.08 eV (Figure 4.3a). As discussed below, the lower bandgap of
the iodide-enriched phase energetically stabilizes and spatially traps the polaron.

To relate these findings to the experimental observations, we have distilled them into a
simple analytical theory. Modeling the phase separation with a Landau-Ginzburg Hamil-
tonian with linear coupling between strain and composition fields [166], and applying a
semi-classical description of the excess charge [167], we parameterize and evaluate a theory
for photoinduced phase separation (see Appendix C). As shown in Figure 4.3c, this model
is capable of describing the underlying free energy surfaces predicted from molecular dy-
namics simulations. Within a mean-field approximation, we determine the full temperature-
composition phase diagram for both ground- and photo-excited states (Figure 4.3d). We
also map the degree of demixing as a function of temperature and electron-phonon coupling,
α, in the photo-excited state (Figure 4.3e). Previous PL studies confirm that the stable
iodide-rich cluster phase is at approximately CH3NH3Pb(I0.8Br0.2)3 [98], which agrees with
our predicted phase diagram and PL measurements.

To confirm the validity of our thermodynamic model for photoinduced phase separation,
we demonstrate experimentally both the ability of polarons to stabilize iodide-rich clusters
and that large electron-phonon coupling is required to cause halide phase separation. For the
latter, we fabricated films where we replaced the CH3NH3

+ with Cs+. When photoexciting
the Cs+-containing perovskite films under the same conditions, we find that the composition
of the iodide clusters is less iodide-rich (Figure 4.4a). We also find that the rate at which
iodide-rich clusters form is significantly reduced (Figure 4.4b). Our experiment matches our
phenomenological model, which shows that reducing the electron-phonon coupling in the
system by replacing CH3NH3

+ with less polar Cs+ reduces the tendency to phase separate,
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Figure 4.3: Steady-state stabilities and dynamic mechanism for photoinduced phase sep-
aration. (a) photoinduced polaron trapping and associated energy scales associated with
phase separation. Color scheme is the same as in Figure 4.1 with the addition of lead
atoms represented by gray circles. (b) Snapshot of the 99% isosurface of excess charge den-
sity taken from the molecular dynamics (MD) simulation. (c) Free energies per unit cell for
CH3NH3Pb(IxBr1-x)3 with varying composition, in the ground (red) and photo-excited (blue)
states, computed from MD simulations (circles) and mean field theory (solid lines). (d) Mean
field theory temperature-composition phase diagram in the ground (red) and photo-excited
state (blue) with the path through the phase diagram from initial state (star) to demixed
state (circle) observed experimentally. Areas beneath the red and blue coexistence curves
indicate demixed states. (e) The extent of demixing (i.e., purity of demixed regions found
by tracing the blue coexistence curve in D) as a function of electron-phonon coupling and
temperature computed from mean field theory in the photo-excited state.

which is consistent with the phase diagram in Figure 4.3e.
To demonstrate that the local presence of a polaron stabilizes iodide-rich clusters in the

hybrid perovskites, specifically in CH3NH3Pb(I0.1Br0.9)3, we first generate iodide-rich clusters
with a 405 nm excitation source. We then illuminate the film with 635 nm light, generating
charge carriers only in pre-existing iodide-rich clusters. The 635 nm light stabilizes these
clusters, but does not generate new ones (Figure 4.5), confirming that the continued presence
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Figure 4.4: PL of CsPb(Br0.1I0.9)3. (a) PL spectra of CsPb(Br0.1I0.9)3 collected every 1
min at 100 mW/cm2. (b) Normalized PL intensity versus time of the iodide cluster peak.
The wavelength shift of the iodide cluster PL peak here is much less significant than that
of CH3NH3Pb(Br0.1I0.9)3. Furthermore, compared to the normalized PL versus time plot of
CH3NH3Pb(Br0.1I0.9)3 (Figure 4.6b), the normalized PL plot of CsPb(Br0.1I0.9)3 shows that
it takes much longer for the iodide cluster peak to saturate.

of photo-generated carriers is required for cluster stability.

4.4 The dynamics of photoinduced phase separation

Having established a model for the thermodynamics of halide phase separation, we focus on
the dynamics of the formation and evolution of iodide-rich clusters, which further constrains
our model. To monitor the formation of iodide-rich clusters in bulk, we collected a series of
PL emission spectra under constant light-soaking at 50 mW/cm2 (Figure 4.6a) and plot the
integrated intensity of iodide-rich emission as a function of time as it grows to a finite value
proportional to the illumination intensity (Figure 4.6b, red). To resolve the emergence and
evolution of iodide-rich clusters, we alternate between light soaking and CL imaging (Figure
4.6c). Figure 4.6d and Figure 4.6e show overlaid CL and SE image sequences with 10- and
30-s intervals of light soaking, respectively. After some latency, iodide-rich clusters begin
to emerge and grow primarily in number. They quickly reach a maximum size, suggesting
that cluster nucleation rather than growth limits the rate of phase separation. We also find
using CL microscopy that the rate of cluster formation increases with illumination intensity
(Figure 4.7a,b).

To gain insight into the microscopic dynamics leading to cluster formation, we examine
the photoinduced progression within single domains with both CL (Figure 4.6f) and sim-
ulations (Figure 4.6g). Simulations of the clustering process are performed by solving our
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Figure 4.5: Demonstration that red light can stabilize iodide-rich clusters and tran-
sient patterning of mixed halide perovskite films. (A) Confocal microscopy image of a
CH3NH3Pb(I0.1Br0.9)3 film after light soaking with 405 nm light for 5 minutes. Emission
from Br-rich regions (500-550 nm, blue) and I-rich regions (650-750 nm, yellow) are recorded
simultaneously. After 5 min, the 405 nm light is turned off and a 635 nm laser is focused on
the X. (B) After 5 min, an image is recorded with 405 nm excitation. The spot in the middle
of the image still emits at 690 nm, confirming that clusters are stabilized by 635 nm light. (C)
Schematic of the series of steps used to generate a pattern in a CH3NH3Pb(I0.1Br0.9)3 film.
I-rich areas are yellow and Br-rich areas are blue. To experimentally achieve this scheme
a 660 nm LED illuminates the sample continuously to stabilize any clusters formed with a
focused 405 nm laser (white X). This 405 nm laser is scanned to different points to form a
3x3 grid pattern by inducing phase separation at discrete locations. An array of spots (D)
and an image of ’UCB’ (E) provide experimental realizations of the scheme, imaged (also
using 405 nm excitation) after cluster patterning.



CHAPTER 4. ORIGIN OF PHOTOINDUCED PHASE SEPARATION IN MIXED
HALIDE HYBRID PEROVSKITES 47

Figure 4.6: Formation and evolution of iodide-rich clusters. (A) PL spectra after different
light soaking times at 50 mW/cm2. (B) Normalized PL intensity versus time (red) and
normalized simulated cluster size versus time (black) with standard error values (blue). (C)
Duty cycle for CL image series. CL image series with (D) 10 sec and (E) 30 sec of light
soaking between each CL image. The scale bars are 2 µm. (F) CL image series of a single
domain with 10 sec of light soaking between each CL image. The color scale indicates iodide-
rich CL intensity, which convolves carrier migration length with feature size. The scale bar
is 200 nm. (G) A series of snapshots from a cluster formation simulation of a 100 nm region
with iodide-rich regions in yellow and bromide-rich regions in blue.
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Figure 4.7: CL images of I-rich cluster formation at 1100 mW/cm2 and time dependence
of the experimental PL intensity at different illumination intensities. At higher illumina-
tion intensity the rate of cluster formation increases because of the increase in number of
photogenerated carriers capable of intercepting iodide concentration fluctuations. (a) Light
soaking for 10 s between CL scans. (b) Light soaking for 30 s between CL scans. The scale
bars are 2 µm. (c) Time dependence of the integrated PL intensity between 600-800 nm for
excitation intensities of 4.0, 10, 18, 25, 35, 45, and 55 mW/cm2. (d) PL intensity versus
time, normalized by respective maxima. (e) PL intensity, normalized by its maximum, ver-
sus time scaled by the inverse carrier concentration. The trends in maximum PL intensity
and in time for it to be achieved are analyzed in Figure 4.8a and 4.8b, respectively.
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phenomenological theory numerically on a lattice. We observe similar dynamics in both ex-
periment and simulation, such as the formation of both transient and stabilized clusters. An
ensemble average of independent simulated clustering events yields a curve that characterizes
the clustering process (Figure 4.6b, black), which agrees with the experimentally observed
PL intensity growth in time (red) and its illumination power dependence (Figures 4.7 and
4.8a). We find that the 5-10 s initial lag time corresponds to a characteristic time scale for
a polaron to become trapped in a spontaneous fluctuation of higher iodide concentration,
which is limited by the ions diffusivity rather than the polarons. During the following 10-90
s, a trapped polaron stabilizes an iodide-rich cluster and accumulates more iodide, and more
clusters form within the film. Subsequently, cluster growth stops, as cluster size is limited to
the deformation region of the polaron and cluster number by the total number of photogen-
erated charges. Although the time scales for these dynamics are considerably longer than
the lifetime of a single polaron, continuous illumination enables newly generated polarons
to replace recombining ones [168]. Newly generated polarons continue to stabilize clusters
due to the much larger mobility of the excess charge relative to the iodide, resulting in a
characteristic localization time for the polaron that is much smaller than the characteristic
time for a cluster to relax. By measuring the PL of the iodide-rich clusters at different
intensities (Figure 4.7c-e), which correspond to different steady-state polaron densities, we
estimate the size of the clusters to be 8-10 nm in diameter (Figure 4.8b), in agreement with
our theoretical prediction. During later times, the clusters migrate to grain boundaries to
relieve strain (Figure 4.1e).

4.5 Conclusions and outlook

The confluence of multiple physical processes that couple disparate length and time scales
gives rise to the decidedly peculiar photoinduced phase separated state. For example, be-
cause the strain field applied by each polaron is limited in spatial extent, the photo-excited
steady state of the system consists of a series of isolated nanoscale clusters rather than the
expected large, single iodide-rich domain of a low-temperature equilibrium state in the dark
(Figure 4.6d). Further, because polarons preferentially localize in iodide-rich regions, the
composition of the remaining material is neither predicted nor observed to deviate from its
pre-illumination halide mixture ratio (Figure 4.1b), as though it were still in the dark. Last,
because the iodide-rich clusters are limited to nanoscale sizes, their coarsening dynamics do
not abide by familiar, universal scaling laws.

We have established that the unusual interplay between the electronic and mechanical
properties in hybrid perovskite materials results in local, excited-state phase behavior that
differs substantially from the ground state due to polaronic strain. photoinduced phase
separation is a general phenomenon in hybrid perovskites that has been observed in both
polycrystalline films and single crystals, and with different organic cations [98]. We further
find both experimentally and theoretically that it occurs with other halide mixtures, such as
in CH3NH3Pb(BrxCl1-x)3 thin films (Figure 4.9). Our study shows that the unique combina-
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Figure 4.8: Time to steady state scales linearly with inverse carrier density and steady
state amount of iodide-rich composition is proportional to carrier concentration. (a) An
average time to steady state as a function of inverse charge carrier density. The average
time is computed by fitting the PL intensity versus time in Figure 4.7 to a functional form,
I(t) = A tanh((t−τ)/δτ)+Bt+C, where τ is taken to be the mean time to steady state and
δτ 1/2 is used as the error. A, B, and C are constants. (b) Maximum PL intensity from Figure
4.7 as a function of carrier concentration. Assuming each cluster is equally luminescent, and
that the clusters are spherical on average, the linear relationship allows us to extract a mean
cluster size referenced in the main text.

tion of mobile halides, substantial electron-phonon coupling, and long-lived charge carriers
is required for photoinduced phase separation. Decreasing defect concentrations to reduce
vacancy-mediated halide migration or lowering electron-phonon coupling could significantly
reduce photoinduced effects and improve compatibility with device applications at ambient
conditions. For instance, it has been shown that Cs-doped CH(NH2)2Pb(IxBr1-x)3 films are
much more phase-stable under illumination than undoped films, likely due to a decrease in
the electron-phonon coupling [103].

Taking advantage of the generality photoinduced phase separation could provide new op-
portunities for expanding the functional applications of mixed halide hybrid perovskites. Due
to their sensitive spectral photo-response, these materials could be used in sensing, switch-
ing, or memory applications. In fact, we have demonstrated a first step towards memory
storage by transiently patterning the local halide composition (Figure 4.5). Since we show
that a single excited charge is responsible for locally changing the structure and composition
of the material, truly nanoscale memory elements could even be realized via single charge
injection. More broadly, the commonality in the electronic and mechanical properties among
a rapidly growing library of new hybrid materials suggests that nonequilibrium processes in
these materials are similar and could be exploited for new device applications. The coor-
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Figure 4.9: Light-induced halide phase separation in a CH3NH3Pb(Br0.5Cl0.5)3 film.
(a) CL image (509 nm longpass filter), (b) SE image, and (c) CL/SE overlay of a
CH3NH3Pb(Br0.5Cl0.5)3 film after 1 min light soaking at 100 mW/cm2. Scale bars are 1.0
µm. (d) CL spectra before (blue) and after (green) light soaking.

dinated multiscale methodologies that we have developed could also uncover the nature of
other nonequilibrium phenomena in other dynamic materials—for example in energy storage
[169] or electronically correlated materials [170]—for which their complexity necessitates a
multifaceted approach, capable of bridging molecular and mesoscopic length scales.

Overall, our studies imaging hybrid perovskites with CILEE microscopy demonstrates
the ability to lower electron beam exposure significantly enough to image hybrid materials
that could not be imaged with traditional CL microscopy. Direct electron beam excitation,
even at such low doses, still precludes imaging many materials, such as organics and bio-
logical systems. To extend the capabilities of CL microscopy to even softer materials, we
have established cathodoluminescence-activated imaging through resonance energy trans-
fer (CLAIRE) as a super-resolution imaging platform for imaging dynamic systems at the
nanoscale with high temporal resolution. In Chapters 6-11, we introduce the concept of
CLAIRE microscopy, demonstrate its capability of acquiring high resolution images with no
electron beam-sample interactions, and discuss our progress towards super-resolution imag-
ing of photosynthetic membranes.
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imaging by resonance energy transfer
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Adapted in part with permission from Kaz et al., ”Bright Cathodoluminescent Thin Films for
Scanning Nano-Optical Excitation and Imaging”, ACS Nano 2013, 7 (11), 10397-10404.
Copyright 2013 American Chemical Society. and Bischak et al., ”Cathodoluminescence-
Activated Nanoimaging: Noninvasive Near-Field Optical Microscopy in an Electron Micro-
scope”, Nano Lett. 2015, 15 (5), 3383-3390. Copyright 2015 American Chemical Society.

In Part II of this dissertation, we discuss how we use cathodoluminescence-activated
imaging by resonance energy transfer (CLAIRE) to image even softer materials than those
imaged in Part I that are completely incompatible with electron beam irradiation, even at
very low doses. As described in Chapter 1, many samples, such as organic materials and
biological systems, cannot tolerate electron beam exposure. Relatively high energy electrons
can damage soft materials and perturb dynamics processes. In this chapter, we introduce
the concept of CLAIRE imaging, describing the important aspects of the CLAIRE imaging
platform, the different CLAIRE contrast mechanisms, and the goals for the new microscopy
platform. In Chapter 6, we show how we fabricate and then characterize a nanoscale light
source for CLAIRE imaging using a thin scintillator film composed of cerium-doped yttrium
aluminum perovskite (YAlO3:Ce, YAP:Ce). We then, in Chapter 7, show how we take
the nanoscale light source and incorporate it into a functional imaging chip for CLAIRE
imaging. Next, we describe efforts towards encapsulating liquids for CLAIRE imaging in
Chapter 8. We then, in Chapter 9, show how we can use CLAIRE microscopy to image soft
luminescent samples with high spatial resolution and provide the first example of imaging
a dynamic process with CLAIRE. In Chapter 10, we show that CLAIRE can also image
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plasmonic metal nanoparticles and demonstrate that we can observe the dynamics of metal
nanoparticle desorption from the scintillator surface. Last, we show our progress towards
imaging photosynthetic membranes with CLAIRE in Chapter 11.

5.1 The need for new super-resolution imaging

approaches

As discussed in Chapter 1, the emergence of far-field super-resolution imaging techniques [11–
13, 56, 171, 172], and near-field imaging approaches [15, 47, 173–181] have revolutionized
fluorescence imaging of biological samples. Yet, many challenges persist for super-resolution
imaging. These challenges include (1) capturing nanoscale biological dynamics with high
temporal resolution, (2) imaging systems using their endogenous chromophores, and (3) vi-
sualizing materials with complex photophysics at the nanoscale. With cathodoluminescence
imaging with low electron exposure (CILEE), we have enabled super-resolution imaging of
hybrid materials that could not be imaged with traditional electron microscopy because
of sample damage [29, 31], as described in Chapters 2-4. Although decreasing the elec-
tron beam exposure is a viable strategy for imaging hybrid materials, even at low electron
beam doses, it remains difficult to image soft materials, such as organics and biological
samples, with CL microscopy. To extend CL imaging to dynamic biological processes and
soft materials incompatible with other super-resolution imaging methods, here we introduce
cathodoluminescence-activated imaging by resonance energy transfer (CLAIRE) as a new
super-resolution imaging platform capable of nanoscale imaging with fast acquisition rates.
CLAIRE microscopy leverages both the advantages of scanning electron microscopy and
fluorescence microscopy to generate images with high temporal and spatial resolution.

5.2 Cathodoluminescence-activated imaging by

resonance energy transfer (CLAIRE)

To take advantage of the tight focus of an electron beam for spectrally specific and noninva-
sive imaging, we use optical excitations generated by a focused electron beam in a cathodolu-
minescent material as a noninvasive, near-field optical scanning probe. Although some efforts
have been explored using quantum dot films [182] or moderately cathodoluminescent mate-
rials [183] to generate hybrid electron and optical scanning probes, our approach combines
the nanoscale focus of an electron beam with the noninvasiveness of fluorescence microscopy.
In CLAIRE microscopy, low-energy electrons generate a nanoscale optical excitation source
for imaging, but do not interact directly with the sample. A schematic for nanoscale imaging
with CLAIRE is shown in Figure 5.1. To generate a nanoscale excitation source, we focus a
low-energy (1-2 keV) electron beam onto an ultrathin scintillator film. The electrons from
the electron beam scatter within the scintillator, some of which excite luminescent dopant
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Figure 5.1: Schematic of cathodoluminescence-activated imaging by resonance energy trans-
fer (CLAIRE).

atoms within the film. The extent of electron scatter within the film comprises an excitation
volume of excited dopants, which can transfer their energy resonantly in the near-field to
a suitable acceptor chromophore in the sample, which is positioned underneath the film.
By scanning the electron beam over the sample, an image is constructed pixel-by-pixel by
correlating the position of the electron beam with the sample emission. Because the elec-
tron beam can be scanned quickly, the temporal resolution of CLAIRE imaging is high with
subsecond frame rates in principle and multiple second frame rates in practice at this point.
The spatial resolution depends only on the extent of electron scatter within the scintillator
and the energy transfer distance between the film and the sample, which in some cases can
be as good as 10 nm.

CLAIRE imaging utilizes a free-standing scintillator film that must satisfy a number
of requirements to achieve nanoscale imaging. First, the film must be robust to the elec-
tron beam, preventing the use of organic or unstable inorganic materials as the scintillator
material. Second, the emission profile of the scintillator must be narrow, so that emission
from the sample can be detected at longer wavelengths without too much background signal
from the scintillator. Third, the CL emission lifetime of the scintillator film must be short
compared to the dwell time of the electron beam to permit fast scanning. Last, excitations
in the scintillator film must be localized to the region of electron scatter within the film.
Long-range charge or exciton migration within the scintillator film will decrease the spatial
resolution. To satisfy all of these requirements, we chose cerium-doped yttrium aluminum



CHAPTER 5. INTRODUCTION TO CATHODOLUMINESCENCE-ACTIVATED
IMAGING BY RESONANCE ENERGY TRANSFER (CLAIRE) 56

perovskite (YAlO3:Ce, YAP:Ce), a doped oxide insulator that is robust to the electron beam,
as the scintillator material. YAP:Ce has a narrow emission spectrum centered at 370 nm, a
short CL lifetime (16 ns), and minimal exciton or charge diffusion [33]. Chapter 6 outlines
the production of YAP:Ce thin films using pulsed laser deposition and characterization of
the resulting films. We also demonstrate the ability of YAP:Ce to transfer energy resonantly
to covalently-attached fluorophores. To use the YAP:Ce films for CLAIRE imaging, the
YAP:Ce films must be incorporated into a CLAIRE imaging device by etching the under-
lying substrate, thus producing free-standing scintillator films. The fabrication process for
making a free-standing YAP:Ce film is described in Chapter 7. Finally, to observe nanoscale
dynamics with CLAIRE, a liquid must be encapsulated adjacent to the free-standing scin-
tillator. Progress towards liquid encapsulation is described in Chapter 8. Together, the
production of a suitable scintillator film, integrating the film into an imaging chip, and
liquid encapsulation will enable CLAIRE imaging of dynamic process at high spatial and
temporal resolution.

5.3 Contrast mechanisms in CLAIRE microscopy

CLAIRE microscopy is a flexible imaging platform capable of generating contrast through a
number of mechanisms. Figure 5.2 provides a schematic for the main two contrast mechanism
that we observe, Förster resonance energy transfer (FRET) and plasmonic enhancement of
the scintillator film. When imaging and preparing samples, it is vital to understand the
origin of the contrast and how to choose imaging probes that maximum sample contrast.

In Chapter 9, we discuss how CLAIRE can image luminescent samples through FRET
(Figure 5.2a). In FRET, energy is typically transferred through dipole-dipole coupling of two
fluorescent molecules [184]. Because FRET is sensitive to very small changes in distance, it is
used ubiquitously in biology to study conformational changes in biomolecules [185–187]. The
efficiency of the dipole-dipole coupling between two chromophores depends on the distance
between the donor and acceptor chromophores, the extent of overlap between the emission
spectrum of the donor and absorption spectrum of the acceptor, and the relative orientation
of the transition dipole moments of the donor and acceptor. The efficiency of the energy
transfer process, E, is:

E =
1

1 + (r/R0)6
(5.1)

where r is the distance between the donor and acceptor and R0 is the Förster radius, which
is defined as:

R0 =
9 ln 10

128π5NA

κ2QD

n4
J (5.2)
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Figure 5.2: Contrast mechanisms for CLAIRE imaging and other contrast mechanism that
could contribute to the detected signal. The CLAIRE contrast mechanisms are (a) FRET
and (b) plasmonic enhancement of the scintillator emission. The non-CLAIRE contrast
mechanisms are (c) interference and reflection of scintillator emission, (d) electron reflection,
and (e) direct CL.

where NA is Avogadro’s number, κ is the dipole orientation factor, QD is the quantum yield
of the donor without the acceptor present, n is the index of refraction, and J is the overlap
integral. The overlap integral, J , is defined as:

J =

∫
fD(λ)εA(λ)λ4dλ∫

fD(λ)dλ
(5.3)
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where fD is the emission spectrum of the donor, λ is the emission wavelength, and εA is
the extinction coefficient of the acceptor. In CLAIRE microscopy, the Ce3+ dopants in
the film serve as the FRET donors when excited by the electron beam and the acceptor is
found in the adjacent sample [34]. The 1/r6 distance dependence of the FRET interaction
ensures that contrast comes from samples that are directly adjacent to the scintillator film
and constrains the lateral resolution to only a few nanometers beyond the extent of electron
scatter within the scintillator film, as shown in Figure 5.2a. In choosing an acceptor for
CLAIRE imaging, the overlap between the scintillator emission and acceptor emission must
be considered. Suitable fluorescent probes for CLAIRE must have significant overlap between
their absorption spectrum and the scintillator emission spectrum. Additionally, the acceptor
must have a high extinction coefficient, high quantum yield, and short emission lifetime to
generate as many photons as possible for detection. In Chapter 9, we demonstrate that
FRET can be used as a contrast mechanism to image a variety of luminescent materials.

Thus far, the brightest CLAIRE imaging probes are metal nanoparticles, which provide
imaging contrast based on plasmonic enhancement [34] (Figure 5.2b). Plasmonic enhance-
ment occurs when emitters, such as the Ce3+ dopants in the scintillator film, interact with
localized surface plasmons (LSPs), which are supported by metal nanoparticles [188–190].
Both the absorption and emission of the emitter can be enhanced. In our case, because we
are exciting with an electron beam, we are only concerned with the emission enhancement.
When the emitter is near a metal nanoparticle, the local density of states is increased, which
changes the radiative and nonradiative decay rates of the emitter. The quantum yield of the
emitter is therefore modified:

η =
γr/γ

0
r

γr/γ0r + γabs/γ0r + (1− η0)/η0
(5.4)

where γr is the radiative emission rate, γ0r is the intrinsic radiative decay rate, γabs is the
absorption rate, and η0 is the quantum yield away from the nanoparticle. The quantum
yield away from the metal nanoparticle, η0 is defined as η0 = γ0r/(γ

0
r + γ0nr), where γnr is

the nonradiative decay rate away from the metal nanoparticle. When an emitter is placed
very close to a metal nanoparticle (<10 nm), quenching due to FRET interactions between
the emitter and nanoparticle occurs. The range of plasmonic enhancement can vary, but is
typically up to 100 nm. To simulate the effects of a metal nanoparticle in the vicinity of an
emitter, finite-difference time-domain (FDTD) simulations are often used [191–194]. FDTD
simulations approximate the spatial and temporal derivatives found in Maxwell’s equations
using finite differences. In Chapter 10, we demonstrate how CLAIRE can image both Al and
Ag metal nanostructures with high resolution and high signal-to-noise. Our results agree well
with the FDTD calculations we performed on the same systems. Using metal nanoparticles
for CLAIRE imaging has many advantages. Metal nanoparticles are routinely conjugated
to biological samples [195–197] and they cannot bleach. Therefore, metal particles could be
promising CLAIRE probes for nanoscale biological imaging.

Aside from FRET and plasmonic enhancement, other non-CLAIRE contrast mechanisms



CHAPTER 5. INTRODUCTION TO CATHODOLUMINESCENCE-ACTIVATED
IMAGING BY RESONANCE ENERGY TRANSFER (CLAIRE) 59

can contribute to the overall detected signal in CLAIRE imaging. The first of these non-
CLAIRE contrast mechanisms stems from reflections of the scintillator emission off of inter-
faces in the sample. The resulting contrast is based on changes in the refractive index at an
interface within the sample and can result in contrast based on constructive and destructive
interference of light reflecting off of this interface (Figure 5.2b). The simplest example of
this interference effect is when the sample is a thin film. If the thin film has a refractive
index nfilm, a thickness of dfilm, and the wavelength of light in vacuum is λvacuum then the
condition for constructive interference is:

2dfilm =

(
m+

1

2

)
λvacuum
nfilm

(5.5)

and the condition for destructive interference is:

2dfilm = m
λvacuum
nfilm

(5.6)

where m is an integer. Based on these equations, it is clear that the contrast from the inter-
ference effect is sensitive to the thickness of the sample, the wavelength of the illumination
source, and the index of refraction of the sample relative to its surroundings. This type of
contrast can compromise CLAIRE imaging and is discussed with examples in Chapter 10.
For more complex samples with large variations in thickness, the resulting images becomes
more complicated, but the same principles apply. When imaging biological samples, inter-
ference effects must be considered because they can obscure fluorescent signals. We discuss
in Chapter 11 how interference effects can be controlled or mitigated using index matching
of the surroundings.

Other non-CLAIRE contrast mechanisms can also contribute to the overall signal if
electrons are penetrating through the scintillator film into the sample. The scintillator
emission can be enhanced by electrons reflecting from the sample back into the scintillator
film if there are heterogeneities in the sample density or composition, as shown in Figure 5.2d.
Additionally, if the sample is also cathodoluminescent, electrons that penetrate through the
scintillator film can directly excite the sample, as shown in Figure 5.2e. This emission is
often indistinguishable from emission due to FRET. To mitigate both of these effects, it
is important to choose an accelerating voltage that prevents electrons from reaching the
sample, which is discussed extensively in Section 7.5.

5.4 Towards imaging dynamics in photosynthetic

membranes

One of the major strengths of CLAIRE imaging is the ability to image materials contain-
ing endogenous chromophores, which are often incompatible with typical super-resolution
microscopies. To demonstrate this advantage, we have begun imaging photosynthetic or
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thylakoid membranes, where chlorophyll is the endogenous chromophore, with CLAIRE
microscopy. Under changing light conditions, the protein constituents of the thylakoid mem-
brane reorganize to balance efficient photosynthesis under low to medium light conditions
with photoprotection under high light conditions [198]. The motions of protein complexes
in the membrane occur at the nanoscale and are thus far poorly understood [199–202]. In
Chapter 11, we present the first CLAIRE images of thylakoid membranes using FRET and
the resulting intrinsic chlorophyll fluorescence as the contrast mechanism. Although further
optimization to improve the signal-to-noise ratio and to increase the spatial resolution are
required to capture dynamic processes at the nanoscale, these images represent the first steps
towards super-resolution imaging of the machinery of photosynthesis.

Overall, CLAIRE microscopy is a promising approach towards nanoscale imaging of bi-
ological dynamics with high spatial and temporal resolution. In the following chapters, we
will describe the fabrication of a CLAIRE imaging chip. We start with the production of an
ultrathin scintillator film in Chapter 6 and then incorporate the ultrathin scintillator film
into a functional imaging chip in Chapter 7. We then discuss progress towards fabricating a
liquid cell for imaging biological dynamics in Chapter 8. In Chapters 9 and 10, we demon-
strate how CLAIRE can image a wide variety of samples, using both FRET and plasmonic
enhancement as contrast mechanisms, while suppressing non-CLAIRE contrast mechanisms
by index matching the sample with its surroundings and optimizing the accelerating voltage.
Last, in Chapter 11, we demonstrate our progress towards CLAIRE imaging of dynamics
in thylakoid membranes by imaging them encapsulated in an index-matching ionic liquid.
Additional experimental details involving sample fabrication, sample characterization, and
CL imaging parameters are found in Appendices A, B, and F, respectively.
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A nanoscale light source for CLAIRE
microscopy: Fabrication &
characterization of an ultrathin
scintillator

Adapted in part with permission from Kaz et al., ”Bright Cathodoluminescent Thin Films
for Scanning Nano-Optical Excitation and Imaging”, ACS Nano 2013, 7 (11), 10397-10404.
Copyright 2013 American Chemical Society.

6.1 Introduction

One of the main requirements of the realization of cathodoluminescence (CL)-activated imag-
ing by resonance energy transfer (CLAIRE) microscopy is the fabrication of a suitable scin-
tillator film to serve as the nanoscale excitation source when excited with a low-energy
electron beam. In this chapter, we discuss the production of this film via pulsed laser depo-
sition (PLD), show through physical and optical characterization that the scintillator film is
suitable as the light source for CLAIRE microscopy, and demonstrate that the scintillator
film can serve as an efficient Förster resonance energy transfer (FRET) donor. A number
of both physical and optical properties are required for an effective CLAIRE light source.
For instance, the film must be robust to electron beam excitation, have a flat surface, have
a narrow emission spectrum, and have a relatively short CL lifetime. When a low-energy
electron beam excites the film, the optical excitations must be confined to a minimal volume
within the film and, therefore, excitations within the light source should not migrate far from
their origin. To satisfy these requirements, we chose cerium-doped yttrium aluminum per-
ovskite (YAlO3:Ce, YAP:Ce) as our scintillator material. YAP:Ce is a robust, highly efficient
inorganic scintillator used in a range of detection applications including scanning electron
microscopy [203]. In YAP:Ce, Ce3+ dopants substitute for a small fraction of yttrium ions
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in the orthorhombic perovskite lattice and are responsible for the scintillator’s luminescence.
When electrons impinge on a YAP:Ce lattice, excitons generated in the lattice are trapped
at the Ce3+ dopants [204]. Recombination occurs on the Ce3+ 5d to 4f transition, which
is dipole-allowed and has a 25 ns emission decay lifetime in bulk,[205] orders of magnitude
shorter than most inorganic scintillators, which enables the extremely rapid response needed
for high frame-rate, or time-resolved, imaging. In contrast to many other cathodolumines-
cent materials that have multiple emission lines throughout the visible spectrum, YAP:Ce
has a single CL peak centered at 370 nm [206], making it ideal as a spectrally selective
illumination source for photoexcitation.

Nanoscale films of notable scintillators, including Er- and Nd-doped YAP, have been
fabricated using a variety of deposition techniques [207–215]. Yet, many of these scintillating
films possess characteristics unsuitable for use as a scanning nanoscale optical source, such
as a long excited state lifetime, a polychromatic CL spectrum, decomposition under electron
beam bombardment, or poor crystallinity. In contrast, YAP:Ce has a short lifetime, has
a narrow emission spectrum, and is robust to electron beam bombardment. Until now,
however, YAP:Ce had not been grown as a nanoscale epitaxial thin film.

In this chapter, we present the fabrication and characterization of an extremely bright
cathodoluminescent nanoscale optical source composed of an ultrathin, epitaxial, film of
YAP:Ce for CLAIRE microscopy. In Section 6.2, we describe the fabrication of YAP:Ce
thin films via PLD. We then measure the brightness and assess the robustness of these films
under electron beam excitation, as outlined in Section 6.3. By exciting the film with a
focused electron beam, in the configuration shown in Figure 6.1, we have demonstrated a
CL spatial resolution at least as good as 18 nm, as shown in Section 6.4. We also have
the ability to control the emission spectrum via film thickness (Section 6.5), the capability
to pattern the luminescence on the nanoscale (Section 6.6), and the ability of the film to
serve as a FRET donor to nearby dye molecule acceptors (Section 6.7). Overall, the film
constitutes a bright, robust, rapidly scannable, spectrally selective, nanoscale optical source
when stimulated with a low-energy electron beam, and is suitable for nanoscale excitation
and imaging.

Since our initial growth and characterization of YAP:Ce thin films in 2013 [33], we have
performed further optimization of YAP:Ce thin film growth and characterization of the
resulting films. Typical films are approximately 10-15 nm thick. CLAIRE images acquired
using the completed imaging device are typically collected at 1.5-2.0 kV. In this chapter,
however, all characterization is performed on YAP:Ce films on a substrate, which is described
below.
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Figure 6.1: Schematic of YAP:Ce scintillating film on the Si/STO/LAO substrate. In all
measurements, the electron beam impinges directly on the YAP:Ce (also known as YAlO3:Ce)
film. (Inset) For imaging applications, both sides of the YAP:Ce film must be exposed by
removing the Si layer (top) so that the electron beam can access the STO side of the film and
so that a sample can be placed on the opposite side adjacent to the YAP:Ce film (bottom).

6.2 Pulsed laser deposition of YAP:Ce scintillator

films

To determine the ideal film thickness for CLAIRE, high-quality films of YAP:Ce ranging in
thickness from 4 to 63 nm were grown via PLD onto silicon substrates with buffer layers of
strontium titanate (SrTiO3, or STO) and lanthanum aluminate (LaAlO3, or LAO) (Figure
6.1) and, as a control, on bulk crystalline LAO substrates. The buffer layers, deposited
by molecular-beam epitaxy (MBE) at the Schlom lab at Cornell [216, 217], facilitate the
growth of crystalline YAP:Ce, preserving the bulk crystalline YAP:Ce brightness and emis-
sion spectrum. A detailed step-by-step guide of the PLD growth procedure is described in
Appendix D. All films were confirmed to be highly epitaxial by identifying strong peaks in
X-ray diffraction (XRD) θ 2θ scans corresponding to diffraction from the (001) lattice planes
in YAP:Ce (Figures 6.2a and 6.2b). X-ray diffraction revealed no traces of spurious phases or
additional crystal orientations. Surface roughness, as measured by atomic force microscopy
(AFM), was on the order of 0.2-0.5 nm RMS over 25 µm2 (Figure 6.2c). The cerium dopant
concentration in the films was measured with Rutherford backscattering (RBS) to be 0.55
wt %, identical to that of the source material (Figure 6.2d). Additionally, the spectra and
lifetimes of photoluminescence from films were measured and closely resemble those of bulk
YAP:Ce (Figures 6.2e and 6.2f) [218]. Thus, the YAP:Ce films possess the requisite crystal
structure, composition, and quality that are critical to obtaining bright cathodoluminescence
with the desired spectral character.
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Figure 6.2: Characterization of YAP:Ce films produced by pulsed laser deposition. (a) XRD
of film grown on LAO showing the LAO and YAP:Ce 001 and 002 peaks. (b) Rocking curves
of LAO, YAP, LAO layer on Si/STO/LAO, and YAP:Ce layer on Si/STO/LAO/YAP:Ce.
(c) AFM of YAP:Ce deposited on Si/STO/LAO showing a RMS roughness of 0.2 nm. (d)
Rutherford backscattering spectrum of YAP:Ce, which indicates that the Ce concentra-
tion is 0.55 wt%. (e) Photoluminescence emission spectrum of a YAP:Ce film grown on
Si/STO/LAO. (f) Photoluminescence lifetimes of YAP:Ce with different thicknesses grown
on Si/STO/LAO.
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6.3 Cathodoluminescence brightness and stability of

YAP:Ce thin films

When using YAP:Ce for CLAIRE imaging, we typically use a thickness of 10-15 nm and an
accelerating voltage of ∼2 kV. In our initial characterization, we used a 5-nm-thick YAP:Ce
film. Nanoscale optical spots were generated in the 5-nm-thick YAP:Ce film under excitation
from a 20-keV electron beam in order to characterize the brightness and robustness of the
films CL. A moderate beam current of 0.27 nA generated a total emitted power in 4π sr of
22 pW, and the emitted power generally increased with current. We separately confirmed
that the bare Si/STO/LAO substrates do not cathodoluminesce significantly.

To assess the brightness of an optical spot when acting as a near-field illumination source
for a sample near the film surface, we calculated the intensity of local fields based on the
measured far-field emission power. According to Monte Carlo simulations of 20-keV electrons
scattering in the 5-nm thick films, performed using the CASINO software package [69], 86% of
the electron beam energy deposited in the film is deposited in a roughly cylindrical volume
within a radius equal to the 1/e2 radius of the beam. We assume that this cylinder also
represents the optically active volume. Thus, for the 0.27 nA beam, this active volume was
6.4 nm in radius and contained on average 85 luminescent Ce ions. For these parameters, we
derive a total photon emission rate of 38.5 MHz from the measured emitted power, adjusted
for collection efficiency, and hence a mean emission rate per Ce ion of about 400 kHz. The
near-field intensity at the film surface is calculated, based on the form of nonradiative fields
around an oscillating dipole, from this measurement of the radiated energy. We obtain a value
of about 24 MW/cm2, similar to intensities in plasmonically enhanced near-field microscopy
[219] and about 1000 times the dye-saturating intensity used in confocal microscopy. The
optical intensity is also similar to that on the surface of a 6-nm CdSe/ZnS quantum dot
driven to saturation. Unlike point optical sources, however, YAP:Ce notably does not dim
over many minutes of excitation.

To determine the maximum brightness of the YAP:Ce film, the beam current was in-
creased in two steps. At a 2.9 nA current (with an associated 2.7-nm beam diameter), the
total power output was 160 pW, yielding an average emission rate per Ce3+ of 14 MHz. At
11.3 nA (4.4-nm beam diameter), the emission was 340 pW total, for a rate per Ce3+ of
12 MHz. Furthermore, since the electron flux at the center of each beam was higher than
at the edges, the emission rates at the active volume centers must be even higher than the
average emission rates determined above. Given that these rates are within error of each
other despite a 50% difference in the respective currents applied per unit area, it is likely
that YAP:Ce CL is saturated at such levels. As further corroboration, these rates approach
the inverse of the 25 ns CL lifetime previously reported [205]. Nevertheless, as the emission
rate can still be tuned from kilohertz all the way up to megahertz by varying the current, we
expect that the excitation rate for fluorophores at or near the film surface can be adjusted
with high dynamic range to easily suit typical experimental requirements.

While 20-keV electrons can fully penetrate and pass through the film, lower-energy elec-
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trons are more useful for imaging applications because they penetrate less deeply. Therefore,
we measured the CL power under 10-keV and 2-keV beams to confirm the high brightness
of YAP:Ce films at lower voltages. At 10 kV, a moderate current of 0.18 nA yielded an
emission rate per Ce3+ of 570 kHz, and at 2 kV and 2.83 nA, a rate per Ce3+ of 1 MHz was
measured. These figures are similar to the 400 kHz-14 MHz emission rates reported above
for the 20 keV beams. Thus, the beam accelerating voltage can also be tailored to suit a
particular application without any additional limitations on the optical intensity.

The above measurements and estimates demonstrate how the robustness and CL intensity
of the YAP:Ce film made it attractive as an easily scannable near-field source for local
excitation and imaging at the nanoscale. Since the near-field excitation probability falls off
as the inverse of distance to the sixth power, the near-field excitation region has a nanoscale
axial extent and has lateral dimensions dictated by the size of the active volume in the
film. Perhaps most importantly for imaging, the extraordinary brightness of the optical spot
allows the use of short pixel residence times, which in turn permits image acquisition at
extremely high rates limited only by the illuminated samples photophysics.

6.4 Cathodoluminescence spatial resolution of a

YAP:Ce light source

To use a YAP:Ce film as a nanoscale optical source for imaging, the extent of the optical
field in the film generated by an electron beam must be confined to a spot size not much
larger than the electron beam itself. As a verification, the lateral resolution of CL in the
YAP:Ce films was determined by measuring the brightness profile of CL across a physically
sharp edge cleaved in a 5-nm-thick film, as illustrated in Figure 6.3. Representative images
recorded with CL and secondary electrons (SE) are shown in Figure 6.3, panels a and b,
respectively. The corresponding line cuts of the CL and SE intensity are plotted in Figure
6.3c,d.

The 80/20 width of the films step edge (the distance between points in the trace corre-
sponding to 20% and 80% of the step height) measured by SE detection with a 20-keV beam
is 10 nm. The width of the same edge as obtained by analyzing the CL image is 18 nm.
The SE profile in Figure 6.3d includes a slight overshoot of the maximum signal level as the
electron beam crosses the boundary. This feature is a well-known artifact associated with
electron imaging near steep edges, where additional secondary electrons escape the material
through its side face [220], creating the illusion of higher resolution. In light of this overshoot
effect, the resolution of the step measured by CL appears very close to that measured by SE.
In both cases, since the measured signal width is a convolution of the electron beam profile
with the physical profile of the cleaved film edge, any physical imperfections in the edge can
limit the measurement of the spot size. Thus, we conclude that the CL resolution at 20
kV is at least as good as 18 nm. For optical imaging applications, this resolution within
YAP:Ce corresponds to the lateral extent of the region that could transfer energy to nearby
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Figure 6.3: Comparison of CL resolution with secondary electron (SE) resolution. A 20-keV,
4.4-nm-diameter electron beam was rastered over the cleaved edge of a 5-nm-thick YAP:Ce
film. Simultaneous images were acquired using (a) CL detection and (b) SE detection. (c
and d) Line profiles across the edge in each image indicate the resolution of the two detection
methods is comparable. The slight overshoot in the SE intensity profile is an artifact due to
increased secondary electron yield area along the cleaved face and results in an underestimate
of the SE width.

chromophores in a sample. Therefore, we expect the imaging resolution achievable with this
light source to also be on the order of 18 nm, opening up the possibility to obtain extremely
high-resolution optical images with the rapid scan rates of an electron beam.

6.5 Spectral properties of YAP:Ce thin film

cathodoluminescence

In our original film fabrication and characterization, we further observed a controllable shift
in the cathodoluminescence spectrum for the films of YAP:Ce grown on the Si/STO/LAO
substrates. This shift is directly correlated to the film thickness and to the electron accel-
erating voltage used to generate the CL. This effect is most pronounced at low accelerating
voltages for which penetration into the film is minimal—around 10 nm at 1 kV according to
Monte Carlo simulations (Figure 6.4).

Emission spectra resulting from 1-keV excitation of three films of different thicknesses are
plotted in Figure 6.5a. The 4.3-, 18-, and 46-nm films peak at wavelengths of 367, 375, and
384 nm, respectively. A comparison of these spectra reveals that the surfaces of thicker films
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Figure 6.4: CASINO simulations showing electron penetration depth in YAP:Ce films.
CASINO electron scattering simulations (1, 2, 5 and 20 kV) on a 20 nm YAP:Ce film
on Si/STO/LAO. The yellow trajectories indicate a relatively high energy electron beam,
whereas the blue trajectories are of lower energy.

have progressively more red-shifted emission. To incrementally probe deeper into the films,
we swept the accelerating voltage up to 5 kV, at which point emission occurs throughout
the entire thickness of each YAP:Ce film. As shown in Figure 6.5b, while the thinnest films
have a peak emission wavelength of 366 nm at 15 kV, the thickest ones have peak emission
wavelengths ranging from 375 nm for a 5-keV electron beam to 388 nm for a 1-keV electron
beam. This trend indicates that the local spectral properties within a film are a function
of an emitter’s position with respect to the LAO interface as opposed to its position with
respect to the outer YAP:Ce surface.
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Figure 6.5: Variation in CL spectra as a function of film thickness and accelerating voltage.
(a) CL spectra acquired with a 1-keV electron beam for a few representative films. Thicker
films yield redder spectra. (b) Peak wavelength versus film thickness as a function of beam
voltage. Higher beam voltages correspond to greater excitation depth.

We ruled out the possibility that the 3% lattice mismatch between LAO and YAP:Ce
lattices could cause a spectral shift via strain gradients, as YAP:Ce films of different thick-
nesses on bulk crystalline LAO exhibit no spectral variation. The main difference between
bulk-LAO-templated and Si/STO/LAO-templated films is revealed in substantial broaden-
ing in the rocking curves of films grown on the latter epitaxial template (Figure 6.2b). This
difference can be ascribed to a higher concentration of structural defects such as a high
dislocation density in the LAO layer and YAP:Ce film. Because of the charged nature of
dislocations in ionic materials, dislocations are associated with higher local populations of
cationic or anionic vacancies [221, 222]. Cationic vacancies in YAP:Ce are known to form
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stable pairs with nonluminescent Ce4+ ions [223], and Ce4+ ions have been shown to quench
the blue edge of the luminescence of Ce3+ ions in aqueous solution [224]. This quenching
causes an apparent red shift in the Ce3+ emission spectrum.

Therefore, the red shift that we observe in the films CL spectra could be due to an in-
crease in the concentration of Ce4+ as a function of distance from the LAO interface. This
hypothesis is further supported by fluorescence lifetime measurements on films of varying
thickness (Figure 6.2f) in which thicker films exhibit progressively shorter lifetimes, indicat-
ing increased quenching. Irrespective of the mechanism, our understanding of the YAP:Ce
film emission properties enables us to control the spectral variation by careful manipulation
of film thickness. For the CLAIRE imaging experiments, we have since prevented these
spectral shift from occurring by using even higher quality substrates for YAP:Ce growth.

6.6 Nanopatterning cathodoluminescence in YAP:Ce

thin films

As an alternative to CLAIRE imaging and for certain applications such as nanolithography, a
spatially fixed nanoscale excitation volume, rather than a scannable spot, may be preferred.
This scheme could be simplified if the scintillating film’s optical properties could be selectively
patterned such that it is optically active only at certain locations; in such a case, only
predetermined nanoscale spots would luminesce even if a much wider area were excited with
a defocused electron beam. To realize this objective, we developed a method for patterning
the luminescence of a film at the nanoscale with a gallium focused-ion beam (FIB).

Exposure of a 20-nm-thick film to a low-energy (8 keV) FIB (Figure 6.6a) extinguished the
films luminescence. At high doses, the YAP:Ce film is ablated to a depth linearly dependent
on dose. Yet, even at low doses, insufficient to cleanly ablate more than a few nanometers of
YAP:Ce, the luminescence of the film is greatly diminished (Figure 6.6b,c). This extremely
effective nanoburning of the film is likely due to local disordering of the perovskite crystal
or to deep implantation of gallium ions.

We demonstrated the precision of this burning technique by first exposing the 20-nm film
to the gallium beam through a mask comprising dispersed 200-nm silica beads, and by then
removing the beads and capturing images with CL (Figure 6.6b,c), SE (Figure 6.6d) and
AFM (Figure 6.6e). Analysis of these images reveals an 80/20 edge-width as narrow as 20 nm
(Figure 6.6f), on par with the 18-nm resolution of the CL imaging. The bead mask allowed
the formation of dark features spaced 50 nm apart, and these can be clearly distinguished in
CL (Figure 6.6g). On the basis of the sharpness of the features in Figure 6.6c, we estimate
that dark patches could be distinguished at distances as small as 20 nm, and by using even
smaller particles as masks, luminescent features of that size could be patterned into the film.

These observations show that light can be produced at controllable, local spots far smaller
than a wavelength even if electron bombardment takes place across a wider area. Thus, a
combination of nanoburned films with wide-field electron excitation could transform the
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Figure 6.6: Nanopatterning of YAP:Ce cathodoluminescence. (a) Raster-scanned focused
gallium ion beam used to extinguish luminescence of a YAP:Ce film masked with 200-nm
silica beads, yielding small regions of luminescent YAP:Ce; (b) CL image of a representative
region after FIB and bead removal revealing clearly defined spots; (c) CL image at high
resolution; (d) in-lens scattered electron image collected simultaneously with panel c; (e)
AFM of the same region as in panel b; (f) profile over an edge of a milled region (orange line
in panel c) indicating an apparent edge width 20 nm in CL; (g) two dark regions, separated by
55 nm, easily distinguished using CL (green line in panel c). In both (f) and (g), background
CL intensity measured at a nearby dark area has been subtracted.

usual procedure of rastering a single active volume across a sample in series into the process
of addressing multiple nanoscale spots in parallel. Moreover, because CL is correlated with
photoluminescence, these spots could alternatively be excited through far-field optical illu-
mination to convert far-field light into spectrally distinct, highly local near-fields. Thus, our
YAP:Ce films in principle could be used for nanoscale optical generation in two complemen-
tary modes: focused scanning cathodoluminescence mode, or a wide-field mode, driven by
either electron excitation or optical illumination.
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6.7 Optical demonstration of Förster resonance

energy transfer (FRET) to a convalently bound

organic dye

To demonstrate that a thin film of YAP:Ce is a functional FRET donor for use in nanoscale
imaging, we performed steady-state and time-resolved fluorescence measurements that show
energy transfer from YAP:Ce to a convalently-attached FRET acceptor fluorophore. Fig-
ure 6.7a shows the scheme for attaching an organic fluorophore called 7-diethylamino-3-(4’-
maleimidylphenyl)-4-methylcoumarin (CPM) to the surface of the YAP:Ce film through a
mercaptopropyltrimethoxysilane (MTPS) linker. CPM has the unique property that it is
only in a fluorescent state when its maleimide group has reacted with a thiol. Therefore, the
recorded fluorescence only comes from dyes attached to the surface of YAP:Ce.

Figure 6.7b shows the absorption and PL emission spectra of YAP:Ce overlaid with
the absorption and emission spectra of CPM. The significant overlap between the emission
spectrum of YAP:Ce and the absorption of CPM make CPM a good FRET acceptor from the
YAP:Ce donor. A series of steady-state PL spectra of CPM attached to YAP:Ce are shown
in Figure 6.7c. When using an excitation wavelength of 300 nm, both the YAP:Ce and CPM
dye are excited, so we observe two peaks, one from YAP:Ce at 370 nm and one at 470 nm
from CPM. In between collecting each spectrum, the CPM dye was incrementally bleached
by exciting the sample at 370 nm. As the dye is bleached, the intensity of the dye emission
decreases as the YAP:Ce emission increases. This anticorrelation is indicative of FRET
between the YAP:Ce donor and CPM acceptor. As CPM molecules are bleached, fewer
acceptors are available for energy transfer from YAP:Ce. Time-resolved PL also confirms
that FRET occurs between YAP:Ce and CPM, as shown in Figure 6.7d. The time-resolved
single photon counting (TCSPC) traces of YAP:Ce with and without CPM are shown in
green and blue, respectively. Without CPM. The lifetime of YAP:Ce without dye attached
is 17.0 ns, which agrees well with previous studies, whereas the lifetime with the dye attached
decreases to 13.2 ns, which is indicative of a new decay pathway through FRET. Together,
the steady-state and time-resolved PL results demonstrate that FRET can occur between
YAP:Ce and an adjacent donor.

6.8 Conclusions and outlook

In this chapter, we demonstrated a rapidly and easily scanned, bright, spectrally selective
nanoscale optical source for optical excitation and imaging that functions as a FRET donor
to nearby FRET acceptors. To do so, we developed an ultrathin, epitaxial film of a YAP:Ce
scintillator, whose maximum brightness when excited with a low energy electron beam is
competitive with the brightest subdiffraction optical sources in use today. The CL spectral
properties and the 18-nm spatial resolution achievable in these films allows for studies of
nanoscale heterogeneity of complex materials deposited on or near the YAP:Ce film. We
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Figure 6.7: Demonstration of FRET between YAP:Ce and a covalently-attached fluo-
rophore. (a) Schematic of the process to attach CPM dye to YAP:Ce via a mercaptopropy-
ltrimethoxysilane (MTPS) linker. (b) Absorption spectrum of YAP:Ce (purple), PL emission
of YAP:Ce (red), absorption of CPM dye (blue) and emission of CPM dye (green). (c) PL
spectra of CPM on YAP:Ce excited at 300 nm. As the CPM dye is bleached, the YAP:Ce
PL increases in magnitude. (d) Time-resolved single photon counting (TCSPC) of YAP:Ce
with (green) and without (blue) CPM dye attached. The instrument response function is
shown in grey.
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also demonstrated that film luminescence can be patterned in order to structure sample
illumination at the nanoscale.

The fabrication of a robust, bright scintillator film is the first step towards the realization
of CLAIRE microscopy of nanoscale biomolecular and/or soft material dynamics. Since we
have shown the development of a scintillator film suitable for CLAIRE imaging, the next
challenge is to incorporate the film into a functional imaging platform, where the sample is
placed on the surface of the YAP:Ce scintillator film and the electron beam can excite the
scintillator film from the opposite side, as shown in the inset of Figure 6.1. This scheme
requires the fabrication free-standing YAP:Ce films, which is described in Chapter 7.



75

Chapter 7

The CLAIRE microscopy imaging
device: Production of a
microfabricated chip for nanoscale
imaging

7.1 Introduction

To achieve the necessary configuration for CLAIRE imaging, as illustrated in Figure 5.1, a
free-standing scintillator film must be fabricated, so that the sample is positioned on one
side of the scintillator film and the electron beam can excite the scintillator film from the
opposite side. In our case, realizing this configuration involves etching the silicon layer from
the cerium-doped yttrium aluminum perovskite (YAlO3:Ce, YAP:Ce)/ lanthanum aluminate
(LaAlO3, LAO)/ strontium titanate (SrTiO3, STO) / silicon chip, whose fabrication was
detailed in Chapter 6. Fabricating free-standing films of YAP:Ce is a challenging process
namely because the film is under stress. The lattice mismatch is ∼3% between STO and
LAO and also ∼3% between LAO and YAP:Ce. Considering that the most common free-
standing films, such as silicon nitride, have very low stress, it is very difficult to make large
area free-standing films of YAP:Ce.

In this chapter, we demonstrate two approaches for fabricating free-standing films of
YAP:Ce, using a dry etch and a wet etch, respectively. In Section 7.2, We describe the
fabrication process of our first generation imaging device, which uses the sample to support
the free-standing scintillator film. Next, we describe the fabrication of our second generation
imaging devices, which contain truly free-standing YAP:Ce thin films. We use both a wet
etch (Section 7.3) approach and a dry etch (Section 7.4) approach. The second generation
imaging devices are compatible with liquid encapsulation.

Two main strategies for silicon etching have been used broadly for the fabrication of mi-
croelectromechanical systems (MEMS) and freestanding membranes [225, 226]: wet etching
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and dry etching. In wet etching, the silicon substrate is first coated an etch-resistant layer
(e.g. silicon nitride or silicon oxide) and then lithographically patterned to expose silicon
for etching. Typically, potassium hydroxide (KOH) or tetramethylammonium hydroxide
(TMAH) are used as etchants for silicon wet etching. Both solutions anisotropically etch the
100 plane of silicon, resulting in a ∼54.7◦ angle between the 111 and 100 planes [227]. In
dry etching, a reactive plasma (typically CF4 or SF6 mixed with O2) is used to etch silicon
in a process called reactive ion-etching (RIE). Areas are etched selectively by patterning
an etch-resistant photoresist on the surface. For etching deep trenches with a high aspect
ratio, deep RIE (DRIE) is used. By alternating standard RIE etching with an inert pas-
sivation layer that prevents lateral etching, the resulting wells have a higher aspect ratio
than both wet etch methods and standard RIE. To fabricate free-standing YAP:Ce to use
for nanoscale imaging, we used both approaches, which result in slightly different imaging
device configurations, each described below.

7.2 First generation, sample-supported imaging

device using the wet etch

Compared to commonly used free-standing thin films, such as silicon nitride, which are often
grown to have zero or low stress, the YAP:Ce layer is grown on LAO with approximately
a 3% lattice mismatch, resulting in significant strain. Because of this strain, free-standing
films of YAP:Ce require additional structural support. The first strategy to add support
to the YAP:Ce film is to use the adjacent sample or sample matrix to support the YAP:Ce
layer. This geometry was used to image Al nanostructures, as described in Chapter 10, and
luminescent polymer blends, as described in Chapter 9. Obviously, this initial strategy of
using the sample for support precludes using CLAIRE imaging for imaging samples in an
liquid environment, but it enables the imaging of encapsulated solid samples.

To fabricate sample-supported free-standing membranes of YAP:Ce for CLAIRE imaging
requires a series of steps after YAP:Ce is deposited on LAO/STO/Si substrates via pulsed
laser deposition (PLD), as outlined in Chapter 6. A schematic of the fabrication steps is
shown in Figure 7.1. The YAP:Ce chips used for these procedures are typically 200 µm
thick and 5 by 8 mm. After PLD is complete, the YAP:Ce/LAO/STO/Si chips have a
layer of silver paste on the silicon side of the chip, which must be removed with diamond
lapping paper, while the YAP:Ce side of the chip is protected with UV-release adhesive tape.
After removing the silver paste, the chips are sent out for chemical mechanical planarization
(CMP), which ensures that the silicon side of the chips is smooth enough for a pinhole-free
layer of plasma-enhanced chemical vapor deposition (PECVD) silicon nitride. After the
CMP process is complete, a 1 µm layer of PECVD silicon nitride is deposited on the silicon
side of the chip (step 1 in Figure 7.1). This silicon nitride layer serves as an effective etch
mask for a TMAH etch. It is important to note that PECVD silicon nitride is not typically
used as an wet etch mask for TMAH or KOH because it is prone to pinholes and lamination
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Figure 7.1: Schematic of the first generation wet etch fabrication process.

issues. We have, however, optimized the PEDVD silicon nitride recipe, so that we produce
a high density silicon nitride layer that is pinhole free. It is additionally important to note
that low pressure chemical vapor deposition (LPCVD) silicon nitride, which is typically
used a mask for KOH and TMAH etching, is not compatible with our process because it is
deposited at a much higher temperature than the deposition temperature of YAP:Ce. After
the PECVD nitride is deposited, the layer is patterned using photolithography to reveal the
areas of silicon that are to be etched by TMAH (steps 2-4 in Figure 7.1). The patterns used
typically consists of 4 x 4 or 5 x 5 arrays of squares. Since the wet etch etches the silicon
anisotropically at ∼54.7◦, the initial size of the square must be much larger than the desired
window size.

For this fabrication process, a number of sample requirements are necessary for the success
of the wet etch. After the silicon nitride on the silicon side of the chips is patterned for the
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TMAH etch, the sample is deposited on the YAP:Ce side of the imaging chip (step 5 of Figure
7.1, see Chapters 10 and 9 for examples). First, adhesion of the sample to the YAP:Ce chip
must be strong enough to keep the YAP:Ce film intact during the wet etch. Second, the
sample must be chemically resistant to the wet etch since pinholes in the YAP:Ce film can
lead to sample exposure to the wet etchant. Third, since the sample encapsulation layers
need to be cured at 220 ◦C, the sample must be able to withstand temperatures up to 220
◦C.

Once the sample is deposited on the YAP:Ce side of the imaging chip, it needs to be
protected from the wet etch bath by using a protective layer of ProTEK B3 followed by
a layer of PDMS (step 6 Figure 7.1). ProTEK B3 is a proprietary material designed for
protecting large wafer-scale samples during KOH and TMAH etches. By itself on small
chips, many pinholes form in the ProTEK B3 layer, which can result in the wet etchant
reaching the sample or YAP:Ce layer. To prevent the pinholes from forming, a layer of
PDMS is added to the ProTEK B3 layer, which both fills the pinholes and adds another
layer of protection to the YAP:Ce chip. After the sample is protected from the etchant, the
sample is submerged in TMAH for etching (step 7 in Figure 7.1).

Results from the first generation wet etch are shown in Figure 7.2. Figure 7.2a shows the
completed imaging chips with a penny for scale. The chips can contain multiple windows for
imaging multiple samples on the same imaging chip. An optical image of a completed imaging
chip is shown in Figure 7.2b. The success of the etch depends greatly on the sample. For
instance, in Figure 7.2b, there is good adhesion between the sample and YAP:Ce scintillator,
whereas Figure 7.2c shows an example with poor adhesion between a luminescent polymer
and YAP:Ce. The image clearly shows a number of cracks in the YAP:Ce film and areas that
have delaminated and the YAP:Ce layer has rolled up due to strain effects. The number of
cracks depends on how good the adhesion is between the sample and the film. For samples
with poor adhesion, such as the luminescent polymer films, many cracks are typically present.
For samples with good adhesion, such as the spin on oxide, very few cracks form in the YAP
film. Overall, the first generation wet etch fabrication method suffers from many limitations
that prevent CLAIRE imaging of a wide range of soft materials, including samples in liquids.

7.3 Second generation imaging device with truly

free-standing YAP thin films using the wet etch

The second generation wet etch imaging device significantly improves upon the first gener-
ation device, providing a universal platform for CLAIRE imaging. The second generation
imaging platform borrows heavily from the broadly used successful fabrication of silicon ni-
tride membranes, using a silicon nitride grid to support numerous small (10-20 µm across)
YAP:Ce “windows.” Much like the sample support in the first generation chips, this silicon
nitride grid supports the YAP:Ce film, but strictly in areas not occupied by the sample.

A schematic of the fabrication process for the second generation wet etch imaging device
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Figure 7.2: Images of a chip made from the first generation wet etch fabrication process.
(a) A photograph of the final imaging chips with a penny for scale. (b) Optical image of fully
etched wells supported by ProTEK B3. (c) Optical image of a window in a first generation
wet etch chip. The window is cracked in many areas.

is shown in Figure 7.3. As described in Section 7.2, residual silver paste must be removed
from the silicon side of the chip and the silicon side must be polished with CMP. After
polishing, PECVD silicon nitride is applied to both sides of the chip to act as a support
layer on the YAP:Ce side and as an etch mask on the silicon side (step 1 in Figure 7.3).
After the silicon nitride layers are deposited, an array of circles (10-20 µm in diameter) are
patterned in the silicon nitride on the YAP:Ce side of the chip for structural support using
photolithography (steps 2-4 in Figure 7.3). As with the first generation wet etch chip, the
silicon nitride on the silicon side of the chip is patterned with photolithography and used as
an etch mask for TMAH (steps 5-7 in Figure 7.3). Note, however, that the sample is not
deposited and protected before the wet etch in this case. After patterning both sides of the
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Figure 7.3: Schematic of the second generation wet etch fabrication process.
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Figure 7.4: Images of a chip made from the second generation wet etch fabrication process.
A reflected bright-field image (left) and a transmission image (right) of an array of imaging
windows after fabrication with Ag nanoparticles directly applied after the imaging chip
fabrication.

chip, layers of ProTEK B3 and PDMS are applied to the YAP:Ce side of the imaging chip
and the chip is submerged in TMAH for etching (steps 8 and 9 in Figure 7.3). Once the etch
is completed, the ProTEK and PDMS layers are removed with ProTEK Remover (step 10
in Figure 7.3). During the removal process, ProTEK B3 dissolves in the ProTEK Remover
and acts as lift-off layer for the PDMS layer. After the protective layers are removed and
the YAP:Ce side of the chips is cleaned with an O2 RIE, the sample can be deposited on the
YAP:Ce side of the chip (step 11 in Figure 7.3).

An example of a successful second generation wet etch imaging device is shown in Figure
7.4. The left image in Figure 7.4 is an optical reflected brightfield image of a completed
chip with 100 nm Ag nanoparticles dropcast on the chip surface mainly adhering to the
edges of the free-standing circles. The pink regions are SiN/YAP:Ce/STO/LAO, the white
regions are are SiN/YAP:Ce/STO/LAO, the green regions are SiN/YAP:Ce/STO/LAO/Si,
and the brown regions are YAP:Ce/STO/LAO/Si. The right image in Figure 7.4 is a optical
transmission image of the same area, showing that light is transmitted through the free-
standing areas of the imaging device but not through the Si.

The second generation wet etch imaging device is the first to feature truly free-standing
YAP:Ce/LAO/STO films for CLAIRE imaging. Instead of encapsulating the sample during
the etching process, the sample is applied after the entire imaging chip fabrication process
is complete. The second generation wet etching imaging device is the first step towards a
universal imaging platform, where samples can be deposited using a variety of methods after
imaging chip fabrication, including spin-coating and dropcasting. This formulation relieves
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the need for sample support and temperature restrictions imposed in the first generation
device. This configuration also lends itself to incorporation in a liquid cell, as discussed in
Chapter 8.

7.4 Imaging device fabrication using a dry etch

An alternative approach to fabricating free-standing films of YAP:Ce is to utilize a dry etch-
based method. A schematic of the fabrication process for the second generation wet etch
imaging device is shown in Figure 7.5. After PLD deposition, the removal of silver paste
and polishing of the silicon side, a thin (2 nm) layer of Al2O3 is deposited on the YAP:Ce
side of the chip with atomic layer deposition (ALD) (step 1 in Figure 7.5). This layer helps
support the YAP:Ce free-standing membrane. After Al2O3 deposition, additional PECVD
silicon nitride is deposited, which serves as a temporary support for the YAP:Ce film (step
2 in Figure 7.5). Once the YAP:Ce film is sufficiently protected, the silicon side of the chip
is patterned for DRIE. The DRIE is performed in two steps. First, an array of circular
holes are etched in the silicon layer (step 3-5 in Figure 7.5). Second, after the photoresist is
removed, a kapton sheet mask is used to mask the perimeter of the chip and a larger well
is etched (steps 6 and 7 in Figure 7.5). Third, 20-40 nm of ALD Al2O3 is deposited on the
silicon side of the chip to support the free-standing YAP:Ce (step 8 in Figure 7.5). Last,
the PECVD nitride is removed and the sample is placed on the Al2O3 layer (steps 9 and
10 in Figure 7.5). As shown in Figure 7.6, the dry etch is a reliable fabrication route to
develop free-standing YAP:Ce film. Figure 7.6a shows a completed dry etch imaging chip
with a quarter for scale. The dry etch chip consists of an array of wells (Figure 7.6b) that
are smooth and uniform (Figure 7.6c).

7.5 Characterization of electron penetration into

free-standing YAP:Ce

After fabricating free-standing films of YAP:Ce, it was important to next find the most suit-
able accelerating voltage for imaging. Since the accelerating voltage controls the electron
penetration depth, it is vital to choose an optimal accelerating voltage for imaging. For
instance, if the accelerating voltage is too low, the electrons will not excite enough dopants
in the YAP:Ce thin film and the resulting signal from FRET interactions between the scin-
tillator and the sample will be low. On the other hand, if the accelerating voltage is too
high, electrons will penetrate through the scintillator layer to the sample, potentially causing
damage.

To determine the optimal accelerating voltage, we use both Monte Carlo simulations of
electron scatter within the material with the CASINO software package (see Appendix C
for details) and an experimental measurement of electron penetration. These studies were
performed with the second generation wet etch chips. For the experimental measurement
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Figure 7.5: Schematic of dry etch fabrication process.
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Figure 7.6: Images of a chip made from the dry etch fabrication process. (a) Photograph
of a completed imaging chip using the dry etch method next to a quarter for scale. (b)
Secondary electron (SE) image of an array of etched wells. (c) SE image of the bottom of a
single well.

Figure 7.7: Determining the accelerating voltage suitable for CLAIRE imaging. (a) Plot
of the electron penetration fraction comparing Monte Carlo simulations performed with
the CASINO software package and experimental data. (b) Spatial distribution of energy
deposited in the free-standing film from Monte Carlo simulations using the CASINO software
package.

of electrons penetrating through the free-standing film, we place the imaging chip on top
of a Faraday cup that is on the sample stage of the SEM, so that the windows are directly
above the opening. We then vary the accelerating voltage of the electron beam from 3.0
to 1.6 kV in 0.2 kV steps and record both the current of the beam with no imaging chip
present and the current with the imaging chip present. The resulting data are shown in
Figure 7.7a. Experimentally, the fraction of electrons that penetrate through the YAP:Ce
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layer decreases from ∼0.3 to an undetectable amount. Since there is some uncertainty re-
garding the thickness of the YAP:Ce film, Monte Carlo simulations are performed at two
different YAP:Ce thicknesses, 10 nm and 15 nm. These simulations follow the same trend as
the experiment. In both the experiment and Monte Carlo simulations, the optimal acceler-
ating voltage appears to be 1.6-2.0 kV. The difference between the experimental results and
simulations could stem from the uncertainty in the YAP:Ce thickness, or perhaps the lowest
energy electrons are not detected in the experiment.

In Figure 7.7b, the energy distribution of the electron scatter within the material is shown
for a 1.8 kV electron beam and a 15 nm YAP:Ce layer. The width of the energy deposition
region within the YAP:Ce layer is ∼20 nm at the LAO/YAP:Ce interface and becomes
narrower towards the bottom of the YAP:Ce film. The width of the electron scatter gives us
an estimate of our potential resolution, which, based on these simulations, is at least 20 nm
plus the interaction range between the excited dopants in the scintillator and the sample.
For the rest of the experiments outlined in this thesis, we use an accelerating voltage of
1.6-2.0 kV for imaging. A further study on optimizing the accelerating voltage for imaging
using Al nanostructures is discussed in Chapter 10 and agrees well with the simulations and
experimental results shown in Figure 7.7.

7.6 Conclusions and Outlook

Looking forward, the wet etch and dry etch approaches differ with respect to the ease of
fabrication and appropriateness of the geometry of the final imaging chip for different sam-
ples. From a fabrication perspective, the wet etch chip fabrication route is simpler and
requires fewer fabrication tools (standard RIE and PECVD) compared to the dry etch ap-
proach (standard RIE, DRIE, PECVD, and ALD). The dry etch, however, typically results
in larger windows (∼ 20-30 µm across rather than ∼10-15 µm across with the wet etch) and,
although it requires more time for fabrication, the imaging window failure rate is lower. An-
other major difference between the two approaches is the difference in geometry of the final
imaging chip. The wet etch results in a series of wells for samples, whereas the dry etch has a
planar surface. The planar surface of the dry etch chip may be more compatible with planar
samples, such as thin of optoelectronic materials or lipid bilayers, while the series of wells
from the wet etch approach could be useful for liquid encapsulation (as discussed in Chapter
8). An additional concern regarding the dry etch chips is the efficiency of light collection
since these chips typically have steep wells. Nevertheless, the success of both methods of
free-standing scintillator film fabrication is remarkable since they overcome the 3% lattice
mismatch between YAP:Ce and the underlying LAO layer.

One outstanding question is the effect of having an Al2O3 layer between the scintillator
film and the sample. In the wet etch chip, the sample is positioned directly on the free-
standing YAP:Ce scintillator film, while in the dry etch chip, a 2 nm Al2O3 layer is present
between the sample and YAP:Ce excitation source. Since Förster resonance energy transfer
scales as 1/r6, this 2 nm could be detrimental to the efficiency of energy transfer from the
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scintillator to the sample.
Both the dry etch and second generation wet etch approaches are significant advances,

especially over the first generation wet etch approach, that provide a universal platform for
CLAIRE imaging. Each sample geometry allows the sample to be applied after all fabrication
steps are complete. These approaches also allow for integration with a liquid cell to complete
the CLAIRE imaging sample cell for imaging of nanoscale dynamics at high time resolution,
as described in Chapter 8.
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Chapter 8

Towards liquid encapsulation for
imaging dynamics in aqueous
environments with CLAIRE
microscopy

8.1 Introduction

Electron microscopy in liquids has been used widely to investigate nanomaterials and biologi-
cal samples through direct electron-sample interactions [228–231]. Although more studies are
needed to understand how electron-sample interactions perturb the dynamics of nanoscale
systems, it has been shown that electron microscopy in liquids can reveal substantial in-
formation about nanoscale dynamics, even when the electron beam plays a prominent role
[105, 232, 233]. Typically, three approaches are used to image samples in liquid: (1) sur-
rounding the sample with a low vapor pressure liquid that will not evaporate in the electron
microscope, (2) encapsulation with an ultrathin free-standing film, typically silicon nitride,
to allow the electron beam to penetrate to the sample and (3) graphene-based liquid cell en-
capsulation. We have explored all three approaches to integrate the CLAIRE imaging chip
with an encapsulated fluid environment. In this chapter, we describe each approach and
discuss our progress towards developing a liquid cell for CLAIRE imaging. Specific results
regarding imaging samples in a liquid environment will be described in Chapters 9 and 10.

The main challenge for liquid encapsulation for CLAIRE microscopy is the integration
of the imaging device, as described in Chapter 7, with a functional liquid sample cell that
is compatible with the vacuum environment of the scanning electron microscope (SEM).
The requirements of the sample liquid cell may depend greatly on the sample of interest.
For imaging biological samples under physiological conditions, for instance, encapsulating an
aqueous solution, rather than surrounding the sample with a droplet of a low vapor pressure
ionic liquid, will be required. Additionally, since CLAIRE microscopy is designed for the
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visualization of samples in the direct vicinity of the scintillator, the most compatible samples
will exhibit dynamics along the surface of the scintillator in two dimensions. Therefore,
careful sample preparation on the surface of the scintillator film must be compatible with
the chosen encapsulation scheme.

In this Chapter, we discuss encapsulation in ionic liquids in Section 8.2. We then describe
strategies toward macroscopic liquid encapsulation for aqueous samples in Section 8.3. Last,
in Section 8.4 we show how graphene can be used to encapsulation aqueous sample volumes.

8.2 Low vapor pressure ionic liquids

Recently, low vapor pressure liquids, typically ionic liquids or hydrocarbon-based oils, have
been used in electron microscopy to observe nanoscale dynamics [232, 234]. Because ionic
liquids have vapor pressures on the order of 10-12 torr, these liquids do not require encapsula-
tion to protect them from the vacuum environment of the electron microscope. It is, however,
important to consider interactions between the electron beam and ionic liquid when imaging
materials in ionic liquids [235]. Such interactions can result in ionic liquid flow, polymeriza-
tion, and charging effects, all of which can disrupt sample dynamics. In CLAIRE imaging,
however, the electron beam does not significantly penetrate through the scintillator film, so
these disruptive effects are not present.

Of the three strategies for studying dynamics in liquids, using ionic liquids is the most
straightforward since a fabricated vacuum compatible liquid cell is not necessary. One can
simply encapsulate a sample in the ionic liquid by placing a droplet of the ionic liquid atop the
sample. For example, we used CLAIRE imaging to interrogate photosynthetic membranes
in ionic liquid (Figure 8.1a, see Chapter 9). Visualizing dynamic processes in ionic liquids is
more difficult because of the challenge of restricting the dynamics to two dimensions at the
YAP:Ce-ionic liquid interface. To this end, we have successfully observed Ag nanoparticles
coming off of the YAP:Ce surface in the ionic liquid (Figure 8.1b, see Chapter 10). Further
discussion of samples imaged in ionic liquids are found in Chapters 9 and 10.

Overall, there are many future opportunities for interrogating nanoscale dynamics in ionic
liquids. Many dynamic processes, such as nucleation and growth of nanostructures, occurs
in ionic liquids and are compatible with CLAIRE microscopy. Although ionic liquids are
convenient because a barrier between the liquid and the vacuum environment of the electron
microscopy is not necessary, they are not compatible with physiological biological samples
and, therefore, other methods must be pursued.

8.3 Macroscopic liquid encapsulation

Macroscopic liquid encapsulation using a liquid sample cell consisting of a thin free-standing
film, typically composed of silicon nitride, has been used routinely in both SEM and trans-
mission electron microscopy (TEM) to interrogate samples in liquids [229]. Silicon nitride is
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Figure 8.1: Examples of CLAIRE images in ionic liquids. (a) CLAIRE image of thylakoid
membranes in an ionic liquid. (b) Series of CLAIRE images showing Ag nanoparticles
desorbing from the YAP:Ce surface.

an ideal material for a liquid sample cell because free-standing films on the order of 10-20
nm thick can be routinely fabricated and these free-standing films can effectively protect the
liquid sample from the vacuum environment of the electron microscopy.

Using a macroscopic encapsulation scheme for CLAIRE imaging presents many challenges
because the free-standing YAP:Ce scintillator films are not nearly as robust as low-stress
silicon nitride. If a single imaging window breaks the entire volume of liquid will be exposed
to the vacuum environment of the SEM. We have, however, had some success with this
encapsulation strategy, as show in Figure 8.2. Figure 8.2a shows a working scheme for liquid
encapsulation using an imaging chip with free-standing YAP:Ce fabricated by the wet etch
method. First, two strips of kapton tape are placed on a conductive fluorine doped tin
oxide (FTO)-coated glass substrate, cleaned with an O2 reactive ion etch (RIE) to produce a
negatively-charged surface (step 1 in Figure 8.2a). The conductive FTO layer limits charging
effects while imaging. Next, the imaging chip is placed on kapton tape spacers and two sides
are sealed with UV-curable epoxy (steps 2 and 3 in Figure 8.2a). Last, the sample liquid
is flowed underneath the imaging chip between the kapton spacers and then sealed with
UV epoxy on either side, while the imaging windows are blocked to prevent UV damage to
the sample (step 4 in Figure 8.2a). A photograph of the completed liquid cell is show in
Figure 8.2b and a cross-section schematic of the completed liquid cell is shown in Figure 8.2c.
The macroscopic sample cell can survive in a 40 mtorr vacuum environment for over several
hours and also survives the vacuum environment of the SEM (10-6 torr). Unfortunately,
while scanning with the electron beam, the imaging windows routinely break. Figure 8.2d-
g show the window before and during a rupture. Secondary electron (SE) and CL images
(Figures 8.2d and 8.2e) are shown before repeated scanning with the beam and after scanning
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Figure 8.2: Procedure for making a macroscopic liquid cell and testing in the vacuum
environment of the SEM. (a) Four step method for constructing a liquid cell. (b) Photograph
of completed liquid cell with a YAP:Ce imaging chip. (c) Cross-section schematic of the liquid
cell. (d-g) Testing the liquid cell in the SEM. CL (d) and SE (e) signals show no leak initially.
After scanning repeatedly a leak forms as seen in the CL (f) and SE (g) images.

multiple frames (Figures 8.2f and 8.2g).
Liquid sample cell leaks and imaging windows rupturing during imaging are two major

challenges that remain for fabricating robust macroscopic liquid cells for CLAIRE imaging.
Because of the added durability of the Al2O3 layers, the dry etch imaging chips could be
better candidates for macroscopic liquid encapsulation. Another strategy could involve using
low-stress silicon nitride as a direct support for the YAP:Ce windows.
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Figure 8.3: Procedure for making a graphene wet cell. (a) Step-by-step procedure for
graphene encapsulation on YAP:Ce imaging chips. (b) Optical image of graphene floating
on a liquid droplet as shown in part 3 of (a). (b) Final encapsulated test sample on a SiN/Si
test chip as shown in step 4 of (a).

8.4 Liquid encapsulation with graphene

Graphene liquid cells are a relatively new method to image dynamics in liquid with electron
microscopy [230, 236]. The main advantage of graphene for electron microscopy is its thick-
ness. When using silicon nitride to encapsulate liquids, the electron beam scatters within
the nitride film, diminishing the spatial resolution of the measurement. Graphene, however,
is only a single carbon atom thick, so the electron beam can pass through with minimal scat-
tering and minimal loss of resolution. For CLAIRE microscopy, the advantages of graphene
are two-fold. First, graphene is impenetrable to most liquids, so it can effectively protect
liquids sandwiched between the YAP:Ce film and the graphene layer. Second, unlike the
macroscopic encapsulation method, graphene encapsulation can theoretically encapsulate
each imaging window independently. Therefore, if a single window breaks, not all of the
encapsulated liquid is exposed to the vacuum environment of the SEM.

The proposed process for encapsulating liquid cells on YAP:Ce free-standing films with
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graphene is shown in Figure 8.3a. A 5-8 layer graphene on copper foil is suspended on an
etching solution of ammonium persulfate (step 1 in Figure 8.3a). A 5-8 layer of graphene
rather than a single layer is used to maintain rigidity once the sample is encapsulated. After
the copper foil is completely removed, the graphene is transferred twice to water solutions
for washing. After washing, the graphene layer is transferred to the intended solution for
encapsulation. The imaging chip is used to scoop the graphene from underneath and the
remaining liquid is allowed to evaporate (steps 2 and 3 in Figure 8.3a). After the liquid
between the graphene and silicon nitride framework evaporates, the graphene adheres to the
silicon nitride on the imaging chip and encapsulates the remaining liquid within the wells.
An optical image of graphene floating on the encapsulation solution is shown in Figure 8.3b
and the imaging chip after graphene sample encapsulation is shown in Figure 8.3c. Both
Figure 8.3b and 8.3c show a test encapsulation chip meant to mimic the final free-standing
YAP:Ce imaging chip, which consists of patterned silicon nitride on a silicon substrate.

Graphene encapsulation of liquids on substrates that mimic the free-standing YAP:Ce
imaging chips appear successful, yet further work is needed to verify that the encapsulation
works and that individual wells are encapsulated independently. One major challenge is that
graphene tends to act like shrink wrap and conform to structures while excluding liquid.
This graphene “shrink wrapping” is observed in Figure 8.3c. In addition, adaptations to the
graphene encapsulation scheme are needed to ensure that YAP:Ce windows do not break
during the encapsulation process. Overall, graphene encapsulation is a promising method
for imaging samples with CLAIRE microscopy, yet some technical challenges still exist.

8.5 Conclusions and Outlook

A robust, reproducible method for liquid encapsulation is one of the final technical challenges
required for CLAIRE imaging in an aqueous environment. Each method mentioned in this
chapter, low vapor pressure liquids, macroscopic encapsulation, and graphene encapsulation,
have distinct advantages and disadvantages when integrated with CLAIRE imaging. The
use of low vapor pressure liquids is the most convenient approach to CLAIRE imaging in
liquids because these liquids are compatible with the vacuum environment of the SEM. Low
vapor pressure liquids, such as ionic liquids, however, are not compatible with biological
samples that need to be maintained under physiological conditions and therefore preclude
imaging dynamics in biological samples at the nanoscale with CLAIRE. During the parallel
development of other encapsulation approaches, ionic liquids could be used to understand
better how to imaging dynamic samples. The precise control over the liquid properties, such
as the viscosity and interaction with nanoparticle samples, could prove useful for optimizing
imaging conditions for dynamic imaging without worrying about the structural integrity of an
encapsulated liquid cell. Macroscopic liquid encapsulation is most similar to the traditional
way liquids are encapsulated for SEM and TEM with silicon nitride membranes, yet the
YAP:Ce films tend to rupture because they are not as robust as low-stress silicon nitride.
Graphene liquid encapsulation is a promising alternative to macroscopic liquid encapsulation,
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yet technical challenges still persist. Avoiding the water-excluding ”shrink wrapping” effect
of graphene is a challenge that may be overcome by adding additional rigidity to the graphene
layer through an adhered polymer.

Additional challenges for liquid encapsulation involve how to incorporate complex biolog-
ical samples that exhibit dynamics in two dimensions, such as lipid bilayers and molecular
motor proteins, into the liquid cell. Multiple approaches to sample encapsulation could allow
for a greater diversity of biologically-relevant samples. Additionally, compatibility between
the biological samples and YAP:Ce scintillator surface, as well as the different components
of the liquid cell, must be considered when interrogating systems of physiological relevance.
Strategies that involve surface modifications through both phyiscal and chemical approaches,
such as adding a thin layer of SiO2 with atomic layer deposition or modifying the surface with
a particular functional group with silane chemistry, could greatly aid the integration of such
samples. Overall, the basic steps towards sample encapsulation using multiple approaches
have been pursued, yet more challenges remain. Currently, CLAIRE imaging of dynamics
has been explored only in low pressure liquids, as described in Chapters 9 and 10.
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Chapter 9

Super-resolution imaging of
luminescent samples with CLAIRE
microscopy

Adapted in part with permission from Bischak et al., ”Cathodoluminescence-Activated Nanoimag-
ing: Noninvasive Near-Field Optical Microscopy in an Electron Microscope”, Nano Lett.
2015, 15 (5), 3383-3390. Copyright 2015 American Chemical Society.

9.1 Introduction

Since establishing the infrastructure for CLAIRE microscopy by producing scintillator thin
films (Chapter 6) and incorporating them into functional microfabricated imaging devices
(Chapter 7), we have turned towards towards optimizing imaging conditions to achieve the
highest possible spatial and temporal resolution. To this end, we have been using CLAIRE
microscopy to image a series of luminescent samples, as described in Section 9.2. We be-
gan by attempting to image phosphor samples that are compatible FRET acceptors with
YAP:Ce. These phosphors served as beneficial imaging targets because they are robust to
the electron beam and are also compatible with our first generation of imaging chips (see
Chapter 7). Next, we focused on imaging luminescent polymer blends to demonstrate that
CLAIRE imaging is compatible with samples that would be easily damaged by electron beam
excitation, as shown in Section 9.3. We show, based on the spatial anticorrelation between
the scintillator emission and sample emission, that FRET is responsible for the observed
image contrast.

Although the observation of FRET in the luminescent polymer blends demonstrates the
viability of CLAIRE microscopy, many important steps are required for imaging biological
samples. In this chapter, we also show in Section 9.3 how we took one of the first steps
towards imaging biological samples by imaging polymer nanoparticles with CLAIRE. These
nanoparticles could potentially be used as fluorescent tags on biological systems for imaging
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with CLAIRE microscopy. We additionally show the first instance of CLAIRE microscopy
capturing dynamics by observing a fluorescent nanoparticle in oil translate across the scin-
tillator surface. Last, we address strategies for lowering the background noise in CLAIRE
images by time-gating the optical detection in Section 9.4. Together, these initial experi-
ments on imaging fluorescent samples have allowed us to optimize our imaging conditions for
CLAIRE microscopy and demonstrate the feasibility of imaging dynamic, delicate systems
with high temporal and spatial resolution.

9.2 Attempting CLAIRE imaging of phosphors

Our first attempts at CLAIRE imaging focused on phosphorescent particles. Phosphores-
cent particles are typically composed of inorganic materials with luminescent dopants that
have relatively long radiative lifetimes (typically >1 µs). They are used often in lighting
applications. We chose these particles initially because the luminescent dopants can serve as
FRET acceptors when energy is transferred in the near field from the Ce3+ in the YAP:Ce
scintillator. Specifically, we chose to image Ba0.98Eu0.02MgAl10O17 (BAM) because of its
spectral properties. The excitation (black) and emission (blue) spectra of the phosphor of
BAM, as well as the CL spectrum of YAP:Ce (purple) are shown in Figure 9.1a. Because
the emission spectrum of YAP:Ce overlaps well with the absorption spectrum of BAM, we
expect BAM to serve as a good FRET acceptor. Figure 9.1b shows the geometry for the
CLAIRE imaging attempt. The BAM phosphors were embedded in ProTEK B3, which also
served as a support layer for the YAP:Ce scintillator film, as described in Chapter 7. The
resulting images are shown in Figure 9.1c-f.

For each image, two channels were recorded, one for the YAP:Ce emission (320-420 nm)
and one for the phosphor emission (440-480 nm). If the contrast mechanism were FRET, we
would expect the YAP:Ce channel and the phosphor channel to be anti-correlated since, in
the vicinity of the phosphor, the YAP:Ce donor should transfer energy to acceptor dopants
in the phosphor. In this case, however, we observe signal above the background in both the
YAP:Ce and phsophors emission channels at 2.0 kV (Figure 9.1c and d) and 3.0 kV (Figure
9.1e and f) at the location of the phosphor particles. Based on the images in Figure 9.1,
is difficult to conclude whether the signal at 2.0 kV comes from FRET or direct electron
excitation of the phosphor. In accordance with our simulations and experimental study of
electron beam penetration through the YAP:Ce free-standing film in Chapter 7, at 3.0 kV, we
expect direct interactions between the electron beam and the sample to dominate the signal in
the phosphor channel. At 2.0 kV, we anticipate that the signal in the phosphor channel comes
mostly from FRET. The absence of anti-correlations between the two channels, however,
make it difficult to be conclusive.

The initial imaging of phosphor particles sheds light on some of the many challenges
associated with CLAIRE microscopy. For instance, the positive signal in the YAP:Ce is from
non-resonant interactions between the YAP:Ce emission and the sample and is discussed
further in Chapter 10. These non-resonant interactions make it exceedingly difficult to
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Figure 9.1: (a) PL excitation (black) and emission (blue) spectra of BAM phosphors and the
CL emission spectrum of YAP:Ce (purple). (b) Schematic for CLAIRE imaging phosphor
samples. (c) YAP:Ce emission channel and (d) BAM emission channel at 2.0 kV. (e) YAP:Ce
emission channel and (f) BAM emission channel at 3.0 kV.
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Figure 9.2: (a) Schematic showing the geometry for imaging a luminescent polymer film. (b)
CL-activated image of scintillator film quenching due to the presence of the adjacent lumi-
nescent polymer sample. (c) CL-activated image of emission from the luminescent polymer
(PFO). The anticorrelation of panels b and c demonstrates that quenching of the scintillator
film in the presence of the polymer is proportional to energy transfer from the scintillator
film to the polymer, resulting in polymer emission. (d) YAP:Ce film CL emission is shown
in purple, the overlapping absorption of the PFO luminescent polymer is shown in blue, and
its photoluminescence (PL) emission is shown in green. (e) Fluorescence lifetime of YAP:Ce
(purple) decreasing in the presence of PFO (green). The instrument response function (IRF)
is shown in gray. (f) line-cut of the image in panel b at the position of the yellow line has
an 80/20 width of 68 nm.

determine whether FRET is occurring because the signal from these interactions can obscure
the anti-correlation expected from FRET. Although the contrast mechanism of the attempted
CLAIRE images of phosophors is ambiguous, the resolution of the images, particularly the
phosphor image at 2.0 kV (Figure 9.1f) is promising first step towards nanoscale imaging.

9.3 CLAIRE imaging of luminescent polymer blends

and polymer nanoparticles

Because our imaging study of phosphor samples left many open questions, we chose to
demonstrate unequivocally that CL-activated imaging can be used successfully to measure
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more delicate samples that could not be imaged with traditional CL microscopy. To show
that CL-activated nano-imaging can also be performed on soft materials that are easily dam-
aged by direct excitation with an electron beam, a conjugated polymer blend of polyfluorene
(PFO) and poly(9,9-dioctylfluorene-alt-benzothiadiazole) (F8BT), similar to one found in
bulk heterojunction organic solar cells [237], was encapsulated for imaging using a scheme
similar to that used with the phosphor samples (Figure 9.2a). Here, we used an accelerating
voltage of 1.8 kV. Based on our studies of electron penetration outlined in Chapter 7, we are
confident that very few if any electrons reach the sample. The imaging contrast mechanism
while imaging the luminescent polymer blend relies on FRET between the scintillator (donor)
and the PFO in the polymer film (acceptor), which is facilitated by physical proximity and
by strong spectral overlap between donor emission and acceptor absorption (Figure 9.2d).
This near-field, non-radiative transfer of excitation energy from donor to acceptor requires
that the amount of luminescence originating from a spot in the polymer film should be ac-
companied by a proportional decrease in the amount of luminescence from the adjacent spot
in the scintillator, which is precisely what we observe. By recording in parallel the emission
of YAP:Ce (Figure 9.2b) and the red-shifted emission of PFO (Figure 9.2c), we find that
the spatial maps of polymer and scintillator emission are anti-correlated in intensity. Areas
of low CL emission in Figure 9.2b appear where the scintillator film can transfer significant
excitation energy to nearby PFO; the corresponding regions in the Figure 9.2c PFO channel
are very bright. In contrast, high intensity YAP:Ce luminescence areas show that PFO is
too far from the YAP:Ce surface for significant amounts of energy transfer to occur, and
correspond to regions of low intensity in Figure 9.2c.

Our contrast mechanism interpretation is supported by the time-resolved PL measure-
ments in Figure 9.2e that show that the YAP:Ce lifetime is reduced from 16.5 ns to 10.2 ns
when PFO is applied to the surface. Additionally, a line-cut across a gradient in luminescence
in Figure 9.2b has an 80/20 width of 68 nm (Figure 9.2f), which is well below the diffraction
limit and is thus consistent with a near-field, rather than far-field, interaction between the
scintillator and polymer film. The intensity variations observed on this length scale could
be due to ripples in the film surface or due to the presence of F8BT, which could also act
as a FRET acceptor to PFO. Importantly, these images also demonstrate that CL-activated
imaging is non-damaging to soft materials. By contrast, attempts at direct imaging of similar
polymer films with an electron beam do not yield CL images due to instantaneous bleaching
of the organic chromophores upon interaction with the electrons.

Although the above demonstration shows how CLAIRE can be used in materials imaging
with endrogenous chromophores, to extend CLAIRE imaging to biological samples without
intrinsic luminescence requires developing nanoscale probes that can be used to tag the
samples. To this end, we have investigated the use of polymer nanoparticles, composed of
the same polymers as the thin films depicted in Figure 9.2. Figure 9.3a shows a schematic
for CLAIRE imaging of the polymer nanoparticles. The nanoparticles were deposited via
dropcasting on the surface of free-standing YAP:Ce. Their sizes range broadly from ap-
proximately 100 nm to several microns. Figure 9.3b shows a CLAIRE image of two of
the smaller nanoparticles with larger nanoparticle aggregates on the left. To confirm that
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Figure 9.3: (a) Schematic showing the geometry for imaging a luminescent polymer nanopar-
ticles composed of PFO/F8BT. (b) CLAIRE image of two polymer nanoparticles. (c)
CLAIRE image of a single polymer nanoparticle before and after bleaching with a 10 kV
electron beam. (d) Schematic of the CLAIRE geometry for imaging polymer nanoparticles
in oil. (e) Frames of a movie showing a polymer nanoparticle translating on the surface of
YAP:Ce.

the contrast mechanism for observing the polymer nanoparticles is fluorescence-based, the
polymer nanoparticles were bleached by increasing the accelerating voltage of the electron
beam from 2.0 kV to 10.0 kV and imaging for several seconds at 10 kV. Images of a single
nanoparticle before and after bleaching are shown in Figure 9.3c. After bleaching with the
electron beam, it is clear that the fluorescence intensity from the polymer nanoparticle has
decreased, signifying that the contrast mechanism is sample fluorescence. The non-zero in-
tensity of the particle after bleaching could stem from a couple of factors. The particle could
not be entirely bleached and, therefore, the remaining signal would be due to fluorescence
from the surviving chromophores in the polymer nanoparticle. Alternatively, the remaining
contrast could come from non-resonant interactions between dipoles in the scintillator film
and the polymer nanoparticle, which will be discussed further in Chapter 10.

Another aspiration for CLAIRE imaging is the ability to capture dynamics. Here, we also
use fluorescent polymer nanoparticles to demonstrate the first example of imaging a dynamic
process with CLAIRE microscopy. As depicted schematically in Figure 9.3d, a solution of
polymer nanoparticles in low vapor pressure hydrocarbon oil was placed on the surface of
a free-standing YAP:Ce imaging chip. The resulting CLAIRE images, as shown in Figure
9.3e, captures a particle diffusing at the YAP:Ce surface and then desorbing. In this case,
our frame rate is on the order of 5 seconds per frame, yet this could be improved with a
better signal-to-noise ratio.
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Figure 9.4: (a) Scintillator channel and (b) sample channel CLAIRE images of europium
chelate nanoparticles. (c) Lifetime traces of the europium chelate nanoparticles (red) and
YAP:Ce scintillator film (purple). (d) Scintillator channel and (e) sample channel CLAIRE
imaging with time-gated detection, collecting signal after 10 µs. (f) Line cuts of the CLAIRE
images (designated with the blue dashed line) with (blue) and without (red) time-gated
detection.

9.4 Time-gated CLAIRE imaging of luminescent

nanoparticles with long photoluminescence

lifetimes

In imaging fluorescent samples, a number of challenges emerged in obtaining CLAIRE images
with good signal-to-noise ratios. Because the CL emission of YAP:Ce has a spectrally red tail,
it can sometimes leak into the sample detection channel. One strategy to remove this elevated
background signal is to time-gate the detection of photons, allowing the background CL or
PL to decay before collecting the sample emission. This method is often used in biological
imaging to remove sample autofluorescence. Here, we use europium chelate nanoparticles
(100 nm in diameter) with a PL lifetime of 10 ms to demonstrate time-gated detection in
CLAIRE imaging. To perform a time-gated measurement, the electron beam excites the
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sample and is then blanked (shut off quickly) with a rise time on the order of 25 ns. Upon
electron beam blanking, luminescence from the sample collected by the photomultiplier tube
(PMT) and binned into 40 ns to 2 µs intervals. To generate an image, this processes is
repeated at each pixel, often multiple times to increase the signal-to-noise ratio.

Figure 9.4a and b show CLAIRE images of the scintillator and europium chelate nan-
ioparticle sample emission, respectively. By pulsing the electron beam and collecting the
emission in 2 µs time bins, we recorded lifetime traces of the europium chelate nanoparticles
and scintillator emission, as shown in Figure 9.4c in red and purple, respectively. By inte-
grating the emission signal in both channels after 10 µs, a substantial amount of background
signal is reduced. The resulting CLAIRE images with time-gated detection are shown in
Figure 9.4d and e. Since the YAP:Ce scintillator has an emission lifetime of 25 ns, no signal
from the YAP:Ce scintillator film is observed in the scintillator emission channel (Figure
9.4d), and the background in the sample emission channel has decreased (Figure 9.4e). Line
cuts across a single nanoparticle in the CLAIRE images with (blue) and without (red) time-
gated detection are shown in Figure 9.4f. Overall, based on the reduction in background
signal shown in Figure 9.4f, time-gating is a promising strategy for decreasing background
signal in CLAIRE imaging.

9.5 Conclusions and Outlook

In this chapter, we demonstrated the ability of CLAIRE to image fluorescent samples us-
ing FRET as a contrast mechanism. By imaging the luminescent polymer blend with high
resolution and no visible damage to the sample, we show that CLAIRE microscopy can non-
invasively interrogate materials at the nanoscale. In a step towards imaging dynamic pro-
cesses in soft materials, we also demonstrate the imaging of luminescent polymer nanoparti-
cles, which could potentially be used as fluorescent labels of biological samples. We show that
CLAIRE imaging can also capture the translational motion of these luminescent nanoparti-
cles when they are suspended in oil, paving the way for further studies of samples in aqueous
environments.

These initial studies on imaging luminescent samples revealed several challenges associ-
ated with CLAIRE imaging. First, because CL excitation is nonspecific and the YAP:Ce
emission tail may overlap with the detection wavelengths, the background in the sample
channel is often high. We described how we have taken the first steps towards mitigating
the high background by using a sample with a long lifetime and time-gating the emission
detection. In this first case, the long lifetime of the nanoparticles precludes dynamic studies,
but more rapid time-gating with a sample that has a shorter lifetime should be possible.
Second, observing anti-correlations between the YAP:Ce and sample channels is more diffi-
cult than originally anticipated. The signal in the YAP:Ce and sample channels are often
correlated rather than anticorrelated. As discussed in Chapter 10, non-resonant interactions
between dopants in the scintillator film and sample, particularly where there is a change in
the index of refraction, are often more prevalent than scintillator quenching due to energy



CHAPTER 9. SUPER-RESOLUTION IMAGING OF LUMINESCENT SAMPLES
WITH CLAIRE MICROSCOPY 102

transfer. These non-resonant effects must be appropriately considered and accounted for
or mitigated when interpreting or generating the signal in both the scintillator and sample
emission channels.

To achieve CLAIRE imaging of fluorescently-labeled or intrinsically fluorescent biological
samples at video frame rates and spatial resolution on the order of 20 nm will require a
number of additional steps. First, fluorescent probes must be developed that are good FRET
acceptors to YAP:Ce and bright enough to be imaged at high electron beam scan speeds.
If these fluorescent probes are unconventional (e.g. the fluorescent polymer nanoparticles),
procedures must be developed for tethering to biological samples. Second, compatibility
between the YAP:Ce surface and biological molecules must also be assessed. Strategies to
modify the YAP:Ce surface, including using a thin silicon oxide layer to make the YAP:Ce
surface more glass-like or depositing a thin layer of polylysine (as used in Chapter 11), could
allow for biocompatibility. Last, although studies of dynamics in uncoventional low vapor
pressure liquids are helpful for benchmarking the ability of CLAIRE to capture dynamic
processes, the completion of a robust liquid cell for aqueous sample encapsulation is required
for probing biological samples in their native environment. Overall, significant progress
has been made towards developing CLAIRE as a useful tool for nanoscale imaging of soft
materials using FRET as the contrast mechanism.

The studies outlined in the current chapter paint a promising picture for CLAIRE mi-
croscopy, demonstrating super-resolution imaging using FRET as the contrast mechanism in
both thin films and nanoparticle samples. Additionally, imaging nanoparticles in oil provides
promise for imaging biological samples under physiological conditions. Other contrast mech-
anisms, including using plasmonic enhancement, could also prove viable for super-resolution
imaging with CLAIRE, as outlined in Chapter 10.
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Chapter 10

Plasmonic enhancement as contrast
mechanisms for CLAIRE microscopy

Adapted in part with permission from Bischak et al.,“Cathodoluminescence-Activated Nanoimag-
ing: Noninvasive Near-Field Optical Microscopy in an Electron Microscope”, Nano Lett.
2015, 15 (5), 3383-3390. Copyright 2015 American Chemical Society.

10.1 Introduction

Aside from using FRET as the contrast mechanism for CLAIRE microscopy, as described in
Chapter 9, plasmonic enhancement can also serve as a contrast mechanism for imaging. The
plasmonic enhancement contrast mechanism relies on enhancement of the scintillator film due
to the presence of a metal nanoparticle. When the electron beam excites the scintillator in
the vicinity of a metal nanoparticle, excited Ce3+ dopants in the film couple to free electron
oscillations within the metal, leading to an increase in the radiative emission rate of the
scintillator and an increase in the collected emission. These interactions can be modeled using
finite-difference time-domain (FDTD) simulations, which agree well with our experimental
results. In this chapter, we use CLAIRE imaging along with FDTD calculations to describe
how the excited dopants in the scintillator film interact with Al plasmonic nanostructures
to increase its emission rate of the scintillator. We also show how metal nanoparticles could
serve as labels for CLAIRE imaging of biological samples by recording their motions at the
nanoscale.

In Section 10.2, we show how we can use CLAIRE imaging to image Al nanostructures
with nanoscale resolution. We then perform FDTD calculations to validate our CLAIRE
results in Section 10.3 and discuss the contrast mechanism of plasmonic enhancement in
Section 10.4. Next, we demonstrate CLAIRE imaging of Ag nanoparticles in Section 10.5
and show that we can image Ag nanoparticle dynamics with CLAIRE in Section 10.6.
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10.2 CLAIRE imaging of Al nanostructures

We first demonstrate CLAIRE imaging via local enhancement of the scintillator film by using
Al nanostructures, which are encapsulated in SiO2 directly below the YAP:Ce film (Figure
10.1a). We fabricated Al nanostructures using nanosphere lithography. Briefly, polystyrene
beads were first spin-coated onto the YAP:Ce scintillator film, forming a closely packed mono-
layer. Next, Al was deposited via electron beam evaporation. Last, the polystyrene beads
were removed in toluene. The resulting Al nanostructures are 50-nm-thick roughly triangu-
lar prisms and have a point-to-edge distance of approximately 270 nm, as determined before
encapsulation by atomic force microscopy (AFM) (Figure 10.1e) and SEM (Figure 10.1f).
A CL-activated image resolving Al nanostructures embedded under the YAP:Ce with a 1.8
kV, 1.2 nA electron beam, is shown in Figure 10.2a. The inset shows a higher magnification
CL image of an arrangement of six nanostructures and the corresponding SEM secondary
electron (SE) image. Because primary electrons do not reach the Al nanostructures, no ad-
ditional detectable SEs are generated due to the presence of Al, and the Al nanostructures
are not visible in the SE image. Spectra from the yellow- and red-boxed regions of the CL
image are shown in Figure 10.2b. Clearly, when the electron beam is positioned above an
Al nanostructure, the collected far-field radiation from the YAP:Ce film increases relative to
an area with no Al. Our imaging approach thus enables nanoscale mapping of underlying
samples by using the scintillating film as a high-resolution optical transducer that prevents
electrons from reaching the sample.

Characterizing this new imaging approach requires quantifying the resolution and con-
trast obtained in the CL-activated images. To determine our spatial resolution at 1.8 kV,
we consider the YAP:Ce luminescence measured along the yellow line across the edge of
an Al nanostructure (Figure 10.2c). The 80/20 width of the corresponding line-cut is 46
nm (Figure 10.2d), which is well below the diffraction limit. The luminescence intensity
collected above the Al nanostructures is distinct from that collected above SiO2, so that the
nanostructures are easily discerned from background luminescence. The combination of high
resolution and high contrast thus demonstrates the viability of CL-activated imaging.

The high contrast and resolution of our imaging platform results from the near-field in-
teractions between Ce3+ dopants in the scintillating film and the adjacent Al nanostructures.
We elucidate the nature of these interactions with a combination of time-resolved photolumi-
nescence (PL), spectrally-resolved CL, control imaging measurements, and finite-difference
time-domain (FDTD) simulations. As shown in Figure 10.2e, an additional 7.8 ns contribu-
tion to the PL decay of YAP:Ce (typically 16.1 ns) emerges when the Al nanostructures are
present. When the electron beam is positioned over an Al nanostructure in our imaging con-
figuration, the luminescence approximately doubles (Figure 10.2b). Furthermore, a control
imaging chip identical to that shown in Figure 10.1a, but without YAP:Ce, was also studied.
No detectable luminescence from the Al nanostructures was observed up to an accelerating
voltage of 5.0 kV, implying that the observed enhancement at 1.8 kV cannot be caused by
direct electron excitation.
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Figure 10.1: Schematic of the CLAIRE imaging chip and images of the Al nanostructures.
(a) Imaging chips consisting of a YAlO3:Ce scintillator film supported by LaAlO3 and SrTiO3

buffer layers and a Si frame. Al nanostructures embedded in SiO2 are positioned below and
directly against the scintillator film. The ProTEK B3 layer serves as a protective layer
during the Si wet etch. (b) Secondary electron (SE) image of the imaging device showing
four separate windows for imaging. (c) Far-field radiation emitted from the scintillator film is
collected by a parabolic mirror positioned above the imaging chip and is then directed outside
the scanning electron microscope (SEM) to a photomultiplier tube (PMT) or spectrometer.
(d) Close-up of the extent of electron scattering above a SiO2/Al boundary demonstrates that
the electrons do not interact directly with the Al, but excite the Ce3+ dopants in the YAP:Ce
layer within the volume delineated by the red dotted line. Atomic force microscopy (AFM)
(e) and SE (f) images of the Al nanostructures deposited on YAP:Ce prior to encapsulation
in SiO2 show that they are 50 nm thick with a point-to-edge distance of approximately 270
nm.

10.3 Finite-difference time-domain calculations of

luminescence enhancement

In addition to these experimental observations, a model of a CL line-cut across an entire Al
nanostructure, obtained with FDTD simulations, agrees with the corresponding experimental
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Figure 10.2: (a) Cathodoluminescence (CL)-activated image of Al nanostructures under
the YAP:Ce scintillator film (scale bar, 1.0 m). The inset shows a CL-activated image of a
cluster of six Al nanostructures and the corresponding secondary electron (SE) image. (b)
CL spectra of an area above an Al nanostructure (red) and an area with no Al nanostructure
present (yellow), which correspond to the red and yellow boxes in part a, respectively. (c)
CL-activated image of a single Al nanostructure. (d) Line-cut corresponding to the yellow
line in the CL-activated image in panel c over the edge of a nanostructure, with a sigmoidal fit
shown in red. The 80/20 width is 46 nm. (e) Photoluminescence (PL) lifetime measurements
of YAP:Ce thin film (blue) and YAP:Ce thin film over an array of Al nanostructures (red).
An additional 7.8 ns contribution to the PL decay emerges when the Al nanostructures
are present in addition to the isolated YAP:Ce PL lifetime of 16.1 ns. The PL instrument
response function (IRF) is indicated in gray.

line-cut through our CL image (Figure 10.3). The orientation of the nanostructure in the CL
image was determined based on its position with respect to adjacent Al nanostructures. To
simulate the experimental line-cut, we modeled the luminescence of a single radiating Ce3+

dipole placed above an Al nanostructure, and we scanned its position in 20 nm increments
along a 750-nm-long line running through the edge, center and tip of the nanostructure
at a range of heights above the scintillator-sample interface. At each point, and for three
orthogonal dipole orientations, the radiative enhancement factor was calculated based on the
radiative power flux through a surface positioned above the dipole to mimic light collection.
To mimic the fact that the electron beam activates a distribution of Ce3+ dopants, a weighted
average of the radiative enhancement of a three-dimensional distribution of dipoles centered
on a given pixels beam center position was calculated (Figure 10.4). The resulting line-cut



CHAPTER 10. PLASMONIC ENHANCEMENT AS CONTRAST MECHANISMS FOR
CLAIRE MICROSCOPY 107

Figure 10.3: Comparison between an experimental and theoretical line-cut of an Al nanos-
tructure. Experimental line-cut from edge to tip of an Al nanostructure (green) and the
simulated FDTD line cut (blue). The dots on the simulated line-cut indicate the location of
the center of the modeled dipole distribution for each position on the line-cut. The yellow
line in the inset CL-activated image indicates the position of the experimental line-cut. The
directionality of the line-cut is known due to the relative position of the metal nanoparticles
with respect to one another in nanosphere lithography, as shown in Figure 10.1.

from the FDTD simulations matches both the width and shape of the experimental line-cut
(Figure 10.3). Additional details regarding the FDTD calculations can be found in Appendix
C.

10.4 Contrast mechanism of plasmonic enhancement

for CLAIRE imaging

The above experimental and theoretical observations are consistent with the following phys-
ical interpretation, based on the fact that the detected luminescence from the Ce3+ dopants
in the scanned excitation volume of the YAP:Ce film maps the electromagnetic local density
of states (LDOS) over top of the Al nanostructure [238–248]. Depending on the location
of a given Ce3+ relative to an Al nanostructure, its emission could be enhanced, quenched
or even possibly reflected. The total Ce3+ luminescence collected over the course of a pixel
dwell-time is altered in proximity to the Al nanostructures because a Ce3+ transition dipole
induces a macroscopic polarization in the nearby metal nanostructure [238]. The in-phase
contribution to this polarization increases the Ce3+ emission rate and amplitude. A signif-
icant portion of the enhancement that we observe could arise from the edges and vertices
of the Al nanostructure. For example, the shoulder peak on the right-hand side of the ex-
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Figure 10.4: A CL-activated image of Al nanostructures (a). The yellow line indicates the
location of the line-cut plotted in b with a Gaussian fit to the data in red. The peak of the
Gaussian fit is divided by the average counts of the background taken from the white box in
to obtain the enhancement factor normalized to the background.

perimental line-cut in Figure 10.3 is reproduced in our FDTD simulations due to a higher
degree of enhancement from the Al nanostructure vertex. Separately, a sub-population of
Ce3+ emitters closest to the Al surface may be quenched. Both enhancement and quench-
ing effects could lead to the observed shortened lifetime component in Figure 10.2e. The
excitation energy in the near-field of some Ce3+ dopants further away (∼10-15 nm from the
surface) could, in principle, be radiated and detected in the far field through reflection off of
the Al surface due to induced optical oscillations of bound electrons, though such reflection
cannot entirely account for the observed increase in detected CL over top of the Al structures
or for the shortened PL lifetime component. The enhancement along the perimeter of the
nanostructure is well-resolved in the FDTD simulations of individual Ce3+ emitters nearby
the nanostructure (Figure 10.4); the enhancement once averaged over the multiple emitters
present in the electron beam excitation volume and plotted in Figure 10.3 is less pronounced
along the perimeter of the structure. Yet, the fact that the simulations agree well with our
experimental observations and also resolve the CL enhancement along the perimeter of the
nanostructure shows that reflection alone cannot be responsible for the contrast in our ex-
perimental CL-activated images In any case, each of these possible enhancement, quenching,
and reflective contributions to the observed signal is a manifestation of a near-field inter-
action between the Al nanostructure sample and the scintillating film that can give rise to
sub-diffraction imaging contrast.

The near-field imaging mechanism also explains the measured spatial resolution, which
results from convolving the electron beam excitation volume in the scintillator (∼20 nm
across) [33] with the distance-dependent profile of the electromagnetic interaction between
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Figure 10.5: CLAIRE images of Al nanostructures at different accelerating voltages and
analogous Monte Carlo simulations of electron trajectories. (a) Plot of the enhancement
factor versus the electron beam accelerating voltage. As the accelerating voltage increases,
the enhancement factor increases linearly (1.0-2.0 kV) and then plateaus (2.0-3.0 kV). (b)(e)
Representative images at 1.0, 1.6, 2.2, and 2.8 kV, respectively. (f) Monte Carlo simulations
of electron trajectories at 1.0 kV, 1.8 kV, and 2.2 kV. At 1.8 kV, the enhancement factor
is within error of the plateau value and the electrons do not penetrate past the interface
between the YAP:Ce film and the Al nanostructures.

the nanostructure and a single Ce3+ emitter, as shown in Figure 10.4. As such, the mea-
surable resolution for imaging this particular type of nanostructure is likely lower than the
resolution achievable with other samples. Regardless, our resolution, signal-to-noise ratio,
and contrast, in addition to the advantage of avoiding mechanical scanning, demonstrate
that plasmonically-enhanced CL-activation is a promising alternative to other imaging ap-
proaches.

To characterize how the imaging contrast depends on Ce3+ activation at different elec-
tron penetration depths into the YAP:Ce film, images of Al nanostructures were acquired at
accelerating voltages ranging from 1.0 to 3.0 kV. A plot of the CL enhancement factor versus
accelerating voltage is shown in Figure 10.5a, with representative images in Figure 10.5b-e
at 1.0 kV, 1.6 kV, 2.2 kV and 2.8 kV, respectively. Here, the enhancement factor repre-
sents the Ce3+ CL intensity measured above the Al nanostructures as compared to baseline
YAP:Ce CL levels at each measured accelerating voltage. The enhancement factor increases
linearly as the accelerating voltage increases from 1.0 to 2.0 kV, and it plateaus beyond
2.0 kV. By consulting Monte Carlo simulations [69] (Figure 10.5f) of elastic and inelastic
electron scattering as a function of accelerating voltage, we attribute the linear increase in
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Figure 10.5a to a progressive increase in the number of activated Ce3+ emitters that are
located close enough to the Al nanostructure to be enhanced. More of these dopants are
reached and excited as the electrons penetrate deeper into the film. Thus, between 1.0 and
2.0 kV the signal-to-noise ratio and enhancement factor both improve. Yet, beyond 2.0 kV,
the enhancement factor plateaus because there are no additional Ce3+ to be excited. The
plateau could also be caused by a balance of CL enhancement of some Ce3+ emitters and
CL quenching of others closer to the Al surface. In any case, the Monte Carlo simulation at
1.8 kV shows that very few electrons reach the Al even though they approach the interface.
Moving toward more delicate samples, 1.8 kV would thus be the ideal accelerating voltage
at this film thickness because the near-field interaction is maximized with a very low prob-
ability of electrons interacting directly with the sample. This agrees well with our previous
experimental evidence and simulations, as shown in Figure 7.7.

10.5 CLAIRE imaging of Ag nanoparticles

Plasmonic enhancement provides an alternative contrast mechanism to FRET for imaging
biological samples with CLAIRE. To be useful for biological imaging metal nanoparticles
must be attached to specific biological targets. To this end, we have explored using Ag-based
nanoparticles as nanoscale probes for biological imaging. We first evaluate the potential
use of Ag-based CLAIRE probes using 100 nm Ag nanoparticles with a 20 nm SiO2 shell.
These particles allow us to demonstrate that CLAIRE imaging with metal probes is feasible
even with a 20 nm spacer between the metal particle and the YAP:Ce layer. By changing
the collection wavelength, we can optimize the signal-to-noise ratio of the images and look
deeper into the contrast mechanism. Second, we explore using 100 nm Ag nanocubes as
probes for CLAIRE imaging to determine how a different nanoparticle shape contributes to
the resulting CLAIRE images. Overall, these metal nanostructures show promise as probes
for CLAIRE, yet further investigations into the details underlying the contrast mechanism
and the optimization of the resolution and signal-to-noise ratio are needed.

To characterize both the resolution and signal-to-noise ratio when using Ag nanoparticles
for imaging, we drop cast the Ag/SiO2 nanoparticles in ethanol on the YAP:Ce side of the
CLAIRE imaging chip. All images are acquired at 1.8 kV, which is the ideal accelerating
voltage for imaging, as shown in Figure 7.7. Figure 10.6a shows the imaging configuration
used to image the Ag/SiO2 nanoparticles with a SE image of a single nanoparticle shown
in the inset. CLAIRE images of the Ag/SiO2 nanoparticles are shown in Figure 10.6b with
the corresponding SE image taken at 15.0 kV shown in Figure 10.6c. The radial profile
of a single nanoparticle from the CLAIRE images is shown in Figure 10.6d. Based on the
CLAIRE images and associated radial profiles, a few trends emerge. First, the resolution of
the nanoparticles is highest at the collection wavelengths of <405 nm and decreases as the
collection wavelength increases. The signal-to-noise ratio, however, is highest when collecting
480-540 nm light. Second, the signal from the nanoparticles goes from above background
at 530-590 nm to below background at 670-730 nm with donut-shaped enhanced features
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Figure 10.6: CLAIRE images of 100 nm Ag 20 nm SiO2 core-shell nanoparticles at 1.8 kV.
(a) CLAIRE schematic of 100 nm Ag 20 nm SiO2 core-shell nanoparticles on the YAP:Ce side
of the imaging chip. (b) CLAIRE images of 100 nm Ag 20 nm SiO2 core-shell nanoparticles
at different emission wavelengths. (c) SE image of the 100 nm Ag 20 nm SiO2 core-shell
nanoparticles (d) Radial profiles of a single nanoparticle at different collection wavelengths.

observed at 599-659 nm.
The 100 nm Ag cubes, deposited on the free-standing YAP:Ce surface, have distinctly

different features. CLAIRE images of the Ag nanocubes were acquired in the same CLAIRE
imaging geometry as for the Ag/SiO2 nanoparticles, as shown in Figure 10.7a. SE and
CL images of the Ag nanocubes are shown in Figures 10.7b and c, respectively. An SE
image and CLAIRE images of the same Ag nanocubes are shown in Figure 10.7d and e-
i, respectively. As with the Ag/SiO2 particles, the best signal-to-noise ratio occurs when
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Figure 10.7: CLAIRE images of 100 nm Ag nanocubes at 1.8 kV. (a) CLAIRE schematic of
100 nm Ag nanocubes on the YAP:Ce side of the imaging chip. (b) SE image of the 100 nm Ag
nanocube and (c) corresponding CL image. (d) SE image of Ag nanocubes through YAP:Ce
at 15.0 kV. (e-i) CLAIRE images of the Ag nanocubes at different collection wavelengths.

480-540 nm light is collected. The resolution, however, does not change significantly when
the collection wavelength range is varied and the signal remains positive in all wavelength
ranges. By comparing the direct CL imaged of the cubic nanoparticles (Figure 10.7c) with
the CLAIRE images (Figure 10.7e-i), it is apparent that direct electron excitation of the
nanoparticles is not responsible for the observed contrast.

By using Ag/SiO2 core-shell nanoparticles and Ag nanocubes, we have shown that Ag
nanoparticles are promising, efficient probes for bioimaging. The signal-to-background ratio
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for the particles is high, 2.8 for the Ag/SiO2 core-shell nanoparticles and 3.0 for the Ag
nanocubes. We also discovered that the imaging resolution when using the Ag/SiO2 core-
shell nanoparticles is quite good given that the particles are 20 nm from the scintillator
surface. This high contrast and spatial resolution is promising for imaging biological samples,
such as proteins on a lipid bilayer, where the attached CLAIRE probe may be further than
5 nm from the scintillator surface. The next step is to demonstrate that Ag nanoparticles
function as effective CLAIRE imaging probes when imaging dynamic processes.

10.6 Imaging dynamics of Ag nanoparticles in low

vapor pressure ionic liquids

To demonstrate that Ag nanoparticles can be used to image dynamics with CLAIRE mi-
croscopy, we suspended 100 nm Ag nanocubes in an ionic liquid and placed a droplet of
the Ag nanocube ionic liquid solution on the sample side of a free-standing YAP:Ce scintil-
lator film and let the sample equilibrate for 1 hr. During the equilibration time, some Ag
nanocubes were affixed to the scintillator film. After the equilibration time, the CLAIRE
imaging chip was flipped over for imaging with the resulting configuration shown schemat-
ically in Figure 10.8a. Upon scanning across the scintillator film with the electron beam,
Ag nanocubes desorbed from the YAP:Ce surface. Figure 10.8b shows frames from a series
of images of the Ag nanoparticles desorbing. The mechanism behind the Ag nanoparticle
adsorption is not completely understood. It could stem from charges in the scintillator film
interacting with the Ag nanoparticle, repelling it from the surface. Nevertheless, although
Ag nanoparticles desorbing from the scintillator surface is a relatively simple example of a
dynamic process, this demonstration shows that CLAIRE microscopy is capable of capturing
dynamic processes with a frame rate at least as good as 0.05 s/frame with high contrast and
sub-diffraction spatial resolution.

10.7 Conclusions and outlook

In this chapter we introduced plasmonic enhancement as a contrast mechanism for CLAIRE
imaging. We demonstrated its the mapping of the luminescence enhancement of Ce3+

dopants in the scintillator film due to the presence of Al nanostructures with 46-nm resolu-
tion. Because CL-activated nano-imaging maps how the presence of the sample affects the
emission of nearby Ce3+ emitters, this approach provides information that is complementary
to typical electron imaging techniques used to study the optical properties of nanostructures.
For example, the more highly spatially-resolved electron energy loss spectroscopy (EELS)
and direct CL measurements both rely on direct interactions between electrons and the sam-
ple. We additionally demonstrated that Ag nanoparticles are promising CLAIRE probes
for imaging dynamics in biological systems by characterizing 100 nm Ag/SiO2 core-shell
nanoparticles and 100 nm Ag nanocubes. Imaging with Ag/SiO2 core-shell nanoparticles
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Figure 10.8: CLAIRE images of 100 nm Ag nanocubes desorbing from a surface at 1.8 kV.
(a) CLAIRE schematic of 100 nm Ag nanocubes on the YAP:Ce side of the imaging chip
encapsulated in ionic liquid. (b) Series of CLAIRE images showing Ag nanocubes desorbing
from the YAP:Ce surface.

also showed that CLAIRE is sensitive to the presence of an Ag nanoparticle even when it
is 20 nm from the scintillator surface. We then demonstrated that CLAIRE is capable of
imaging dynamic processes by capturing the desorption of Ag nanocubes from the scintillator
surface.

These initial studies on CLAIRE imaging of Ag nanoparticles demonstrate that metal
nanoparticles are promising labels for CLAIRE imaging of biological dynamics. Further stud-
ies are needed to determine the connection between particle size and the resulting resolution
and contrast when used for CLAIRE imaging. Smaller nanoparticles would be more ideal for
biological imaging since larger probes with likely perturb biological processes more. Addi-
tionally, FDTD simulations to characterize the interaction between metal nanoparticles and
excited dipoles in the scintillator film are needed to understand the wavelength-dependent
contrast observed with Ag nanoparticles. Overall, using Ag nanoparticles as CLAIRE probes
for biological imaging could lead to new insights into dynamic processes at the nanoscale,
particularly when integrated with a liquid cell that enables CLAIRE imaging of aqueous sam-
ples. In the next chapter, we discuss progress towards imaging photosyntheic membranes
using the intrinsic fluorescence of chlorophyll a as the signal.
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Chapter 11

Towards CLAIRE microscopy of
photosynthetic membranes

11.1 Introduction

Plants are exposed to fluctuations in light intensity on a variety of different time scales.
These fluctuations have a profound impact on the processes involved in photosynthesis.
Photosynthetic or thylakoid membranes house the protein complexes that are responsible
for absorbing, transporting, and storing energy. The thylakoid membranes, which are found
in chloroplasts, are typically arranged in stacks called grana, which are connected by stroma,
which are also composed of thylakoid membranes. In response to fluctuations in light inten-
sity, complexes in the thylakoid membrane migrate and reorganize to mitigate photoinduced
damage under high light conditions or allow for efficient photochemistry under normal or low
light conditions. For instance, when photosystem (PS) II, a multi-subunit membrane protein
in the thylakoid membrane that catalyzes the reduction of plastoquinone, undergoes oxida-
tive damage, one of its subunits, D1, migrates from the grana stacks to the stroma lamellae
[249, 250]. Dynamic processes, such as D1 migration, in the thylakoid membrane are poorly
understood because of the current limitations to super-resolution optical microscopy. Many
studies using cryogenic transmission electron microscopy (TEM) [200, 251, 252] and atomic
force microscopy (AFM) [202, 253, 254] have been used to characterize the static structure of
the thylakoid membrane. Low resolution optical methods, such as fluorescence recovery after
photobleaching, have also been used to characterize the diffusion of chlorophyll-containing
complexes [255–257]. The direct visualization of these dynamic reorganizations with super-
resolution imaging, however, has not been realized.

A handful of studies have used super-resolution microscopy with chlorophyll a s the
fluorescent species with varying success. Using ground state depletion (GSD) microscopy,
a super-resolution imaging method similar to stimulated emission depletion (STED) mi-
croscopy, images of chloroplasts were recorded using the intrinsic chlorophyll fluorescence at
better spatial resolution than than diffraction-limited fluorescence [258]. Yet, the spatial res-
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olution is not quite good enough to observed individual protein complexes, such as PSII, or
to resolve protein migration. Near-field scanning optical microscopy (NSOM) has also been
used to image thylakoid membranes with approximately 100 nm spatial resolution [259]. To
our knowledge, no super-resolution studies of the thylakoid membrane have been performed
using photoactivated localization microscopy (PALM) or structured illumination microscopy
(SIM). This is perhaps due to the need to introduce fluorescent labels for PALM. For SIM,
the spatial resolution obtainable is better than that of confocal microscopy, but not high
enough to resolve individual protein complexes. Although STED and NSOM can obtain
images of thylakoids using chlorophyll fluorescence with spatial resolution higher than that
of traditional fluorescence microscopy, observing dynamic processes at the relevant length
scales of protein complexes in the membrane remains a challenge.

In this Chapter, we describe the first steps towards CLAIRE of thylakoid membranes.
In Section 11.2, we show how interference effects can dominate the CLAIRE image if the
sample is not in an environment with a similar index of refraction. We then significantly
reduce signal from interference effects by placing the sample in an ionic liquid with the same
index of refraction as the sample in Section 11.3. Our results are the first example of imaging
a biological sample using its endogenous fluorescence with CLAIRE.

11.2 Interference effects impact CLAIRE imaging of

thylakoid membranes

One of the major challenges of CLAIRE imaging of thylakoid membranes are non-resonant
interference effects, which stem from light emitted from the scintillator that constructively
or destructively interferes with its own reflection off of an interface, as described in Chapter
5. When using CLAIRE to image fluorescent samples, these non-resonant effects must be
considered because of their contribution to the overall signal. In the simple example of a
silicon nitride film on the YAP:Ce surface, this interference effect can be resolved in the CL
emission spectrum of YAP:Ce in the CLAIRE imaging geometry, as shown in Figure 11.1a.
The YAP:Ce spectrum with the silicon nitride film present contains a series of peaks and
valleys that correspond to constructive and destructive interference between light emitted
from YAP:Ce towards the mirror and reflections off of the silicon nitride/vacuum interface.

For imaging applications, this signal can vary spatially over the sample, depending on
the local index of refraction and sample topography. As shown in Figure 11.1c, CLAIRE
images of thylakoid membranes are recorded at different wavelength ranges. If FRET were
the main contrast mechanism, we would anticipate a positive signal in the 675-725 nm
channel where chlorophyll emits, no signal in the 601-657 nm, 530-590 nm, 485-535 nm, and
425-475 nm channels, and a signal below the background level of YAP:Ce emission in the
<405 nm channel. What we observe, however, is a positive signal in all six channels. The
positive signal comes from the same interference effect observed with a silicon nitride on
YAP:Ce. Light is reflected off of the interface between the sample (n=1.4-1.5) and vacuum
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Figure 11.1: Non-resonant interference effects in CLAIRE imaging. (a) CL spectrum of
YAP:Ce in the CLAIRE imaging geometry with (blue) and without a 1 µm layer of silicon
nitride. (b) Schematic of the effect observed with silicon nitride. Light emitted from YAP:Ce
is reflected off the silicon nitride/vacuum interface, which causes wavelength-dependent con-
structive and destructive interferences. (c) CLAIRE images of thylakoid membranes at dif-
ferent collection wavelengths, demonstrating how interference effects impacts the collected
signal.

(n=1). As the collected wavelength range is changed, we observe different spatial patterns
of constructive and destructive interference, corresponding to different sample heights. For
instance, in the <405 nm channel, we observe a circular ring pattern corresponding to a
certain height. Moving to redder detection wavelengths, the diameter of the ring decreases
until a single, circular spot is observed, as shown for the 675-725 nm image.

Interference effects are a problematic, albeit avoidable, consequence of imaging complex
samples that have a refractive index different than their surrounding environment. The
obvious way to mitigate imaging artifacts related to interference effects is to place the sample
in a medium with the same index of refraction. As opposed to imaging dry samples in air,
imaging samples in liquid will substantially reduce this effect. Another strategy, as discussed
in Chapter 9, is time-gating the detection, so sample detection occurs after contributions
from interference effects have decayed. Although interference effects can hamper imaging via
FRET, there is potential to use these interference effects for the label-free, dynamic imaging
of biological samples based on topography.
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Figure 11.2: CLAIRE imaging configuration and thylakoid sample characterization. (a)
Schematic of the CLAIRE microscopy geometry used for imaging. (b) Emission spectrum
of YAP:Ce (purple), absorption spectrum of chlorophyll a, and emission spectrum of chloro-
phyll a. (c) Confocal microscopy image of chlorophyll deposited on glass (excitation - 405
nm, emission - 650-750 nm). (d) Atomic force microscopy (AFM) image of grana showing
individual and clusters of grana disks on a glass surface. (e) Higher magnification AFM
image of two grana membranes on glass.

11.3 CLAIRE imaging of thylakoid membranes

To perform CLAIRE imaging of thylakoid membranes in the configuration shown in Figure
11.2, the single grana layers need to sit flat on the substrate, so that FRET can occur between
the Ce3+ dopants in the scintillator film and chlorophyll a in the thylakoid membranes. As
shown in Figure 11.2, the emission spectrum of YAP:Ce (purple) overlaps with the absorption
spectrum of chlorophyll a (blue) and chlorophyll a emits around 680 nm. To ensure that the
grana sit flat against the scintillator surface, a monolayer of polylysine is first applied to the
scintillator as an adhesion layer and then the solution of circular thylakoid membranes from
a single layer of the grana is drop cast onto the scintillator film followed by rinsing with a
buffer solution. To demonstrate that the grana are both fluorescent and sitting flat against
the YAP:Ce surface, we performed confocal microscopy and atomic force microscopy (AFM)
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Figure 11.3: CLAIRE images of thylakoid membranes. (a) CLAIRE image of thylakoid
membranes collecting>647 nm. (b) CLAIRE image of the identical field-of-view after bleach-
ing. (c) Confocal microscopy image of the same area on the YAP:Ce free-standing film. (d-g)
CLAIRE images of the same field-of-view at different light collection wavelengths.

measurements. The confocal microscopy image in Figure 11.2c, shows that the grana appear
circular and are still fluorescent after deposition. The AFM images in Figure 11.2d and e
show that the grana are well dispersed on the surface with some areas containing clumps of
grana and other areas consisting of flat single-layer grana disks.

As shown in Figure 11.1, interference effects dominate the collected signal when imaging
thylakoids in vacuum with the CLAIRE geometry and no evidence of chlorophyll a fluores-
cence was observed. To reduce the interference effects, we use an ionic liquid to match the
index of refraction of the sample with the index of refraction of its environment. The ionic
liquid we chose is 1-butyl-3-methylimidazolium hexafluorophosphate ([Bmim] PF6), which
has an index of refraction of 1.4. We determined that encapsulation in the ionic liquid does
not significantly affect the brightness or spectral profile of chlorophyll a. [Bmim] PF6 was
drop cast onto the CLAIRE imaging chip directly prior to imaging.

The resulting CLAIRE image of the thylakoid sample shows significant contrast at the
desired emission wavelength (>647 nm), as shown in Figure 11.3a. To demonstrate that the
CLAIRE image is due to chlorophyll a fluorescence rather than non-resonant interference
effects, we performed a series of control experiments. A CLAIRE image of the same field-of-
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view after prolonged imaging is shown in Figure 11.3b. The decrease in signal from the bright
features suggests that the sample is bleached after repeated excitation from the scintillator.
Since interference effects cannot be bleached with repeated imaging, this demonstrates that
the signal is indeed fluorescence. We also collected confocal microscopy images of the same
area on the YAP:Ce chips and observed similar features to those in the CLAIRE image
(Figure 11.3c). To confirm further that interference effects are not playing a dominant role,
we collected CLAIRE images at a range of detection wavelengths (Figure 11.3d-g). Unlike
previous CLAIRE images of thylakoids in vacuum shown in Figure 11.1, we do not observe
any features aside from the YAP:Ce background in these channels. Surprisingly, we do not
observe the anticipated anti-correlation between the scintillator emission (Figure 11.3d) and
the chlorophyll a emission (Figure 11.3a) that is typically indicative of FRET. The absence
of anti-correlation between the scintillator and sample channels could be due to the low
signal in the chlorophyll a fluorescence channel. The change in brightness of the scintillator
film near a thylakoid membrane could be minuscule compared to the scintillator emission.

11.4 Conclusions and outlook

In this chapter, we demonstrated the first steps towards super-resolution imaging of bio-
logical materials with CLAIRE microscopy using the endogenous fluorescence of chlorophyll
a. Our results demonstrate the capability of CLAIRE to capture images of thylakoid mem-
branes on the surface of the scintillator film non-invasively. We additionally verified that
our contrast mechanism is actually fluorescence rather than interference by demonstrating
that the fluorescence is bleached after repeated imaging, the CLAIRE images closely match
confocal microscopy images, and we only observe contrast from the thylakoid membranes at
the emission wavelengths characteristic of chlorophyll a emission.

Although we proved that CLAIRE imaging is capable of imaging thylakoid membranes
using chlorophyll a fluorescence as the contrast mechanism, additional studies are needed
to improve both the signal-to-noise ratio and the spatial resolution of the CLAIRE images.
A few strategies could be used to improve both the signal-to-noise ratio and the spatial
resolution. First, optimizing the beam parameters, such as the accelerating voltage, current,
and scan speed, could improve the amount of light collected from the thylakoids before
bleaching. Second, increasing the detection efficiency of the CL apparatus by introducing
an objective or additional parabolic mirror underneath the CLAIRE imaging chip could
double the collection efficiency. Last, optimizing the sample preparation to ensure that the
thylakoid membranes are lying flat on the scintillator surface may increase the efficiency of
FRET from the scintillator to chlorophyll a.

The ability of CLAIRE to image thylakoid membranes using the endogenous fluorescence
of chlorophyll a demonstrates the potential for the eventual imaging of protein complex mi-
gration and reorganization with unprecedented spatial and temporal resolution. Elucidating
dynamic processes in thylakoids could have far-reaching implications in understanding how
energy is efficiently transferred at the nanoscale during photosynthesis. Under high light
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conditions, it would be possible to use CLAIRE imaging to reveal how the spatiotemporal
nanoscale dynamics of thylakoid membrane complexes relate to the mechanism of photopro-
tection. Overall, CLAIRE imaging has the potential to reveal the nanoscale mechanisms
underlying photosynthesis with unparalleled temporal and spatial resolution.
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Chapter 12

Overall conclusions and outlook

The combined approach of CILEE and CLAIRE imaging unlocks new classes of materials for
super-resolution optical imaging. More traditional super-resolution imaging approaches that
won the Nobel Prize in 2014, such as STED, PALM, and SIM, have significant limitations
when it comes to a wide range of samples. Optoelectronic materials are particularly difficult
for these methods because of their complex photophysics. One cannot simply attach a dye
to a specific feature in a functional material and use that fluorescent label as a reporter of
local photophysics, instead the intrinsic luminescence of the material must be interrogated.
Additionally, established super-resolution imaging methods generally have poor time reso-
lution, so observing dynamic processes in both biological and materials samples remains a
significant challenge.

Our new super-resolution imaging method, CILEE, provides the means to interrogate
such samples at the nanoscale, as shown through studies of hybrid perovskite materials,
revealing vital information linking nanoscale structure with nanoscale electronic properties.
By imaging photoinduced dyanmics in mixed halide hybrid perovskites, CILEE takes one
step further by rapidly capturing dynamic processes with high spatial resolution. Hybrid
perovskites are just only family of hybrid materials that have broad applications in optoelec-
tronics. In the future, CILEE will be extended to other hybrid materials to uncover their
structural and dynamic properties with unprecedented spatial and temporal resolution and
with minimal sample perturbations.

For softer materials, such as organics and biological samples, even low electron exposure
may damage or perturb sample dynamics or structure. Therefore, CLAIRE imaging as been
developed to leverage the advantages of CL microscopy, namely the fast scanning ability of
the electron beam and the nanoscale spatial resolution, while preserving the non-invasiveness
of fluorescence microscopy. We have developed CLAIRE into a super-resolution imaging
platform capable of imaging soft materials with high spatial resolution without direct inter-
actions between the electron beam and sample of interest. Additionally, CLAIRE has been
used to watch dynamic processes in both soft materials and plasmonic nanoparticle samples.
Overall, this dissertation lays the groundwork for CLAIRE as a new super-resolution imag-
ing approach capable of addressing many of the drawbacks of traditional super-resolution
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microscopies. After further technical developments, including developing a robust strategy
for aqueous encapsulation, CLAIRE will be a powerful approach to track biological dynam-
ics with high temporal resolution at nanometer length scales. Additionally, CLAIRE will
be a powerful tool to interrogate samples with intrinsic luminescence or samples, such as
plasmonic nanoparticles, that interact strongly with their local environment.
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(14) Fernández-Suárez, M.; Ting, A. Y. Fluorescent probes for super-resolution imaging
in living cells. Nat. Rev. Mol. Cell Biol. 2008, 9, 929–943.

(15) Betzig, E.; Lewis, A.; Harootunian, A.; Isaacson, M.; Kratschmer, E. Near Field
Scanning Optical Microscopy (NSOM). Biophys. J. 1986, 49, 269–279.

(16) Yacobi, B. G.; Holt, D. B., Cathodoluminescence Microscopy of Inorganic Solids,
Google-Books-ID: QbHhBwAAQBAJ; Springer Science & Business Media: 1990.

(17) Hörl, E. M. Scanning electron microscopy of biological material using cathodolumi-
nescence. Micron 1971, 3, 540–544.

(18) Barnett, W. A.; Wise, M. L. H.; Jones, E. C. Cathodoluminescence of biological
molecules, macromolecules and cells. J. Microsc. 1975, 105, 299–303.

(19) Herbst, R.; Hoder, D. Cathodoluminescence in biological studies. Scanning 1978, 1,
35–41.

(20) Niioka, H.; Furukawa, T.; Ichimiya, M.; Ashida, M.; Araki, T.; Hashimoto, M. Multi-
color Cathodoluminescence Microscopy for Biological Imaging with Nanophosphors.
Appl. Phys Express 2011, 4, 112402.

(21) Glenn, D. R.; Zhang, H.; Kasthuri, N.; Schalek, R.; Lo, P. K.; Trifonov, A. S.; Park,
H.; Lichtman, J. W.; Walsworth, R. L. Correlative light and electron microscopy
using cathodoluminescence from nanoparticles with distinguishable colours. Sci. Rep.
2012, 2, 865.

(22) Furukawa, T.; Niioka, H.; Ichimiya, M.; Nagata, T.; Ashida, M.; Araki, T.; Hashimoto,
M. High-resolution microscopy for biological specimens via cathodoluminescence of
Eu- and Zn-doped Y2O3nanophosphors. Opt. Express 2013, 21, 25655–25663.

(23) Wu, X. L. Photoluminescence and cathodoluminescence studies of stoichiometric and
oxygen-deficient ZnO films. Appl. Phys. Lett. 2001, 78, 2285–2287.

(24) Stevens-Kalceff, M. A. Correlation between morphology and cathodoluminescence in
porous GaP. J. Appl. Phys. 2001, 89, 2560–2565.

(25) Kalceff, M. A. S.; Phillips, M. R. Cathodoluminescence microcharacterization of the
defect structure of quartz. Phys. Rev. B 1995, 52, 3122–3134.

(26) Vesseur, E. J. R.; de Waele, R.; Kuttge, M.; Polman, A. Direct Observation of Plas-
monic Modes in Au Nanowires Using High-Resolution Cathodoluminescence Spec-
troscopy. Nano Lett. 2007, 7, 2843–2846.

(27) J. T. van Wijngaarden, E. V.; Polman, A. Direct imaging of propagation and damp-
ing of near-resonance surface plasmon polaritons using cathodoluminescence spec-
troscopy. Appl. Phys. Lett. 2006, 88, 221111.

(28) Atre, A. C.; Brenny, B. J. M.; Coenen, T.; Garćıa-Etxarri, A.; Polman, A.; Dionne,
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Appendix A

Sample fabrication

This appendix contains a comprehensive list of methods for fabricating samples.

A.1 Lead halide perovskite thin films

CH3NH3PbI3

CH3NH3PbI3 films were deposited via a solvent-engineering technique first demonstrated by
Jeon et al [140]. CH3NH3I and PbI2 were added in a 1:1 molar ratio to a 7:3 (v/v) mixture of
gamma-butyrolactone and dimethylsulfoxide to achieve a 1.3M concentration. The solution
was stirred at 60 ◦C for at least 6 hours and then filtered through a 0.45 µm nylon filter prior
to use. The precursor solution was spin-coated using ramp profile consisting of the following
three steps: (i) 5 sec ramp up to 1,000 rpm for 20 sec, (ii) 3,500 rpm for 25 sec, and (iii)
7,000 rpm for 7 sec. At the beginning of the last step, 1 mL of toluene was pipetted on to
the center of the spinning substrate. The resultant transparent film was annealed at 100◦C
for 15 min to fully convert the precursor into a smooth, dense perovskite film.

CH3NH3Pb(BrxI1-x)3 and CH3NH3Pb(BrxCl1-x)

CH3NH3Pb(BrxI1-x)3 was deposited via spin coating at 2000 rpm from 0.55 M solutions
containing different ratios of PbBr2 (Aldrich), CH3NH3Br (Dyesol) , PbI2 (Aldrich), and
CH3NH3I (Dyesol) in DMF (Aldrich). For CL and SEM imaging and in situ acquisition of
PL spectra, films were deposited on Si substrates and annealed in air at 100 ◦C for 5 min.
Films on Si were stored in N2 prior to imaging. For confocal microscopy and PL spectra
acquired outside of the SEM chamber, films were deposited on glass cover slips and annealed
in air at 100 ◦C for 5 min. A thin ( 0.5-1.0 µm) layer of poly(methyl methacrylate) (PMMA,
Aldrich) in anisole (Aldrich) was spun onto the sample to protect them from moisture. All
substrates were cleaned prior to perovskite deposition by sonicating in acetone (Aldrich)
and isopropyl alcohol (Aldrich) for 5 min each followed by O2 plasma cleaning in a reactive
ion etch (RIE) for 5 min. MAPb(BrxCl1-x)3 films were made using an identical procedure,
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replacing DMF with dimethyl sulfoxide (DMSO), PbI2 with PbCl2 (Aldrich), and CH3NH3I
with CH3NH3Cl (Dyesol).

CsPb(BrxI1-x)3

CsPb(BrxI1-x)3 films were fabricated by making 0.3 M solutions of CsBr (Aldrich)/PbBr2
and CsI (Aldrich)/PbI2 in DMSO and then mixing these solutions in the appropriate ratio.
Solutions were stirred for 1 h at 150 ◦C. Films were deposited on glass cover slips (prepared
as described above) by filtering through a 0.2 µm filter and spin coating while keeping the
solution at 150 ◦C. All films were annealed at 75 ◦C for 10 min. A thin (0.5-1.0 µm) layer
of PMMA was spun onto the sample to protect them from moisture.

A.2 Lead halide perovskite solar cell construction

Solar cell devices were fabricated on pre-patterned FTO/glass substrates. A compact TiO2

layer was spin-coated from a sol-gel solution consisting of 5 mL of anhydrous ethanol, 2
drops of hydrochloric acid, 125 µL of DI water and 375 µL of titanium ethoxide. The FTO-
coated glass substrates were cleaned via sonication in acetone and 2-propanol, and then
UV-ozone treated. 70 µL of the sol-gel solution was dispensed on the substrate and spun at
1,400 rpm for 30 sec. The films are first annealed at 115◦C for 30 min and then annealed
at 450◦C for 30 min. A TiO2 nanoparticle layer was spin-coated atop the compact sol-gel
layer at 1,400 rpm for 30 sec. The TiO2 nanoparticle film was annealed at 115◦C for 30
min and then annealed at 450◦C for 20 min. The perovskite film was deposited using the
method previously described above. Following deposition of the perovskite film, 2,2’,7,7’-
tetrakis-(N,N-di-4-methoxy- phenylamino)-9,9’-spirobifluorene (Spiro-OMeTAD) was spin-
coated from a chlorobenzene solution at 4,000 rpm for 25 sec. To prepare the Spiro-OMeTAD
solution, 72.3 mg of Spiro-OMeTAD was dissolved into 1 mL of chlorobenzene. Next, 28.8
µL of 4-tert-Butylpyridine and 17.5 µL of a bis(trifluoromethane)sulfonimide lithium salt
(Li-TFSI) solution, comprised of 520 mg of Li-TFSI in 1 mL of acetonitrile, were added to
the Spiro-OMeTAD solution. This Spiro-OMeTAD film was allowed to rest for at least 1
hour prior to thermally evaporating a molybdenum oxide hole-collection layer and aluminum
metal electrode. The molybdenum oxide was evaporated at a rate of 0.2 Å/s for a total
thickness of 15 nm and the aluminum was deposited at a rate of 20 Å/s for a total thickness
of 200 nm. All of the spin-coating processes were performed in ambient.

A.3 Focused ion beam patterning of YAP:Ce

YAP:Ce films were patterned by quenching luminescence through exposure to a focused Ga+

ion beam (FEI Quanta). The 200-nm silica beads (Corpuscular), deposited on the film out
of aqueous solution, masked the gallium beam. After milling, the beads were removed with
soaking in 1% Hellmanex, acetone, and deionized H2O.
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A.4 Dye attachment to YAP:Ce surface

7-Diethylamino-3-(4’-Maleimidylphenyl)-4-Methylcoumarin (CPM) was covalently attached
to YAP:Ce though a silane linker. CPM dye has the unique property that is it only lu-
minescent after reacting with a thiol. The thiol linker, (3-Mercaptopropyl)trimethoxysilane
(MPTS), was deposited on YAP:Ce through a vapor deposition. An aluminum heating plate
was heated to 100 ◦C, after which an eppendorf tube with 50 µL MPTS was placed in the
heating plate. The plate was then placed in a plastic vacuum chamber under house vacuum
with the YAP:Ce chip for 1 hr. After 1 hr, the YAP:Ce chip was removed and washed with
isopropyl alcohol. Next, the YAP:Ce chip was placed in 1 mg/mL CPM dye solution for 3
hr and then washed with water.

A.5 Luminescent polymer thin film deposition

For the blend of poly(9,9-di-n-octylfluorenyl-2,7-diyl) (PFO, H. W. Sands) and poly[(9,9-
dioctylfluorenyl-2,7-diyl)-alt-co-(1,4-benzo-2,1’,3-diadiazole)] (F8BT, Solaris Chem Inc.) imag-
ing device, a solution of 0.5% PFO and 0.5% F8BT by weight was prepared in o-xylene
(Aldrich) in a nitrogen environment and then spun onto the YAP:Ce side of the chip at 1000
rpm and 2000 rpm/s. Using a razor blade, the film was removed from a 1 mm border of the
chip to prevent contact between the polymer layer and the TMAH etchant. To protect the
polymer film from the TMAH etch, an adhesion layer of ProTEK B3 primer was spun onto
followed by ProTEK B3.

A.6 Luminescent polymer nanoparticle synthesis

A solution of 0.5% PFO and 0.5% F8BT by weight was prepared in o-xylene (Aldrich) and
filtered using a 0.2 µm syringe filter. 10 µL of the mixed polymer solution was then added
to 1 mL of methanol (Aldrich) while sonicating. The resulting particles were then quickly
transferred to the YAP:Ce imaging chip to prevent aggregation.

A.7 Al nanostructure deposition on YAP:Ce

For the Al nanostructure imaging device, nanosphere lithography was used to fabricate Al
nanostructures on the YAP:Ce film surface. A 26 mg/ml solution consisting of polystyrene
(PS) beads (Bangs Laboratories Inc.) with a 1.0 µm diameter in 8:1 water/methanol with
1% Triton X-100 (Aldrich) were spun onto the YAP:Ce side of the chip to create a monolayer
of closely packed PS spheres. The recipe for the spin coating was 800 rpm/2000 rpm/s for
10 s, 500 rpm/2000 rpm/s for 2 min, 2400 rpm/2000 rpm/s for 20 s, and 6000 rpm/5000
rpm/s for 6 s. These settings did not result in a complete monolayer of beads, but formed
islands of closely backed microspheres. Using a Semicore SC600 electron beam evaporator,
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50 nm of Al was deposited on the YAP:Ce side of the chip and the PS beads were removed in
toluene. The resulting Al nanostructures were then encapsulated in FOX-16 flowable SiO2

(Dow Corning) (4000 rpm/2000 rpm/s for 1 min) and the chip was annealed at 400 ◦C for 1
hour in a quartz tube oven. We confirmed that this anneal does not alter the properties of the
Al nanostructures. To protect the flowable SiO2 from the tetramethyl ammonium hydroxide
(TMAH) (25%, Spectrum Chemical) etch, an adhesion layer of ProTEκ B3 primer (Brewer
Science) was spun onto the flowable SiO2 followed by ProTEκ B3 (Brewer Science).

A.8 Ag nanoparticle deposition on YAP:Ce

Ag nanoparticles, nanocubes, and core-shell nanoparticlese were purchased from NanoCom-
posix. 0.5 µL of the stock solution was drop cast onto the YAP:Ce imaging chip. For
CLAIRE experiments with ionic liquid, 0.5 µL of ionic liquid (1-Butyl-3-methylimidazolium
hexafluorophosphate) was then deposited on the nanoparticle sample.

A.9 Thylakoid membrane deposition on YAP:Ce

Thylakoid membrane samples were received from the Niyogi lab at UC Berkeley. YAP:Ce
chip was placed in a reactive ion etcher (RIE) (Plasma Equipment Technical Services, Inc.)
and the YAP surface was gently cleaned with O2 (1.5 min, 50 sccm, 80 watts, 0.345 Torr)
and then placed in a poly-L-lysine solution (0.01% in diH2O, 30 minutes) (Sigma, P8920).
Chip was then rinsed with dI water and dried with N2. Sample aliquots of either deenveloped
chloroplasts (DECs) from spinach or single layer thylakoids (SLT) from Chlamydomonas were
taken from -80 ◦C freezer and thawed quickly in tap-temperature water then immediately
put on ice and covered with foil. To the 15 µL sample, Scheuring buffer (10 mM Tris, 150
mM KCl, 20 mM MgCl2, pH 7.3; 35 µL) was added. Sample was washed three times in a
microcentrifuge (DEC: 5000 rcf, resuspension in 100 µL Scheuring buffer; SLT: 20,000 rcf,
resuspension in 100 µL Scheuring buffer), and then the final pellet was resuspended in 15 µL
Scheuring buffer by plinking the Eppendorf tube until there were no visible clumps. Sample
was immediately put on ice and covered with foil. 10 µL of sample was pipetted onto the
YAP:Ce chip (YAP:Ce side) and allowed to sit in ambient conditions for 5 minutes. The
sample was rinsed by wicking with Technicloth (Texwipe Inc.) and doused with Scheuring
buffer (15 µL) five times, and then by wicking and diH2O (15 µL) five times. Sample was
then very gently dried with N2.
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Appendix B

Sample Characterization

This appendix contains a comprehensive list of methods and parameters used for sample
characterization.

B.1 Absorption spectra

UV-Vis absorption spectra in Chapters 6, 9, and 11, were acquired on an Agilent Cary-100
spectrophotometer.

B.2 Atomic force microscopy

Surface roughness of the YAP:Ce films, as shown in Chapter 6 was measured with a Veeco
Multimode atomic force microscope (AFM) operating in soft tapping mode with a 75 kHz tip.

Additional atomic force microscopy (AFM) was performed using an MFP-3D-BIO (Asylum
Research) using BudgetSensors Aluminum Coated Silicon AFM Probe Tap150AL-G-10 (Ted
Pella). For the hybrid perovskite thin films described in Chapter 3, images were acquired
with 512 x 512 pixels at a scan rate of 0.25 lines per second. For the Al nanostructures, as
shown in Chapter 10, images were also acquired with 512 x 512 pixels at a scan rate of 0.25
lines per second. AFM images of the thylakoid membranes were acquired with 512 x 512
pixels at a scan rate of 0.20 lines per second.

B.3 Confocal microscopy

Confocal microscopy images were collected with an IX83 inverted microscope (Olympus).
Photoluminescence (PL) images of CH3NH3PbI3 films, as shown in Chapter 2 were acquired
with a 40x 0.95 NA objective, scanning at 12 ms/line with 512 x 512 pixels using a 405 nm
laser as the excitation source. The confocal image of thylakoid membranes on YAP:Ce in
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Chapter 11 was collected with a 20x 0.75 NA objective scanning at 10 ms/line with 512 x
512 pixels using a 405 nm laser and the confocal image of thylakoid membranes on glass was
acquired using the same parameters but with a 40x 0.95 NA objective.

Emission spectra from CH3NH3Pb(IxBr1-x)3 in Chapter 4 were acquired by exciting the
films through a 40x 0.95 NA objective with a 405 nm LED (M405L2, Thorlabs) and col-
lected using a fiber-coupled QE65PRO spectrometer with a HC1-QE grating (Ocean Optics).

In Chapter 4, images of the Br-rich and I-rich regions were acquired simultaneously using a
560 nm dichroic filter and grating set to 500-550 nm and 650-700 nm, for the Br-rich and
I-rich regions, respectively. All images were acquired with 512 x 512 pixels with a 200 µm
x 200 µm field of view and a scan rate of 10 ms/line. For the I-rich cluster stabilization
demonstration, light soaking was induced with a 405 nm LED (M405L2, Thorlabs) at 100
mW/cm2, an image was acquired with a 405 nm laser at, a 635 nm laser was positioned in the
center of the field of view at 20.0 W, and after five minutes another image was acquired with
the 405 nm laser at 4.0 W. For the film luminescence patterning demonstration, the film was
constantly illuminated with a 660 nm LED (Thorlabs, M660L3) at 450 mW/cm2. A 405 nm
laser (350 nW) was used to induce halide phase separation locally for 2 min at each position.
To probe the induced pattern, a 405 nm laser (4.0 µW) was used, scanning at 10 ms/line.
PL spectra were acquired using a 405 nm LED (M405L2, Thorlabs) as the excitation source
and a fiber-coupled QE65PRO spectrometer with a HC1-QE grating (Ocean Optics).

B.4 Photoluminescence emission spectra

Photoluminescence (PL) spectra were collected with a Horiba Jobin Yvon Fluorolog-3 Spec-
trofluorometer. For the hybrid perovskite thin films described in Chapter 3, an excitation
wavelength of 405 nm was used. For YAP:Ce films and the FRET demonstration, as shown
in Chapters 6, 9, 10, 11, an excitation wavelength of 300 nm was used. For the emission
spectra of the BAM phosphor, polymer blend, and thylakoids in Chapters 9 and 11 a 370
nm excitation wavelength was used.

For PL lifetime measurements of YAP:Ce thin films, as shown in Chapters 6, 9 and 10,
a repetition rate of 1 MHz and a typical pulse width of <1.2 ns were achieved using an
attached 310 nm NanoLED (Horiba Scientific) as the time-correlated single-photon counting
(TCSPC) source. Using the Horiba Scientific Decay Analysis Software, DAS6, the lifetime
data for YAP:Ce was fit to a single exponential with a characteristic lifetime of 16.1 ns
and the lifetime data for YAP:Ce with Al nanostructures was fit to two exponentials with
lifetimes of 7.8 and 16.1 ns after taking into account the instrument response function. The
same procedure was used to fit the lifetime data of YAP:Ce with PFO, which was fit to a
single exponential with a characteristic lifetime of 10.2 ns.
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B.5 Rutherford backscattering (RBS)

Rutherford backscattering experiments (RBS) were performed on a system based on a model
5SDH pelletron tandem accelerator (National Electrostatics Corporation (NEC)) located at
Lawrence Berkeley National Lab (LBNL) and data was analyzed and simulated using Genplot
(http://www.genplot.com/). Genplot software was used to fit the RBS spectrum of a 20 nm
thick YAP:Ce samples on Si/LAO/STO.

B.6 Solar cell performance characterization

For the perovskite solar cell devices, as shown in Chapter 3, J-V curves of the under illu-
mination were measured in a glovebox using a Newport solar simulator calibrated with a
Si reference diode to match the AM1.5 spectrum. The device area was defined by a metal
aperture with an area of 0.06 cm2.

B.7 X-ray diffraction (XRD)

XRD patterns were obtained using a Bruker D8 Discover diffractometer with using Cu Kα
radiation and a 2D area detector.
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Appendix C

Theory and Calculations

C.1 Simulations for mixed halide hybrid perovskite

photoinduced phase separation

Adapted with permission from Bischak et al., ”Origin of reversible photoinduced phase sepa-
ration in hybrid perovskites”, Nano Lett. 2017, 17 (2), 1028-1033. Copyright 2017 Ameri-
can Chemical Society. Calculations of mixed-halide perovskites were performed by Professor
David Limmer.

Extension to path integral molecular dynamics (PIMD)
simulations and free energy calculations

The model we use to simulate the mixed halide hybrid perovskite borrows significantly from
recent work by Mattoni et al. [161] and older work by Lewis and Catlow [162]. Specifically
we adopt the mixed Lennard-Jones

U(r) = 4ε

[(σ
r

)12
−
(σ
r

)6]
and Buckingham

U(r) = Ae−rρ − C

r6

form for the potentials with parameters taken for the methylammonium (MA) molecules,
Pb2+ and I- ions from Mattoni et al. [161]. Lennard-Jones and Buckingham potentials
were truncated and shifted at 10 Å, and long ranged electrostatics were computed with
PPPM/Ewald. For simulations with Br- or Cl-, we derive parameters from the I- interactions
by scaling the size and in proportion to the ratio of the known ionic radii and used geometric
mixing rules as proposed by Lewis et al. [162]. Table C.1, C.2, and C.3 summarize the
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Pair A
(kcal/mol)

ρ (Å)
C (Å

6

kcal/mol)
Pair

A
(kcal/mol)

ρ (Å)
C (Å

6

kcal/mol)

Pb-
Pb

70359906 0.13126 0 I-C 112936 0.34243 0

Pb-I 103496 0.32174 0 I-N 112936 0.34243 0

Pb-
Br

103496 0.3037 0
Br-
Br

22793 0.4296 696.9495

Pb-
Cl

103496 0.2917 0
Br-
Cl

22793 0.412662 696.9495

Pb-C 32690390 0.15095 0 Br-C 112936 0.32321 0

Pb-N 32690390 0.15095 0 Br-N 112936 0.32321 0

I-I 22793 0.48222 696.9495 Cl-Cl 22793 0.3963 696.9495

I-Br 22793 0.45515 696.9495 Cl-C 112936 0.310458 0

I-Cl 22793 0.43720 696.9495 Cl-N 112936 0.310458 0

Table C.1: Buckingham potential parameters

parameters used where H1 refers to those hydrogens attached to the nitrogen and H2 to
those hydrogens attached to the carbon.

Simulation protocol

Simulations are run to sample an ensemble with constant temperature, T , pressure, p, and
chemical potential difference between two halide species, ∆µ. Constant temperature and
pressure constraints are sampled using a Nose Hoover integrator with Parrinello-Rahman
barostat [260] with 3 chains and 2 ps time constants suitable for a periodic system, and
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Pair ε
(kcal/mol) σ (Å)

Pb-H1 0.0140 2.26454

Pb-H2 0.0140 2.70999

I-H1 0.574 2.75

I-H2 0.574 3.10

Br-H1 0.574 2.5957

Br-H2 0.574 2.9260

Cl-H1 0.574 2.4932

Cl-H2 0.574 2.8105

C-H1 0.0414 2.23440

C-H2 0.0414 2.6798

N-H1 0.0517 2.1595

N-H2 0.0517 1.069

Table C.2: Lennard Jones Parameters
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Species Pb I/Br/Cl C N H1 H1

q 2.030000 -1.130000 0.771000 -1.100000 0.540000 0.023000

Table C.3: Partial Charges Used

with the methylammonium (MA) molecules held rigid following Zhang and Glotzer [261].
Grand canonical Monte Carlo moves are added on top of the molecular dynamics to sample
different halide compositions, or to sample different configurations at fixed composition, with
500 trial particle swaps every 200 integration steps. In this way, properties dependent on
various average compositions as well as the susceptibility to changes in concentration, can
be probed. A time step of 2 fs was used and most sets of calculations were equilibrated
for 50 ps, with initial geometries take from [262] and 10 ns were used to converge averages.
Integration and force evaluation were accomplished with LAMMPS [263].

Model validation and calculations and decomposition of the
enthalpy of mixing

Using the model and simulation protocol described above, we have validated our model by
computing the bulk lattice and elastic constants. Bulk moduli were computed for pure halide
lattices by computing the compressibility from the mean squared volume fluctuations. This
yielded 17.5, 17.4 and 15.4 GPa, for pure I, Br and Cl lattices. These are within 25% of
experiment [264]. In addition, we have computed average lattices constants of 6.26 Å, 5.80
Å, and 5.50 Å for pure I, Br and Cl lattices which are within 1% agreement with experiment
[265]. Lattice constants as a function of composition are shown in Figure 4.2c with linear
interpolations between pure lattices.

Results for the average concentration as a function of chemical potential difference are
shown in Figure 4.2. A reference value of 5.5 kcal/mol and 20 kcal/mol is used to place
both curves on the same scale. These curves indicate that exchange between I- and Br-

is continuous, though with a peak in susceptibility around ∆µ=0. This is consistent with
the ground state stability of these mixtures. However, exchange between I- and Cl- appears
discontinuous, with a jump in concentration around ∆µ=0, consistent with the observed
instability of mixtures of these materials.

In order to understand the energetic driving forces for phase separation we have computed
the enthalpy of mixing at fixed composition and either at fixed stress, 1 bar, or at fixed
volume. We follow the procedure outlined above for the molecular dynamics simulations,
and compute the enthalpy per unit cell as
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Species Pb C H1 H2

R/Å 3.1 1.1 1.0 1.0

Table C.4: Short Range Cutoffs

∆Hmix(x) = 〈H〉 − x[〈H(x = 0)〉 − 〈H(x = 1)〉]

where x is the composition of the smaller halide in each mixture. The constant volume
calculations are done with a volume fixed by linearly interpolating between the pure lattices.
The results of these calculations are shown in Figure 4.2 where the red data denotes constant
strain and the blue constant stress. The shaded regions in those plots are fits to the Flory
form,

∆Hmix(x) = χx(1− x)

which allows us to extract a critical demixing temperature, assuming a Flory-Huggins form
for the free energy.

Extension to PIMD simulations and free energy calculations

To extend the molecular model to incorporate effects from photo-generated charges, we used
a path integral molecular dynamics description on an excess charge, with pseudo potentials.
The form of the pseudo potential consisted of simple Coulomb interactions for the excess elec-
tron and anionic species, and short-ranged truncated Coulomb interactions for the cations.
The cut-off radii were chosen as the ionic radii of each species and reasonably recover the
known ionization potentials for each cation. The values are summarized in Table C.4. Ring
polymers with 1024 beads were found to be sufficient to converge the average radius of gy-
ration, and a fictitious mass of 1 amu was used in the calculations with a timestep of 0.5
fs.

Simulations with the excess charge were accomplished using the same procedure outlined
above. To compute the free energies as a function of composition, simulations were run with
β∆µ = {-3,3}, in steps of 0.5. In the case of the excess charge, where nucleation barriers
between iodide-rich and bromide-rich phases result in poor sampling near coexistence, replica
exchange was performed by scaling the temperature associated with grand-canonical moves
between 300 κ-600 κ in increments of 30 κ. WHAM was used to combine the different
ensemble calculations into a single free energy estimate [266], reweighted to coexistence,
with errors computed from standard bootstrapping. The binding energy is computed from
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the change in the average potential energy and the deformation size is computed from the
radius of gyration of the ring polymer weighted by the electron phonon coupling.

Landau theory with strain and excess charge

We start by assuming that the phase separation between different halide species satisfies a
Flory-Huggins solution theory,

Hc =

∫
r

χφ(r)[1− φ(r)] + T{φ(r)ln[φ(r)] + [1− φ(r)]ln[1− φ(r)]}

where χ is related to the excess enthalpy of mixing, T is the temperature, and ρ is the local
concentration of iodide relative to bromide. Assuming that the light does not induce plastic
deformations or other large scale morphological transitions the strain field can be assumed
to be Gaussian,

Hl =

∫
r

KΣ2(r)/2(1− ν)

Here Σ is the local strain field, K is bulk modulus in the mixed phase and ν is Poisson’s
ratio. For simplicity the elasticity is assumed to be isotropic. To lowest order these fields
are coupled with a bilinear term,

Hc,l =

∫
r

c2Σ(r)φ(r)

where the coupling coefficient c2 is taken to be proportional to the change in lattice constants,
a, with composition [267]:

c2 = 2ηK/(1− ν)

where η = d lna/dρ evaluated at ρ = 1/2. This theory offers a complete description of the
ground state free energy surface. Adding these three terms together, integrating out the
strain fields and expanding φ around 0.5, a φ4 theory is obtained [268],

H =

∫
r

m[φ(r)− 1/2]2 + u[φ(r)− 1/2]4

where m = 2T − 2κη2/(1− ν), and u = 4T/3. The free energy is determined by evaluating
this Hamiltonian within mean field theory by finding solutions to the equation,

dH

dφ(r)
= 0.

that minimize the Hamiltonian. Then the per unit cell free energy is
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∆F (x) = H[φ]

For Br/I mixtures, m is taken from the molecular dynamics simulations and set to m =
2T (κ)− 390κ.

In order to describe light-induced phase separation an additional term reflecting the elec-
tronic degrees of freedom must be added. We do this following the deformation potential
theory for electron-phonon interactions15, and make a semiclassical appromixation to de-
couple the electronic and ionic motions [167]. Specifically we add the lowest order coupling
between excess charge density and the strain and composition fields,

He,l−c =

∫
r

αΣ(r)|Ψ(r)|2 + εφ(r)|Ψ(r)|2

where α is the dimensionless electron-phonon coupling constant and ε <0 is the energetic
bias of an excess charge to reside on the Iodide rich regions. |ψ|2 is the excess charge
density localized to a region l3. The kinetic energy of the electrons has been neglected.
This additional term in the Hamiltonian is linear and permits the strain field from still
being integrated out. This results in an effective Hamiltonian in the excited state along the
symmetry line ε = 0,

H =

∫
r

m[φ(r)− 1/2]2 + u[φ(r)− 1/2]4 − g|Ψ(r)|2|φ(r)− 1/2|

where g = 2α|η|. The mean field approximation can be used to compute the free energy,
phase diagram and extent of demixing as done previously in the ground state. For the
calculation in Figure 4.3, we use g = 0.57κ, which is arrived at from the polaron binding
energy and extent computed from molecular dynamics simulations.

Discretizing the theory to study clustering dynamics

In order to simulate the clustering process, we develop an effective discretized version of the
Landau theory outlined above. We do this by making two approximations 1) that the phase
separation can be modeled by an Ising model and 2) that the influence of the polaron is to
locally renormalize the coupling between the nearest neighbor sites. The Hamiltonian for
the model is

H = −
∑
<ij>

Jijsisj − λ
∫
r

∑
i

ρ(r)siδ(r − ri)

where the sum runs to the N sites, si = {±1}, δ(x) is Diracs delta function, and ρ(r) is the
polaron density parameterized by a center and a length, l. The density is assumed to have
the form
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ρ(~r) =

(
1

2πl

)3/2

e−~r
2/2l2

and the local coupling depends on its location through

Ji,j = Jo + δ

∫
r

∑
i,j

ρ(r)δ(r − rij)

where λ biases the polaron to be in the iodide rich regions.
We associated nearest neighbor swapping between lattice sites to model the diffusion of

the halides, and a continuum diffusive dynamics of the excess charge. The characteristic
timescales for both of these motions is known experimentally, with halide hopping occurring
every 1 ms [129], and polaron motilities about 1000x faster. The dynamics are propagated
with Monte Carlo using standard Metropolis acceptance criteria with the Hamiltonian above.

The parameters used to reproduce the PL intensity as a function of time in Figure 4.6b
are, T = 1, Jo = 0.3, λ = 0.2, l = 5, ∆ = 0.5 with N swap attempts set to a physical time
of 1 ms. The system is simulated on circle of radius 50 sites with open boundary conditions.
These conditions mimic the strain relaxation at the boundary of the grain, effectively biasing
the minority species to the boundary in the demixed phase. To simulate the PL intensity as
a function of time, the system is initialized with a uniform spin distribution and the polaron
placed in the center of the grain. To converge Figure 4.6b, 10,000 trajectories were averaged.

C.2 Monte Carlo simulations of electron beam

trajectories with the CASINO software package

Monte Carlo simulations of electron trajectories were performed using the CASINO v3.2 pro-
gram. CASINO simulations were often used to determine the depth of electron penetration
into a materials, which was used often in the CLAIRE studies to determine if electrons were
penetrating through the free-standing scintillator film (Chapters 6, 9, and 10). CASINO
simulations were also used in the depth-dependent study on lead halide hybrid perovskite
materials (Chapter 3). A general procedure for performing these simulations is below:

1. Create the sample layers. Make sure that the layers extend out further than the width
of the electron scatter (typically 1000 nm in the x and y directions).

2. Specify the material for each layer. Here you will specify both the composition and
density of the materials in the sample.

3. Specify the parameters for the electron beam. For good statistics, the number of
simulations electrons should be around 100,000. Energy can be specified from 1 to 30
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keV. There is an option to generate secondary electrons, but it has not been explored
thoroughly in this work. The beam diameter is also specified.

4. Choose a physical model. The simulations in this dissertation were performed with the
default parameters, yet other physical models for electron scattering can be used.

5. Press the green play button to start the simulation.

6. The simulation data can be exported in two ways. By clicking on Edit and then Export
Data, you can export every simulated electron trajectory. This is useful for importing
and visualizing the data in Matlab. By first clicking on Energy Scan and then exporting
the data, you generate a 3D map of energy deposition into the sample.

Further information can be found in the CASINO User Manual, which is included in the
Documentation folder of the downloaded software.

C.3 Finite-difference time-domain calculations

Finite-difference time-domain (FDTD) calculations using Maxwells equations to calculate
the enhancement of dipoles in the vicinity of the Al nanostructure were performed using
FDTD Solutions by Lumerical Solutions, Inc. The basic idea behind these simulations is
that a dipole in the vicinity of a plasmonic metal nanostructure will have enhanced emission
due to the presence of the particle, which acts as an antenna. More information can be found
about this phenomenon in Chapter 5.

The calculations performed here are based on the tutorial on fluorescence enhancement
found online at the Lumerical website. In the simulations, the Ce3+ dopants were modeled
as a time-windowed dipole source that radiates between 320 and 450 nm using a grid size of
1.0 nm. The calculations were performed in an environment identical to the imaging chip.
Al nanostructures were constructed using the height obtained from the AFM image (Figure
10.1e) and using lateral dimensions obtained from the SE image (Figure 10.1f).

When performing FDTD calculations, the light collection geometry is very important. In
the simulation, a surface is specified. The radiated power flux through this surface determines
the dipole enhancement. Therefore, this surface should be as similar to the collection of the
CL mirror as possible.

For the simulations of Al nanostructures, we performed simulations of a single Ce3+ dipole
at many different locations within the YAP:Ce film above the nanostructure. The modeled
Ce3+ dipole in the YAP:Ce layer was positioned above the surface of the nanostructure, and
simulations were performed for a dipole placed in 20 nm increments along a 750-nm-long line
running through the edge, center and tip of the nanostructure (Figure C.1b) at distances of
5 nm, 10 nm, and 15 nm from the YAP:Ce/Al interface in the z direction (Figure C.1a). At
each point, the enhancement of the total radiated power was calculated for three orthogonal
dipole orientations oriented along the x, y, and z axes.
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Figure C.1: A schematic of the side view (a) and top view (b) of the simulation geometry are
shown (scale bars 250 nm in x). Each point in both images represents an FDTD simulation
of an individual dipole. Green, orange, and pink points in a represent dipole positions 15
nm, 10 nm, and 5 nm from the interface between YAP:Ce and Al or SiO2. Blue points in b
represent dipoles positioned along the center of the nanostructure and red points are dipoles
displaced 20 nm from the blue ones. A plot of the enhancement factor versus distance (c)
shows the dipole orientation dependence of the enhancement, where dipoles are oriented
along z (blue), x (green), and y (red). A plot of enhancement factor versus distance after
averaging the dipole orientations (d) shows how the enhancement changes when the dipole is
5 nm (blue), 10 nm (green), and 15 nm (red) above the YAP:Ce-Al interface. The schematics
in e and f show how the number of electron collisions are partitioned for a given slice of the 3
x 3 x 3 array used to weight the enhancement factors viewed from the side and from above,
respectively (scale bars 20 nm).

Enhancement of the radiated power is calculated by integrating the radiative power flux
passing through a surface above the nanostructure and adjacent layers. The radiated power
is only considered in this direction because this is also the direction in which light is collected
with the parabolic mirror in the experimental setup (Figure 10.1c). The value calculated is
a ratio between the power radiated in the presence of the Al nanoparticle and device layers
(Prad Al) and the power radiated if the dipole were in vacuum (P0). Plots of Prad Al/ P0 versus
distance for dipoles oriented in x, y, and z are plotted in Figure C.1c. A more appropriate
comparison to our experimental data is a ratio of Prad Al and the power radiated by a Ce3+

dipole in an imaging chip that lacks the Al nanostructures (Prad no Al). We calculated this
value using the same method as above with the Al nanostructure removed. Therefore, if we
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assume that the dipoles in YAP:Ce are oriented isotropically due to multiple allowed 4f to
5d transitions, our enhancement factor at each point is equal to:

ηrad =
PradAlx + PradAly + PradAlz

PradnoAlx + PradnoAly + PradnoAlz
=

PradAl
PradnoAl

(C.1)

where Prad Al x, Prad Al y, and Prad Al z are the radiative power flux calculated in the config-
uration of Figure C.1 (with Al present) for dipoles oriented in x, y, and z, respectively,
and Prad no Al x, Prad no Al y, and Prad no Al z are the radiative power flux calculated with no Al
present for dipoles oriented in x, y, and z, respectively. Radiative enhancement occurs when
Prad Al/Prad no Al >1. Figure C.1d shows the respective plots for Prad Al/Prad no Al for dipoles
at 15 nm, 10 nm, and 5 nm from the surface.

Since, in our CL-activated imaging, the electrons scatter within YAP:Ce and excite a
distribution of Ce3+ in x, y and z, computing the enhancement of a single dipole at var-
ious points across the surface of an Al nanostructure is not a sufficient approximation of
our experimentally measured enhancement factor. To account for the extent of electron
scatter within the material, simulations were also performed at points along an additional
cross-section displaced by 20 nm from the original cross-section (Figure C.1b, red dots) at
distances of 5 nm, 10 nm, and 15 nm from the metal surface in the z direction. We used elec-
tron trajectories calculated using Monte Carlo CASINO simulations to determine how many
dipole locations had to be included to mimic a pixels signal in our experimental CL-activated
image. The yellow areas in Figure C.1a and C.1b show the bounds of the extent of electron
scattering within the material for a particular electron beam position. The corresponding
volume includes the locations of 27 different single dipole calculations. We compute the
enhancement factor of each of these dipoles and weight the result based on the number of
electron collisions in the vicinity of each dipole. Figure C.1e and C.1f show the electron
trajectories of a Monte Carlo simulation and the black grid demonstrates how the electron
collisions are partitioned into a 3 x 3 x 3 array totaling 27 different areas. The enhancement
factor for the CL-activated volume centered on a given blue point in Figure C.1b, ηCL, can
therefore be written as a sum of the contributing enhancement factors from surrounding
modeled dipoles, each multiplied by the relative number of electron collisions in the vicinity
of each of these dipoles:

ηCL =

∑27
i=1

Ni

Ntotal

PradAl,i

P0,i∑27
i=1

Ni

Ntotal

PradAl,i

P0,i

(C.2)

where ηCL is the computed theoretical enhancement factor for the Ce3+ dipoles activated
by the electron beam, i is an index associated with the dipole corresponding to one of the
27 partitions of the electron scattering volume (as shown in Figure C.1e and C.1f), Ni is
the number of electron collisions in the volume represented by the ith dipole, Ntotal is the
total number of electron collisions in all 27 regions combined, Prad Al, i is the radiative power
calculated when Al is present for dipole i, P0,i is the radiative power calculated in vacuum for
dipole i, and Prad no Al, i is the radiative power calculated when no Al is present for dipole i.
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We repeat this procedure for each electron beam location along the x-axis in our simulation
geometry in order to generate a model for the experimental line-cut in Figure 10.2, which
shows the computed enhancement factor (ηCL) versus electron beam position.
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Appendix D

Pulsed Laser Deposition

Adapted in part with permission from a procedure developed by David M. Kaz.

This is a procedure for performing pulsed laser deposition of YAlO3:Ce on a substrate con-
sisting of consisting of layers of epitaxial LaAlO3 (LAO) and SrTiO3 (STO) on Si, in the LII
chamber in the Ramesh/Martin lab at UC Berkeley.

D.1 Prior to pulsed laser deposition

Substrates for pulsed laser deposition (PLD) growth of YAlO3:Ce (YAP:Ce), consisting of
20 nm LaAlO3 (LAO), 1.2 nm of SrTiO3 (STO), and 200 µm Si, were acquired from Darrell
Schlom’s group at Cornell University. In the past, Zhe Wang and Carolina Adamo grew
these layers with molecular beam epitaxy (MBE) on 3” 100 Si wafers. We typically ordered
the wafers from Virginia Semiconductor and sent them to the Schlom lab for MBE. It is
important make sure that the wafers are 100 Si with +/- 0.1◦ and that both sides of the
wafer are polished.

Upon receiving the wafer from the Schlom group, it is important to check the quality of
the SrTiO3/LaAlO3/Si substrate using scanning electron microscopy (SEM) and atomic force
microscopy (AFM). Pristine samples should have a surface roughness on the order of 100-200
pm by AFM with no visible features in the SEM. After determining that the LAO/STO/Si
chips are of high quality, the wafer was diced in Marvell Nanofabrication Laboratory using
the Disco DAD3240 Automatic Dicing Saw into 5 x 8 mm chips.

The YAP:Ce target is purchased from Semicro. They are 0.5% wt Ce3+, 0.5 mm thick,
and 1” in diameter. They are attached using carbon tape to a copper mount.

D.2 Cleaning samples for PLD

Prior to PLD growth, samples are cleaned as follows:
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1. Soak in a beaker with acetone for 2 min.

2. Soak in a new beaker with acetone for 2 min.

3. Soak in a beaker with IPA for 2 min.

4. Soak in a beaker with water for 2 min.

5. Soak in a beaker with HPLC methanol for 2 min.

6. Soak in a beaker with water for 2 min soak.

7. Blow dry with nitrogen.

Sonication is not required and can destroy epitaxial films.

D.3 Substrate preparation

If the chamber is under vacuum:

1. Make sure the turbo gate-valve is fully closed before venting the chamber.

2. Slowly open the O2 inlet valve and monitor the pressure.

3. When the pressure reaches 760 or says OL, close the O2 valve.

4. Slowly open the green venting knob to flush the system with ambient air (you should
hear a soft hiss, not a loud one - too much flow will shoot crap into the pressure gauge).

5. As the pressure equilibrates the hissing will diminish. keep opening the valve slowly
until the hissing stops. The chamber is now vented.

Once the chamber is vented:

1. Make sure shutter is in front of substrate.

2. Remove the heater flange and place on rack next to chamber.

3. Remove samples from heater, if present, using razor to pry them off carefully and store
them

4. Using a razor blade, scrape off previous silver paint from substrate heater. Blow off
with N2.

5. Using first 400-grit, then 600-grit sandpaper wrapped around sanding block, sand off
remaining silver paint and film from heater surface. Do the same for shutter if film to
be grown is different from previous film.
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6. Make sure that the heater is in position 3 (3rd mark down - allowing for the furthest
distance between the quartz window and the heater).

7. Wipe heater top and sides and shutter with IPA, blow off with N2.

8. Shake/rotate silver paint bottle thoroughly. The silver paint is from Ted Pella and
called “Leitsilber” Conductive Silver Cement.

9. Open bottle and paint a thin spot onto the heater.

10. With tweezers, pick up substrate and place in paint, carefully avoiding getting any paint
onto the tweezers or top surface. Press down into paint until there are no bubbles.

11. IF YOU GET SILVER PAINT ON THE TOP SURFACE THE GAME IS OVER -
that substrate is toast.

12. Set the heater controller to 100 ◦C to drive off the silver paint solvent, securing the
substrates.

13. When temperature reaches 100 ◦C, the heater flange is ready to be reinstalled on the
(cleaned) chamber. In the meantime, you should be cleaning the chamber and prepping
the target.

D.4 Target preparation

1. Remove the target flange and set on the rack next to the chamber.

2. Remove the target (using protective gear if necessary).

3. In a circular, figure-eight motion, polish targets in hood using 200-grit and 400-grit
sandpaper to remove laser damage. the surface should look uniform when finished. to
extend the life of the target, only polish enough to remove the laser damage.

4. Wipe with IPA and blow dry, dispose of kimwipe and sandpaper in hazardous materials
bin under hood.

5. Slide target onto open pin and tighten set screw, test to make sure it is stable.

6. Spray IPA on kimwipes and wipe down target holder surface and horizontal surfaces.

D.5 Chamber cleaning

1. Wipe all interior surfaces with IPA-soaked kimwipes. If they come out brown or black,
iterate.
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2. To clean laser port, put a small amount of blue cleaner into a folded wipe use the bleed-
thru side (not the side you poured into) to polish thoroughly. Using the bleed-through
side keeps large silica aggregates from scratching glass.

3. Wipe the laser port down with an IPA-soaked kimwipe, then dry a kimwipe until
squeaky clean and clear.

D.6 Pumping down the chamber

1. Reinstall all flanges when everything is ready to go.

2. Double check that the green venting valve is closed.

3. FROM THIS POINT it is all about protecting the turbo pump and not getting oil
from the roughing pump in the chamber. You do not want to hit the turbo pump with
a gush of air or it will crash and you will bring shame upon your family.

4. Close the valve connecting the turbo exhaust to the mechanical (roughing) pump. This
isolates the back-end of the turbo from the roughing line so you can open the line to
the chamber without sending a gust of air up the turbos backside.

5. Slowly open the roughing line to the chamber while holding the two flanges in place to
ensure a good seal.

6. Monitor the pressure gauge and listen for hissing. If the pressure stalls above 1 Torr
and/or if you hear hissing, the chamber is not sealed properly. Re-vent the chamber
and check the o-rings for debris, proper seating, and sufficient vacuum grease.

7. Once the pressure drops to 150 mTorr (assuming you have a good seal), close the
chamber roughing valve.

8. Open the turbos exhaust/roughing line back up. The pressure will spike momentarily
because of the excess exhaust trapped in the turbos backside.

9. Slowly open the turbo gate-valve. You just want open it a crack at first, but after a
few seconds you can start cranking it open. The pressure should be sailing down.

10. With the chamber pumping down safely, you can relax. When the vacuum gauge drops
below 10-3 Torr you can activate the ion-gauge for more accurate low-pressure readings
(the ion gauge is sometimes not hooked up and not typically used anymore)

11. When the ion gauge drops below 10-4 Torr (upper 10-5 range) you can start heating
things up for YAP:Ce on Si/STO/LAO, your target temperature is 770 ◦C. your ramp-
rate up should be 20 ◦C/min. That gives you about 30-45 minutes from when you start
heating to when you need to take the next steps. If thats not enough time (if you need
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to be gone longer) dont let the substrates sit at 770 ◦C. Set it to 600 ◦C and then finish
the ramp up to 750 ◦C when you come back.

12. When the chamber is close to 770 ◦C, take note of the pressure reading. This is your
base pressure.

13. The optimum growth pressure of O2 is about 1.0 mTorr, measured with the dual-range
vacuum gauge.

14. Close the gate valve almost all the way - basically there will only be a crack left. Youll
start to memorize where this is after a few runs.

15. Open the O2 inlet valve and turn the regulator up to about 89, keeping an eye on the
pressure gauge.

16. Slowly turn the O2 regulator up to about 92 or 93 - wherever the pressure hits 1.5
mTorr.

17. Fine-tune the pressure by adjusting the turbo gate valve opening. the pressure will
slowly creep down for the first 5 or 10 minutes so it requires some babysitting while
the pressure is stabilizing, start aligning the lasers and pre-ablating.

D.7 Set up the laser and run the deposition

1. Align the rectangular aperture using the red alignment laser.

2. Put the OD 0.3 attenuator, and possibly the sapphire window in the beam path and
install the power meter.

3. At laser controller, set desired voltage and rep rate.

4. Press run and then execute and say aloud: “firing.

5. Measure the pulse-energy and adjust accordingly. Your goal is around 47.0 mJ per
pulse. Your fine control over this is laser voltage. Once it is set, stop the laser (break).

6. If the laser stops prematurely and says low light level,” just punch F2 then enter 4711
followed by run and execute to override the alarm.

7. Confirm that the shutter is over the sample.

8. Remove the power meter.

9. Check that the O2 pressure is stable and where you want it.

10. Start the target rotation.
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11. Pulse the laser once to check spot location.

12. Adjust the target position using the mechanical feedthrough until the laser spot hits
the target at the desired radius from center.

13. Pre-ablate the target at 11 Hz for 3-5 minutes.

14. Turn the laser off (break).

15. Check the laser power again and adjust if necessary

16. Remove the shutter from over the substrate.

17. Turn the laser on and say firing and start the timer at the same time that the pulsing
starts.

18. After the deposition has proceeded for the set amount of time, turn off the laser (break).

19. Set the temperature controller to 0.

20. Turn off target-rotation.

21. Fill out the laser log book.

22. Wait for the chamber to return to room temperature (this can be left overnight).

23. Make sure to fill out the PLD log book google doc with the growth parameters, sub-
strate number, etc.
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Appendix E

CLAIRE imaging chip fabrication
with the wet etch method

Included in this appendix are the steps to fabricate a CLAIRE imaging chip using the wet
etch method after pulsed laser deposition.

E.1 Removing silver paste and polishing

1. Place UV release tape on YAP:Ce side of the chip making sure there are no bubbles.

2. Polish for 5 mins each on the 5 µm, 1 µm, and 0.5 µm grit diamond lapping paper
(Ted Pella).

3. Check in the microscope to see if the chip is polished well - there should be some
scratches, but no pits.

4. Rinse with water and dry with nitrogen.

5. Clean in acetone for 5 minutes, IPA for 5 minutes, water for 5 minutes and then perform
a gentle O2 RIE (recipe: WE - O2 clean).

6. Send chips to Robert Folia at Aptek Industries for a chemical mechanical kiss polish
of the silicon side (fogliarobert@gmail.com).

E.2 Silicon nitride deposition on both sides

1. Clean chips for 5 minutes in acetone, IPA, and water.

2. Perform a gentle O2 RIE for 1 minute on each side (recipe: WE - O2 clean).

3. Deposit 1 µm of PECVD silicon nitride to each side of the chip in nanolab.
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E.3 Lithography on the silicon side of the chip

1. Clean chip for 5 minutes in acetone, IPA, water before proceeding and an O2 RIE.

2. Set one hot plate to 95 ◦C. Make sure to check the temperature using an IR gun.

3. Spin on S1818 on the silicon side at 6000 rpm (7000 rpm/s) for 6 seconds, 2500 rpm
(7000 rpm/s) for 1 minute, and then 6000 rpm (7000 rpm/s) for 6 seconds.

4. Bake for 2 minutes at 95 ◦C.

5. Let the chip cool for 2 minutes.

6. Tape the chip to the laminate mask and expose for 10 seconds at 15 MW/cm3. The
chip should be taped to the front side of the mask (words at the top look normal, not
backwards).

7. Remove from the mask and put in the MF-319 developer for 2 minutes until the resist
is gone from the exposed regions.

8. Wash with DI water and dry with N2.

9. Inspect to make sure that the lithography worked - the removed area should look like
the nitride (no photoresist) - if not, try developing longer - if that doesnt work, remove
the photoresist with 1165 photoresist remover and start over (recipe: WE - nitride
etch).

10. Tape the edges of the chip to a large glass slide using kapton tape (this prevents etching
of the other side of the chip!).

11. Place the sample in the RIE and pump down all the way to 0.050 Torr.

12. Flow 40 sccm CF4 and 20 sccm O2 and set the power to 100 W.

13. The etch should take 2 minutes for 1 µm PECVD nitride.

14. Once the RIE etch process is done, vent the chamber and take the substrates out.

15. Inspect the chips in the inspection microscope to ensure that the nitride is removed.
The etched area should look silver, not pink/green.

16. Remove extra S1818 resist with the 1165 photoresist remover.

17. Clean chip for 5 minutes in acetone, IPA, water.
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E.4 Lithography on the YAP:Ce side of the chip

1. Gentle O2 RIE (recipe: WE - O2 clean).

2. Set one hot plate to 95 ◦C. Make sure to check the temperature using an IR gun or
thermocouple.

3. Spin on S1818 on the YAP:Ce side at 6000 rpm (7000 rpm/s) for 6 seconds, 2500 rpm
(7000 rpm/s) for 1 minute, and then 6000 rpm (7000 rpm/s) for 6 seconds.

4. Bake for 2 minutes at 95 ◦C.

5. Let the chip cool for 2 minutes.

6. Place the chip under the glass circle array mask and expose for 10 seconds at 15
MW/cm3.

7. Remove from the mask and put in the MF-319 developer for 2 minutes until the resist
is gone from the exposed regions.

8. Wash with DI water and dry with N2.

9. Inspect to make sure that the lithography worked - there should not be any photoresist
in holes - if there is, remove the photoresist with 1165 photoresist remover, clean chip,
and start over.

10. Tape the edges of the chip to a large glass slide using kapton tape (this prevents etching
of the other side of the chip!).

11. Place the sample in the RIE and pump down all the way to 0.050 torr.

12. Flow 40 sccm CF4 and 20 sccm O2 and set the power to 100 W (recipe: WE - nitride
etch).

13. The etch should take 2 minutes for 1 µm PECVD nitride.

14. Once the RIE etch process is done, vent the chamber and take the substrates out.

15. Inspect the chips in the inspection microscope to ensure that the nitride is removed.
The patterned circles should look purple/brown and not green/pink.

16. Remove extra S1818 resist with the 1165 photoresist remover.

17. Clean chip for 5 minutes in acetone, IPA, and water.
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E.5 Applying ProTEK and PDMS to the YAP:Ce

side

1. Set two hotplates to 130 ◦C and 205 ◦C and place a large clean glass slide on each hot
plate. Before proceeding, check the temperature of the hotplates by using the IR gun
or a thermocouple.

2. Spin on ProTEK B3 primer at 2500 rpm and 7000 rpm/s on the YAP:Ce side.

3. Bake for 5 minutes at 205 ◦C.

4. Spin on another layer of ProTEK B3 primer at 2500 rpm and 7000 rpm/s on the
YAP:Ce side.

5. Bake for 5 minutes at 205 ◦C.

6. Spin on ProTEK B3 at 6000 rpm and 7000 rpm/s for 6 seconds, 2500 rpm and 7000
rpm/s for 1 minute, and then 6000 rpm and 7000 rpm/s for 6 seconds on the YAP:Ce
side - be careful not to get ProTEK B3 on the nitride side. If you do, you can remove
it using a swab and ProTEK Remover 100.

7. Bake for 10 minutes at 130 ◦C and 45 minutes at 205 ◦C.

8. Let the chip cool for 5 minutes.

9. Mix 3 g of PDMS with 0.3 g of PDMS curing agent in a plastic weigh boat.

10. Degas PDMS for 30 minutes in plastic vacuum container.

11. Spin coat PDMS on ProTEK side of the chip at 1000 rpm for 5 minutes.

12. Cure at 120 ◦C for 30 minutes.

E.6 Etching in TMAH

1. Make a bath of 30% KOH in a very clean glass beaker and heat to 70 ◦C.

2. Make a bath of 25% TMAH in a very clean glass beaker.

3. Place chip in the teflon holder and then put in teflon basket in the KOH for 10 minutes.

4. Quickly transfer basket to the TMAH bath and heat at 50 ◦C overnight.

5. Make a new TMAH bath in a very clean glass beaker.

6. Transfer basket to new beaker and heat at 30 ◦C until etch is done.

7. Transfer chip into a hot water bath.
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E.7 Removing ProTEK/PDMS

1. Place chip in ProTEK Remover for 45 minutes.

2. Dip chip in milliQ water.

3. Dip chip in spectroscopic grade methanol.
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Appendix F

Cathodoluminescence Imaging and
Image Processing

F.1 Cathodoluminescence Imaging Apparatus and

General Imaging Parameters

Cathodoluminescence (CL) images were acquired using a modified Zeiss Gemini SUPRA
55 Scanning Electron Microscope (SEM). The mirror apparatus consists of three Attocube
translation stages for movement in x, y, pitch, and yaw (part numbers ANPx100-63-059,
ANPx100-63-077, and ANPz100-84-012). The aluminum parabolic mirror with a 1.3 sr solid
angle of emission was custom made through diamond turning by Syntec Optics. To use
the mirror apparatus, it is magnetically mounted to the inside of the SEM. The translation
stages are controlled by an Attocube controller outside of the SEM.

To perform a CL measurement, the mirror is aligned so that light is directed outside of
the SEM (Figure F.1). Many different detectors can be used depending on the CL emission
wavelength of the sample. For CLAIRE imaging, two channels are often simultaneously
recorded with two photomultiplier tubes (PMT) with a dichroic beam splitter positioned
between the PMTs and emission filters positioned in front of each PMT. For the scintillator
channel, a PMT sensitive to UV light is used (Hamamatsu, H7360-01) and for the sample
channel, a PMT that is sensitive to visible light is used (Hamamatsu, H7421-40 or H7421-
50). For the perovskite samples, the H7421-40 PMT was used. An avalanche photodiode can
also be used to collect light (Perkin Elmer, SPCM-AQR-14), which has higher sensitivity for
near-infrared wavelengths, but a smaller active area. CL spectra are collected using either an
Acton 2300i monochromator (150 line/mm, 500-nm blazed grating) and an Andor Newton
electron-multiplied CCD or an Ocean Optics Spectrometer (QE65PRO).

The acquisition parameters for CL imaging depend strongly on the sample of interest.
Generally, images are acquired at 10-100 µs/pixel for a 512 x 512 pixel image. The 10 µm, 30
µm, or 60 µm apertures, which correspond to approximately 25 pA, 300 pA, or 1 nA, were
used for imaging depending on the robustness of the sample of interest. For CLAIRE images,
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Figure F.1: Schematic of the cathodoluminescence detection apparatus. Light is collected
by the parabolic mirror positioned above the sample and directed outside of the SEM.
Beamsplitters can be used to spectrally separate the light into two channels or to couple in
light to the chamber. The light can be detected by photomultiplier tubes (PMTs), avalanche
photodiodes (APDs), or a spectrometer.

the 60 µm aperture is typically used with a pixel dwell time of 10 µs/pixel. Many images are
acquired of the same field-of-view and then are registered and summed in post processing
(see Section F.3). The number of images acquired depends strongly on the number of counts
per pixel in the sample channel. For the direct CL imaging of the hybrid perovskite samples,
the electron dose must be carefully controlled. A minimal decrease in the CL intensity occurs
between frames at 10 µs/pixel for 512 x 512 pixel images at 5,000x-8,000x with the 30 µm
aperture. For the CL movies of photoinduced phase separation, the 10 µm aperture is used.

F.2 Specific Cathodoluminescence Imaging

Parameters and Analysis

CH3NH3PbI3

CL images of CH3NH3PbI3 were acquired by first blanking the electron beam, moving to the
region of interest, and then recording an image. All CL images were acquired with 512 x 512
pixels, a scanning rate of 5 ms/line, the 30 µm aperture, and the H7421-40 PMT. No filter
was used, but the CL emission spectrum was verified. SE images collected at 1.5 kV, 3.0 kV,
and 5.0 kV were analyzed and grains were identified using the Watershed plugin for ImageJ
(Biomedical Imaging Group, EPFL Lausanne, Switzerland). The identified grains were then
superimposed on the CL images and the size and average intensity were calculated for each
grain. For CL spectral acquisition, the SEM was fitted with a fiber-coupled QE65PRO
spectrometer with a HC1-QE grating (Ocean Optics).
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CH3NH3Pb(IxBr1-x)3 and CH3NH3Pb(BrxCl1-x)3

A 405 nm LED (M405L2, Thorlabs) was used for in situ illumination and as the excitation
source for the collection of PL spectra. All CL images were acquired by first blanking the
electron beam, moving to the region of interest, and then recording an image. Light soaking
and CL acquisition were alternated to acquire image series. All CL images were acquired
with 512 x 512 pixels of a 10 µm x 10 µm field of view, a scan rate of 10 ms/line, a current of
50 pA, and an accelerating voltage of 3.0 kV. A 590 nm longpass filter was used during CL
acquisition. Higher resolution SE images were acquired after CL image acquisition with 1024
x 1024 pixels and a scanning rate of 20 ms/line. For CL spectral acquisition, the SEM was
fitted with a fiber-coupled QE65PRO spectrometer with a HC1-QE grating (Ocean Optics).

CLAIRE of Ag Nanoparticles and Al Nanostructures

The 60 µm aperture was used for all CLAIRE imaging of metal nanoparticles. CLAIRE
images of Al nanostructures were acquired with 512 x 512 pixels and a scanning rate of
50 ms/line at various accelerating voltages. CLAIRE images of Ag nanocubes and core-
shell nanoparticles were collected at 1.8 kV. The CL images of static Ag nanoparticles were
acquired by averaging 20 frames at 2.56 s/frame with 512 x 512 pixel resolution. CLAIRE
movies of Ag nanoparticle desorption were collected at 2.56 s/frame. Multiple different
bandpass filters were used to capture the CLAIRE signal in multiple spectral windows.

CLAIRE of Polymer Films and Polymer Nanoparticles

CLAIRE images of F8BT/PFO polymer blends were acquired at 1.8 kV at a scanning rate
of 50 ms/line. The CL images of static polymer nanoparticles were acquired as single frames
at 25.6 s/frame with 512 x 512 pixels at 1.8 kV. CLAIRE movies of polymer nanoparticle
translation were collected at 5.12 s/frame and at 1.8 kV. The 60 µm aperture was used.
The PFO emission was collected with a 425 nm bandpass filter with a 50 nm width and the
YAP:Ce scintillator emission was collected with a 405 nm shortpass filter. Emission from
the PFO/F8BT nanoparticles were collected with a 560 nm bandpass filter with a 60 nm
width.

CLAIRE of Thylakoid Membranes and Deenveloped Chloroplasts

CLAIRE images of thylakoid membranes were acquired at 1.8 kV at a scanning rate of
10 ms/line with 512 x 512 pixels and the 60 µm aperture. 20-40 frames were acquired
sequentially and then registered and summed in post processing. Images were collected in
multiple spectral windows using a series of bandpass filters. Chlorophyll a emission was
collected with a 647 nm longpass filter.
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F.3 Image Processing

After images are collected, they are processed using either ImageJ or Matlab. A Gaussian
blur with a full width half maximum of 1-2 pixels is typically applied to the images to
smooth over shot noise. When multiple images are taken and averaged, they were registered
using the secondary electron (SE) channel with either the MultiStackReg plugin in ImageJ
or Matlab with the Image Processing Toolbox. After registration, the images are typically
summed.

A typical workflow for image processing in ImageJ is below:

1. Load HDF5 files into ImageJ and import as individual stacks for the secondary electron
and cathodoluminescence channels.

2. Apply a filter to the image to eliminate some shot noise. This is typically a Gaussian
filter with a FWHM of 1-2 pixels.

3. Use the multistack registration plugin to align the secondary electron image and then
evaluate the alignment by scrolling through the images. If the alignment does not look
good, you may need to repeat the alignment procedure. Changing the ROI to a smaller
region with clear features can also help.

4. Apply the alignment to the cathodoluminescence channel.

5. If recording a single image, the frames can then be summed. For a movie, images can
be grouped and summed to obtain a better signal-to-noise ratio.

6. Choose a look up table (LUT) and adjust the brightness and contrast of the image.

The workflow for MATLAB image processing is similar:

1. Import frames and metadata from the HDF5 file using the h5readatt and h5read com-
mands.

2. Apply a filter to the image to eliminate some shot noise. This is typically a Gaussian
filter with a FWHM of 1-2 pixels.

3. Register secondary electron images using the imregister command. This command has
a lot of settings to help the registration process, which will depend on the image. Often
the image must be registered twice.

4. Use the imwarp command to then apply the registration to the cathodoluminescence
images.

5. If recording a single image, the frames can be summed. For a movie, images can be
grouped and summed to obtain a better signal-to-noise ratio.

6. Choose a look up table (LUT) and adjust the brightness and contrast of the image.
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